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Abstract

Idiopathic Pulmonary Fibrosis (IPF) is a progressive, fatal disease with limited treatment options. 

Protease mediated transforming growth factor-β (TGF-β) activation has been proposed as a 

pathogenic mechanism of lung fibrosis. Protease activity in the lung is tightly regulated by 

protease inhibitors, particularly secretory leukocyte protease inhibitor (SLPI). The bleomycin 

model of lung fibrosis was used to determine the effect of increased protease activity in the lungs 

of Slpi−/− mice following injury. Slpi−/−, and wild-type, mice received oropharyngeal 

administration of bleomycin (30 IU) and the development of pulmonary fibrosis was assessed. Pro 

and active forms of matrix metalloproteinase-2 (MMP-2) and MMP-9 were measured. Lung 

fibrosis was determined by collagen subtype specific gene expression, hydroxyproline 

concentration, and histological assessment. Alveolar TGF-β activation was measured using 

bronchoalveolar lavage cell pSmad2 levels and global TGF-β activity was assessed by pSmad2 

immunohistochemistry. The active-MMP-9 to pro-MMP-9 ratio was significantly increased in 

Slpi−/− animals compared with wild-type animals, demonstrating enhanced metalloproteinase 

activity. Wild-type animals showed an increase in TGF-β activation following bleomycin, with a 

progressive and sustained increase in collagen type I, alpha 1 (Col1α1), III, alpha 1(Col3α1), IV, 

alpha 1(Col4α1) mRNA expression, and a significant increase in total lung collagen 28 days post-

bleomycin. In contrast Slpi−/− mice showed no significant increase of alveolar TGF-β activity 

following bleomycin, above their already elevated levels, although global TGF-β activity did 

increase. Slpi−/− mice had impaired collagen gene expression but animals demonstrated minimal 
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reduction in lung fibrosis compared with wild-type animals. These data suggest that enhanced 

proteolysis does not further enhance TGF-β activation, and inhibits sustained Col1α1, Col3α1 and 

Col4α1 gene expression following lung injury. However, these changes do not prevent the 

development of lung fibrosis. Overall, these data suggest that the absence of Slpi does not 

dramatically modify the development of lung fibrosis following bleomycin-induced lung injury.

Idiopathic pulmonary fibrosis (IPF) is a fibroproliferative disorder that leads to architectural 

remodelling of the lung with detrimental effects on pulmonary function. It is a chronic, 

progressive disease with limited therapeutic options and the prognosis remains very poor 

with a median survival of around 3 years (1). The aetiology and underlying pathophysiology 

of IPF remain unclear. The current paradigm suggests that injury to the alveolar epithelium 

leads to an exaggerated or dysregulated fibrotic response (2, 3). Whilst the role of 

inflammation in the pathogenesis of IPF remains controversial, neutrophilic 

polymorphonuclear leukocytes (neutrophils, PMNs) have been associated with severe, 

progressive fibrosis (4).

Neutrophil granules contain serine proteases such as neutrophil elastase (NE), cathepsin G 

(CAT G) and proteinase-3 (PR-3). These granular contents are released in large quantities 

from activated neutrophils (5) and their substrates include most matrix proteins, particularly 

elastin, and, to a lesser extent, collagen, laminin, fibronectin and vitronectin (6). Neutrophil 

proteases have been implicated in pulmonary fibrosis. Both Ne−/− mice and animals treated 

with inhibitors of NE are resistant to bleomycin (BLM)-induced pulmonary fibrosis (7-9). 

Furthermore, levels of NE are increased in both bronchoalveolar lavage (BAL) fluid and the 

lung parenchyma (10, 11) from patients with IPF. The mechanism through which proteases 

promote fibrosis remains unclear, although serine proteases have been shown to activate 

transforming growth factor-β (TGF-β) directly via proteolytic cleavage of the latency 

associated peptide (LAP) in vitro (12-14) and indirectly through activation of αv containing 

integrins (15, 16).

Protease activity in the lung is regulated by a number of protease inhibitors. Secretory 

leukocyte protease inhibitor (SLPI) is an 11.7kDa protein containing a protease inhibitory 

site located at leucine 72 in the carboxy-terminal domain (17). SLPI is predominately 

secreted by epithelial cells (18) and in the absence of SLPI, elastolytic activity in dermal and 

mucosal wounds has been shown to be enhanced resulting in enhanced active TGF-β, 

prolonged wound repair and increased scarring (19, 20), suggesting that proteases may 

activate TGF-β and promote fibrosis (19).

This study aims to determine the role of SLPI regulated protease activation on the 

development of pulmonary fibrosis. Wild-type mice had an increase in collagen gene 

expression, total lung collagen and phosphorylation of Smad2 28 days following bleomycin 

instillation, whereas Slpi−/− mice had evidence of increased metalloproteinase activity and 

more severe acute injury. However, increases in collagen gene expression in Slpi−/− mice 

were not sustained over 28 days and animals demonstrated minimal reduction in lung 

fibrosis compared with wild-type animals. These data suggest that enhanced proteolysis in 

Slpi−/− mice may promote acute lung injury however this ultimately has little effect on the 

severity of fibrosis when compared with wild-type animals.
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MATERIALS AND METHODS

Animals

Slpi−/− mice on a B6D2F1 background were kindly donated by Sharon Wahl (19). This 

recombinant strain is now available at The Jackson Laboratory Repository with JAX Stock 

No. 010926 (http://jaxmice.jax.org/query). C57Bl6/j mice were obtained from Charles River 

UK (Margate, Kent, U.K.). Slpi−/− mice were backcrossed by mating with C57Bl6/j for at 

least five generations within the Biomedical Services Unit, University of Nottingham. 

Animals had free access to food (Tekland Global 18 % protein rodent diet; Bicester, Oxen, 

U.K.) and water. Ear notch biopsies from animals were analyzed by polymerase chain 

reaction (PCR). The presence of the Slpi allele was detected by primers: sense - 5′-

CAAGGCCTTCTGTGTGTAACTTTC -3′ and antisense - 5′-

CTGCTACAGAGTAGGTGGCAGAC -3′, resulting in a 490-bp PCR product and the Neo 

cassette allele by primers: sense - 5′- CGCTTCCTCGTGCTTTACGGTATC -3′ and 

antisense - 5′- GATGCCAGGCATTTGCACTGCCG -3′, resulting in a 344-bp product.

Bleomycin model

All animal care and procedures were approved by the University of Nottingham Ethical 

Review Committee and were performed under Home Office Project and Personal License 

authority within the Animal (Scientific Procedures) Act 1986. Mice, 6-8 weeks old, were 

anaesthetized with isoflurane-anaesthetic and exposed to 30 IU of bleomycin sulphate 

(Kyowa Hakko, Slough, UK) in 50 μl sterile 0.9 % saline (Sigma Aldrich), or 50 μl sterile 

0.9 % saline control, via oropharyngeal administration (o.p.).

Histology

28 days post-bleomycin the trachea was cannulated and the pulmonary vasculature perfused 

with 10 ml of heparinized PBS (40 U/ml) via the pulmonary artery. Lungs were inflated with 

formalin under set constant gravitational pressure (20 cm H2O), and the lungs removed en 
bloc and fixed in 10 ml of formalin. Fixed tissues were embedded in paraffin wax prior to 

sections 5 μm thick being cut, rehydrated in graded alcohol and stained by Masson’s 

trichrome. Severity of lung fibrosis was quantified through Ashcroft scoring (21) of 

Masson’s trichrome stained tissue sections.

Immunohistochemistry

5 μm thick lung tissue sections were deparaffinized in xylene and rehydrated in graded 

ethanol. Antigen retrieval was performed via heating sections in 10 mM sodium citrate 

buffer (pH6.0) in a microwave for 10 min. Subsequently, endogenous peroxidase activity 

was blocked by incubating sections in 3 % H2O2 in methanol for 30 min. Nonspecific 

antibody binding was blocked using goat serum (Sigma Aldrich) for 30 min, prior to 

incubation with human anti-mouse collagen type I (ab292) (2 μg/ml), III (ab7778) (1 μg/ml), 

IV (ab6586) (0.5 μg/ml), VI (6588) (0.5 μg/ml) (Abcam, Cambridge, UK), or rabbit anti-

mouse Phospho-Smad2 (#3101) (1:2000 dilution) primary antibody (Cell Signaling 

Technology, Inc., Boston, MA, USA) overnight at 4 °C. Sections were then incubated with a 

biotin-conjugated secondary antibody. Biotin-conjugated secondary antibody was detected 
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through incubation with an avidin/biotinylated enzyme complex (ABC) solution (Vector 

Laboratories) for 30 min; colour development was performed using 3,3′-diaminobenzidine 

tetrahydrochloride (Sigma Aldrich). Sections were counterstained using Mayer's 

hematoxylin and visualized under a Nikon 90i light microscope. The total area of collagen I, 

III, IV and VI, positively stained tissue, in fibrotic lesions greater than 7 500 μm2, was 

measured using NIS-Elements (Nikon instruments). A single cross section from all five lung 

lobes, per mouse, were analysed and total area of positively stained collagen was calculated 

as a percentage of total lung tissue area.

Analysis of lung collagen content

Lungs were removed and immersed immediately in liquid nitrogen prior to storage at 

−80 °C. Lung tissue was ground to a fine powder under liquid nitrogen. Ground lung tissue 

was mixed in 1 ml distilled water on ice in Pyrex® tubes and incubated in 125 μl 50 % TCA 

(Sigma Aldrich) at 4 °C for 20 min. Samples were centrifuged at 528 × g for 10 min at 4 °C. 

The lungs were then hydrolyzed in 1 ml of 12 N HCL overnight at 110 °C prior to 

reconstitution in 2 ml of distilled water. 200 μl of hydrozylate, or hydroxyproline standard 

(Sigma Aldrich), were oxidized in 500 μl chloramine T (Sigma Aldrich) for 20 min at room 

temperature (RT) prior to the addition of 500 μl of Ehrlich’s solution (Sigma Aldrich) and 

incubation at 65 °C for 15 min. Samples were then incubated at RT for 2 hours prior to 

colorimetric analysis at an absorbance of 550 nm. Hydroxyproline per mg of lung tissue was 

calculated against a standard curve.

RT-PCR

RNA was isolated from frozen lung tissue using a TRIzol® based extraction protocol. RNA 

(2 μg) was reverse transcribed using moloney murine leukemia virus reverse transcriptase 

(Promega) to produce cDNA for real time polymerase chain reaction (RT-PCR) analysis. 

Primers used: Slpi forward - 5′-GCTGTGAGGGTATATGTGGGAAA-3′ and reverse - 5′-

CGCCAATGTCAGGGATCAG-3′, Mmp-9 forward - 5′-

TGAATCAGCTGGCTTTTGTG-3′ and reverse - 5′-GTGGATAGCTCGGTGGTGTT-3′, 

Col1α1 forward - 5′-GGAGGGCGAGTGCTGTGCTTT-3′ and reverse, 5′-

GGGACCAGGAGGACCAGGAAGT-3′, Col3α1 forward - 5′-

AGGTACCGATTTGAACAGGCT-3′ and reverse, 5′- TTTGCAGCCTGGGCTCATTT -3′, 

Col4α1 forward - 5′-AAGCCCATTCCTCCAACTGA-3′ and reverse - 5′-

AAGGACAAATCGGACCCACT-3′, Col6α1 forward - 5′-

GATGAGGGTGAAGTGGGAGA-3′ and reverse, 5′-CAGCACGAAGAGGATGTCAA-3′. 

Amplification was performed using an MXPro3000 QPCR system (Stratagene). Kappa Taq 

polymerase (Kapa Biosystems) was activated at 95 °C for 3 min followed by 40 cycles of 

denaturing, annealing and extension (95 °C 30 seconds, 60 °C 30 seconds and 72 °C 20 

seconds respectively). Annealing was conducted at 59 °C for Col6α1. Ct values were 

standardized to a housekeeper gene, hypoxanthine-guanine phosphoribosyltransferase 

(HPRT): forward - 5′-TGAAAGACTTGCTCGAGATGTCA-3′ and reverse - 5′-

CCAGCAGGTCAGCAAAGAACT-3′. Amplification of a single DNA product was 

confirmed by melting curve analysis. Data expressed as mean relative expression using the 

ΔΔCt equation as described previously (22).
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Zymography

MMP-2 and MMP-9 activity was assessed via gelatin zymography. 10 μl of BAL 

supernatant was diluted 1:1 in Tris-Gly SDS zymogram samples buffer (Invitrogen), and 

incubated at 21 °C for 10 min. 15 μl of sample (or standard) was loaded onto zymogram 

precast gelatin gels, 10 % Tris-Glycine gel with 0.1 % gelatin substrate (Invitrogen) and 

subjected to electrophoresis at constant voltage of 125 V for 100 min. Gels were incubated 

at RT for 60 min in 100 ml of zymogram renaturing buffer, 2.5 % Triton X-100 (Invitrogen), 

to recover enzymatic activity. Gels were then incubated in zymogram developing buffer, 50 

mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM CaCl2 (Invitrogen) for 1 hour prior to overnight 

incubation at 37 °C. Gels were then stained with coomassie blue-stain (Coomassie blue 

0.1 % (w/v) in H2O 50 % (v/v), methanol 40 % (v/v) and acetic acid 10 % (v/v)) for 60 min 

before destaining in the same solution without the dye for 30 min. Bands were then 

visualized by image analysis (Gel Doc, Syngene, Cambridge, UK) and densitometry 

determined using Image J software. Band densities were standardized to the mean density of 

two control samples, per gel, to allow comparisons between multiple gels. All gels were run 

in parallel.

Macrophage TGF-β activity

Nuclear fraction of BAL cells was extracted, 28 days post-bleomycin treatment, using a 

nuclear extraction kit (Active-motif). Briefly, lungs were lavaged with a total of 4.5 ml of 

PBS containing phosphatase inhibitor (Active-motif). Cells were pelleted via centrifugation 

at 528 × g for 10 min (4 °C) and the supernatant was removed and stored at −80 °C. Total 

cell pellets were re-suspended in 250 μl of hypotonic lysis buffer and incubated on ice for 15 

min. 12.5 μl of detergent (Active-motif) was added and the samples were vortexed for 10 

seconds prior to centrifugation for 1 minute at 14 000 × g (4 °C) and re-suspended in 25 μl 

of lysis buffer (Active-motif). Samples were vortexed and centrifuged for 1 min at 14 000 × 

g (4 °C) and the nuclear fraction removed for pSmad2 assessment using the PathScan® Total 

Smad2 Sandwich ELISA Kit (Cell Signaling Technology, Inc.). 10 μg of total cell nuclear 

protein was assayed from each sample.

Neutrophil elastase activity

28 days post-bleomycin treatment, lungs were excised and snap-frozen in liquid nitrogen 

prior to storage at −80 °C. Lung tissue was ground to a fine powder under liquid nitrogen 

and resuspended in 1 ml 0.1 M Tris pH 7.4. After 3 cycles of freezing and thawing, the lung 

lysates were centrifuged at 20 800 × g for 30 min at 4 °C. NE activity was measured in lung 

homogenate using the synthetic fluorescent, MeOSu-AAPV-AMC substrate (Santa-Cruz, 

Dallas, TX, USA). Lung homogenate (1.5 mg/ml protein concentration) was incubated with 

MeOSu-AAPV-AMC (0.1 nM final concentration) in 0.1 M Tris pH 7 (total volume 250 μl) 

in a black bottom/wall 96 well plate and the amount of NE released fluorescent product was 

determined at 2 hours. Plates were read using excitation 355 nm and 460 nm emission 

wavelengths; background fluorescence of the substrate only was subtracted from each 

sample.
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Statistical analysis

All data are reported as mean ± SEM of n observations. Student’s t test was used for 

comparison between two groups. Two-way ANOVA was used for comparison of multiple 

data sets. P values less than 0.05 were considered significant. All statistical analysis was 

performed using GraphPad Prism (v6.01, La Jolla, CA, USA).

RESULTS

Slpi gene deletion promotes a proteolytic environment in the lung

The genotype of Slpi−/− mice was confirmed by PCR (Figure 1a). Slpi mRNA was analysed 

in lung tissue by quantitative RT-PCR to confirm that Slpi−/− mice had Slpi deficiency in the 

lung (Figure 1b). To determine if Slpi deficiency altered serine proteinase activity NE 

activity was measured 28 days post-bleomycin, but no differences were detected regardless 

of genotype or injury (Figure 1c). Serine proteases can activate both MMP-2 and MMP-9 

(23, 24), therefore the ratio of pro-MMP-2 and MMP-9 and active MMP-2 and MMP-9 was 

determined 28 days post-bleomycin (Figures 1d and e respectively; gelatin zymography gel 

images available in supplementary Figures S1a, b and c). There was no difference between 

levels of active MMP-2 and MMP-9 in saline exposed mice of either genotype. However, 

following bleomycin exposure, there was no increase in active MMP-2 (Figure 1d) but an 

increase in active MMP-9 in bleomycin exposed Slpi−/− mice, compared with either saline or 

wild-type controls (P = 0.05), was detected (Figure 1e). The effects of SLPI on active 

MMP-9 levels were not due to enhanced MMP-9 expression because no differences in 

Mmp-9 mRNA levels were found between wild-type and Slpi−/− mice exposed to saline or 

bleomycin 28 days post-bleomycin (Figure 1f).

Bleomycin induced lung fibrosis does not enhance alveolar TGF-β activation in Slpi−/− 

mice, although they still develop pulmonary fibrosis

To determine the effect of Slpi gene deletion on the development of pulmonary fibrosis, 

macrophage TGF-β activation and lung histology in Slpi−/− mice were evaluated. Levels of 

nuclear pSmad2 from alveolar macrophages were significantly increased in wild-type mice 

28 days post-bleomycin exposure compared with saline controls (P = 0.003; Figure 2a). In 

contrast, there was a trend towards increased basal pSmad2 in Slpi−/− mice but this was not 

significantly increased following bleomycin exposure (Figure 2a). Global tissue TGF-β 
activation was measured by pSmad2 immunostaining. In saline instilled mice there was 

evidence of increased pSmad2 staining in Slpi−/− mice around both the alveoli and larger 

airways (Figure 2b). Bleomycin treatment increased pSmad2 staining in both wild-type and 

Slpi−/− mice, primarily at areas of injury and fibroproliferation. Examination of lung 

sections from both wild-type, and Slpi−/−, mice demonstrated areas of severe fibrosis 

following bleomycin exposure compared with saline controls (Figure 2c). The extent of lung 

fibrosis was quantified using a modified Ashcroft score and revealed there was no difference 

in the severity of fibrosis in wild-type mice compared with Slpi−/− animals (Figure 2d).
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Slpi gene deletion exacerbates bleomycin induced weight loss but does not alter 
hydroxyproline deposition

It was noted that Slpi−/− mice lost more weight than wild-type mice during the acute lung 

injury phase of bleomycin-induced lung injury (Figure 3a). Weight loss was significantly 

greater in Slpi−/− mice four days post-bleomycin treatment (P = 0.02) and peaked five days 

post-bleomycin (Figure 3a). Therefore, the effect of Slpi gene deletion on hydroxyproline 

levels during the inflammatory, early and late fibrotic phases of fibrogenesis following 

bleomycin exposure was assessed (seven, 14 and 28 days post-bleomycin respectively). 

There was a progressive increase in hydroxyproline deposition during all phases of 

fibrogenesis in wild-type mice that reached statistical significance 28 days following 

bleomycin exposure (P = <0.0001 Figure 3b). There was also an increase hydroxyproline in 

Slpi−/− mice 28 days following bleomycin although the levels appeared marginally, but non-

significantly, lower at each time point than in wild-type mice (Figure 3b).

Slpi gene deletion impairs Col1α1, Col3α1 and Col4α1 gene expression during 
fibrogenesis but promotes an early transient increase in Col6α1 gene expression

Sustained expression of Col1α1 and Col4α1 was only observed in wild-type mice, whereas 

in Slpi−/− mice there was a small initial rise in Col1α1 and Col4α1 gene expression but this 

did not increase during the fibrotic phase of the model and 28 days post-bleomycin levels of 

Col1α1 gene expression were significantly greater in wild-type mice compared with Slpi−/− 

animals (P = 0.0124) (Figure 4a). In wild-type animals, the expression of Col3α1 mRNA 

was significantly increased 28 days post-bleomycin and, again, there was no increase in 

Slpi−/− animals. However, an early and transient increase in Col6α1 mRNA seven days 

following injury was observed in Slpi−/− animals (P = 0.011) (Figure 4a). Lung tissue 

sections, taken 28 days post-bleomycin instillation, were stained for collagen type I, III, IV 

and VI (Figure 4b). Collagen type I and VI positively stained tissue, in fibrotic lesions 

greater than 7 500 μm2, was evaluated. Despite differences in gene expression between wild-

type and Slpi−/− mice there are no differences in collagen type I and VI composition of 

fibrotic lesions (Figure 4c).

Discussion

SLPI is an inhibitor of protease activity and deletion of Slpi in mice has been associated with 

increased elastase activity, enhanced TGF-β activity, prolonged wound healing and increased 

inflammatory cell influx into wounds (19, 20). We therefore hypothesized Slpi−/− mice 

would have enhanced lung injury and fibrosis compared with wild-type controls. 

Surprisingly, despite evidence of enhanced metalloproteinase activity, more severe injury 

and increased Col6α1 gene expression at early time points, we did not observe worsening 

fibrosis; indeed a trend towards reduced fibrosis was observed. Furthermore, we did not 

detect enhanced alveolar TGF-β activity following injury.

Assessment of alveolar TGF-β activation can be achieved by measuring nuclear Smad2 

phosphorylation, a process specific to TGF-β signalling, in alveolar macrophages, whereas 

global TGF-β activity can be assessed by immunohistochemistry. Alveolar activation of 

TGF-β in normal lungs is primarily mediated via the αvβ6 integrin (25, 26). Wild-type mice 
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had a significant increase in phosphorylation of macrophage Smad2 following bleomycin 

supporting the important role of αvβ6 integrin mediated TGF-β activation in this model 

(26). Although there was a trend towards increased basal alveolar TGF-β activity in Slpi−/− 

mice, there was no significant increase above these higher basal levels following bleomycin 

induced lung injury. It is known that tethering of the latent TGF-β complex to a stiff 

extracellular matrix is crucial for the force generation required for αvβ6 integrin mediated 

TGF-β activation (27, 28). It is therefore possible that increased matrix degradation 

associated with reduced SLPI prevents sufficient force generation required for this 

mechanism of TGF-β activation. Increased pSmad2 was similarly observed in the alveoli of 

Slpi−/− mice at baseline consistent with the data from alveolar macrophages and data from 

previously published studies (19). However, even in Slpi−/− mice there was an increase in 

pSmad2 in the fibroproliferative lesions of mice following bleomycin. Moreover, pSmad2 

levels in bleomycin treated wild-type, and Slpi−/− mice, were not different using either 

assessment of TGF-β activity suggesting that the effect of bleomycin on TGF-β activation, 

especially in mesenchymal cells, is independent of SLPI which may explain the 

development of lung fibrosis in animals of either genotype.

No difference in NE activity in lung homogenates from mice of either genotype or level of 

injury was detected. Whilst this may reflect the timing of the assay after the resolution of 

inflammation, at the peak of the fibroproliferative phase of the bleomycin model, it may also 

reflect the importance of other proteinases, such as the lysosomal cysteine proteinase 

cathepsin K. Cathepsin K has potent collagenolytic activity and transgenic mice over-

expressing it have reduced lung fibrosis (29). Similarly Ctsk−/− mice have increased BLM-

induced pulmonary fibrosis (30), and furthermore cathepsin K inhibits TGF-β generation 

(31). In clinical studies of osteoporosis a small number of patients treated with the cathepsin 

K inhibitor balicatib developed skin fibrosis (32) consistent with the pro-fibrotic effect of 

cysteine proteinases.

Previous studies have suggested that SLPI can inhibit MMP-9 expression, however our 

studies did not demonstrate any difference in total Mmp-9 levels at the transcriptional level 

between wild-type and Slpi−/− mice suggesting that SLPI is required predominately to 

regulate post translational modification of MMP-9 in vivo, consistent with previous studies 

assessing oral wounds (19, 20) and the observation that neutrophil elastase can activate 

MMP-9 in vivo (24). Increased MMP-9 has been associated with both IPF (33) and 

experimental models of lung fibrosis (34-36). Increased MMP-9 activity promotes fibrosis 

through proteolysis of the alveolar epithelial basement membrane, particularly collagen IV, 

resulting in impaired reepithelialization and fibroblast migration into the alveolar space 

(34-36), and this could in part explain the development of pulmonary fibrosis in Slpi−/− 

mice.

Collagen deposition during wound healing is tightly regulated and dysregulation results in a 

fibroproliferative state (37). Our data show that there are sustained increases in Col1α1 and 
Col4α1, in wild-type animals in the first four weeks following bleomycin induced fibrosis. 

However, no sustained increase in Col1α1, Col3α1 and Col4α1 were observed in Slpi−/− 

mice suggesting that SLPI is somehow associated with their expression in the lungs. Despite 

the lack of increased gene expression, there were similar levels of collagen I, III, IV and VI 
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deposition in the lung, assessed by immunohistochemistry. These data suggest that in Slpi−/− 

mice, in contrast with wild-type mice, collagen deposition may be less dependent on 

collagen gene expression but could occur as a result of increased post-translational 

modification in a protease rich environment. Collagen VI is deposited during wound healing 

and is transient and precedes co-localised, collagen I deposition (38, 39) and this is 

consistent with our data. Interestingly, in contrast with expression of Col1α1, Col3α1 and 
Col4α1, our data suggest that Col6α1 gene expression is independently regulated.

In summary, these data suggest that Slpi−/− mice have enhanced metalloprotease activity and 

lung injury following bleomycin but they lack an exaggerated pulmonary fibrotic response in 

the first month following injury. Furthermore, SLPI deficiency impairs Col1α1, Col3α1 and 

Col4α1 gene expression following injury despite collagen deposition. We hypothesize that a 

metalloprotease rich environment promotes post-translational processing and collagen 

deposition resulting in lung fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Slpi−/− mice do not express Slpi mRNA and have enhanced MMP-9 activity in the lung
(a) PCR confirmation of presence of wild-type 490-bp fragment and absence of Neo-cassette 

fragment 344-bp in wild-type animals (Wt) and absence of wild-type fragment and presence 

of Neo-cassette in Slpi−/− animals (−/−). Both wild-type and Neo-cassette fragments were 

present in heterozygous animal (−/+). (b) Slpi gene expression in lung homogenates from 

wild-type and Slpi−/− animals. Data expressed as mean relative expression (ΔΔCt) ± SEM; n 
= 3. (c) Neutrophil elastase activity was assessed in lung homogenate 28 days post-

bleomycin treatment. Data expressed as mean fluorescence intensity (MFI) ± SEM; n ≥ 2. 
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(d) Ratio of pro and active forms of MMP-2 in BAL supernatant from wild-type and Slpi−/− 

mice and (e) Ratio of pro and active forms of MMP-9 in BAL supernatant from wild-type 

and Slpi−/− mice. Mean ± SEM; n = 8. (f) Mmp-9 mRNA levels in lung homogenates 28 

days post-bleomycin (BLM). Data expressed as mean relative expression (ΔΔCt) ± SEM; n = 

8.
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Figure 2. The effect of Slpi deletion on alveolar macrophage TGF-β activation and pulmonary 
fibrosis
(a) pSmad2 levels in nuclear extracts from BAL cells from Slpi−/− and wild-type mice 28 

days post-bleomycin (BLM). Data expressed as mean absorbance at 450 nm ± SEM; n ≥ 5; 

**P < 0.005 BLM vs. saline. (b) pSmad2 immunohistochemistry. Representative images 

captured using original magnification x20, scale bars 100 μm. Arrowheads identify 

positively stained cells within a single, representative, alveolus in saline treated mice only; 

there is just one arrowhead in the wild-type mouse and three in the Slpi−/− mouse. (c) 

Masson’s trichrome staining 28 days post-BLM treatment. Representative, whole lung lobe, 

cross sections. (d) Quantitative assessment of trichrome staining. Data expressed as mean 

Ashcroft Score ± SEM; n ≥ 3.
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Figure 3. The effect of Slpi deletion on weight loss and lung hydroxyproline levels
(a) Body weight during the acute lung injury phase of the model in Slpi−/− compared with 

wild-type mice. Data expressed as mean percentage of initial (day 0) body mass (%) ± SEM; 

n ≥ 9; Significant difference determined at day 4 *P < 0.05 Slpi−/− vs. wild-type post-

bleomycin (BLM). (b) Lung hydroxyproline levels were assessed at 0, 7, 14 and 28 days 

following BLM in Slpi−/− vs. wild-type mice. Data expressed as the amount of 

hydroxyproline per mg of lung tissue (μg/mg) ± SEM; n ≥ 8. *P < 0.05, **P < 0.01 and 

**** P < 0.0001.
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Figure 4. The effect of Slpi deletion on subtype specific collagen synthesis and deposition
(a) Col1α1, Col3α1, Col4α1 and Col6α1 gene expression 0, 7, 14 and 28 days post-

bleomycin (BLM). Data expressed as mean relative expression (ΔΔCt) ± SEM; n ≥ 8, *P < 

0.05, ** P < 0.01, ***P < 0.001 and **** P < 0.0001. (b) 5 μm thick tissue sections from 

BLM treated wild-type and Slpi−/− mice were stained with anti-collagen I, anti-collagen III, 

anti-collagen IV and anti-collagen VI. Low magnification (x10) images were stitched 

together to visualise whole lung lobes. Images are representative of n ≥ 3 animals. (c) 

Collagen I and VI deposition was measured in lung tissue sections. Data expressed as mean 
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percentage of total lung tissue comprised of fibrotic lesions greater than 7 500 μm2 

containing collagen I and collagen VI (%) ± SEM; n ≥ 3.
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