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ABSTRACT
This study investigated the ability of aerosolized bovine lactoferrin (bLF) to protect the lungs from injury induced by chronic hyperoxia. Female CD-1 mice were exposed to hyperoxia (FiO2 = 80%) for 7 days to induce lung injury and fibrosis. The therapeutic effects of bLF, administered via an aerosol delivery system, on the chronic lung injury induced by this period of hyperoxia were measured by bronchoalveolar lavage, lung histology, cell apoptosis, and inflammatory cytokines in the lung tissues. After exposure to hyperoxia for 7 days, the survival of the mice was significantly decreased to 20%. The protective effects of bLF against hyperoxia were further confirmed by significant reductions in lung edema, total cell numbers in bronchoalveolar lavage fluid (BALF), inflammatory cytokines (IL-1β and IL-6), pulmonary fibrosis, and apoptotic DNA fragmentation. The aerosolized bLF protected the mice from oxygen toxicity and increased the survival fraction to 66.7% in the hyperoxic model. The results support the use of an aerosol therapy with bLF in intensive care units to reduce oxidative injury in patients with severe hypoxemic respiratory failure or chronic obstructive pulmonary disease (COPD).
Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are common causes of morbidity and mortality in intensive care units. ALI is characterized by refractory hypoxemia due to widespread alveolar flooding after an insult due to direct intra-alveolar injury or indirect injury following systemic inflammation. The principal management of ALI includes treatment of the primary diseases, adequate support treatments, and mechanical ventilation with lung-protective strategies (Ware and Matthay 2000). Higher levels of supplemental oxygen are often required to maintain adequate tissue oxygenation.

Exposure to hyperoxia can induce lung injury with pathological changes similar to those observed in ARDS. Acute exposure to high levels of 95-100% oxygen has been widely used to induce lung injury in animal models of ALI/ARDS (Matute-Bello et al. 2008). Longer-term exposures to moderate levels of hyperoxia (50-85%) can induce progressive chronic lung pathology with fibrosis (Holm et al. 2005). A report revealed that even moderate hyperoxia (FiO2 50%) exacerbates ventilator-induced lung injury (VILI) in a rabbit model (Sinclair et al. 2004). In addition, evidence from clinical studies supports the concept that oxidative stress plays an important role in the pathogenesis of ALI and its sequelae, including pulmonary fibrosis, emphysema, and bronchopulmonary dysplasia (Chang et al. 2003; Montuschi et al. 1998; Montuschi et al. 2000). Methods to protect lungs from oxygen toxicity and the systemic oxidative stress under conditions requiring mechanical ventilation and high FiO2 are important needs in critical care medicine.

Lactoferrin (LF) is an iron-binding glycoprotein found in milk and various external secretions such as saliva, tears, semen, airway secretions, and the granules of neutrophils. The protein, which is approximately 80 kDa, comprises two homologous lobes with one iron-binding site in each lobe. LF has a number of biological functions, including antimicrobial, anticancer, antioxidant, and immunomodulatory effects (Chen et al. 2004; Yen et al. 2009; Chen et al. 2010). It is considered to be an important component of the first line of host defense. LF levels of biological fluids may greatly increase and represent a marker for different kinds of inflammatory diseases (El-Loly and Mahfouz, 2011) noticeable this is in blood, where the LF concentration in serum can be as low as 0.4-2 mg/L under normal conditions but increase up to 200 mg/L in septicemia (Bagby and Bennett 1982; Nakao et al. 1997). Among patients with ARDS, the concentrations of iron and iron-related proteins including LF in bronchoalveolar lavage are significantly increased (Ghio et al. 2003), implying that iron mobilization and decompartmentation are significant in the pathogenesis of ARDS. Strengthening the host defense mechanisms and maintaining iron balance are potential strategies for the treatment of ALI (Lagan et al. 2008). One previous report revealed that the hypotransferrinemic mice are more resistant to hyperoxic lung injury than wild-type mice. Pulmonary LF and ferritin were found to be significantly higher in homozygote hypotransferrinemic mice than in wild-type mice. The protective effects of LF and ferritin against oxidant stress in the lower respiratory tract were suggested to be the result of their capacity to sequester iron (Yang et al. 1999). To our knowledge, there have been no further investigations of the direct effects of LF on hyperoxic lung injury.

An aerosol delivery system for use in the hyperoxic injury model was developed in our previous study to test the effects of an aerosolized antioxidant on mice (Yen et al. 2011a). The present study investigates the hypothesis that aerosolized bovine LF (bLF), targeted to the respiratory tract, has immunomodulatory effects and can protect the lungs against hyperoxic injury. We found that aerosolized bLF attenuates the severity of injury and fibrosis of lungs, reduces proinflammatory cytokines production, and increases the survival of mice exposed to moderate hyperoxia.
Materials and methods

Ethics statement

All animal protocols of this study were conducted in strict agreement with international ethical standards according to the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines (Kilkenny et al. 2010) and were approved by the Institutional Animal Care and Use Committee of National Chung Hsing University, Taiwan (Approval ID number: 99-52). 
Experimental animals

Female ICR strain (CD-1) mice weighing 20-25 g at 3-4 weeks of age were purchased from BioLASCO Taiwan Inc. (Taipei, Taiwan). The mice were housed in a specific pathogen-free (SPF)-grade animal facility under a 12-h light/12-h dark cycle at a constant temperature (25±1 oC) until 8 weeks of age, when they are used in the experiment. The mice were provided with food and water ad libitum throughout the experiment. 

Hyperoxic exposure and aerosol delivery system

The mice were exposed to room air (normoxia control group) or moderate hyperoxic conditions (FiO2 = 80%) in a 36 x 20 x 20-cm plexiglass chamber with a hole (2 cm in diameter) to allow the continuous flow of 80% oxygen (1 L/min) and aerosol into the chamber. The oxygen levels were monitored every hour during the light phase of the cycle with an oxygen analyzer (MiniOX I, MSA Canada Inc., Toronto, ON, Canada). Two ultrasonic nebulizers (SUMO V15, V-Kool Taiwan Inc., Taipei, Taiwan) were used to aerosolize the study drugs. The nebulizers were connected to the oxygen delivery system (Yen et al. 2011a). 

Experimental protocol

The aim of the experiment was to test the hypothesis that aerosolized bLF could function as an anti-inflammatory protein in the airways and reduce lung injury and subsequent fibrosis after 7 days of exposure to moderate hyperoxia (FiO2 = 80%). The mice were divided into three groups: 1) living in normoxic conditions as a normal control group; 2) exposure to hyperoxia and inhalation exposure to phosphate- buffered saline (PBS) as a sham-treated group; 3) exposure to hyperoxia and inhalation exposure to bLF dissolved in PBS (0.0514 mg/mL, bLF purchased from Sigma, St. Louis, MO, USA) as the treated group. At least six mice were included in each group. The bLF solution was freshly prepared every day. The bLF dissolved in 70 mL of PBS or 70 mL of PBS alone was delivered by this aerosol system during a period of 10 h each day. Approximately 25% of each solution (by weight) was left in the system after the 10 h of aerosolization. The health of mice was monitored twice daily at 7:00 am and 18:00 pm throughout the experimental period. Symptoms were recorded by two independently observers. Survival was also monitored twice daily, and at least six mice from each group were humanely sacrificed at 168 h for the further experimental examinations. Anesthetized mice (intraperitoneal injection of 100 mg/kg ketamine and 5 mg/kg xylacine) were sacrificed by cervical dislocation by experienced researcher, which performed it humanely and effectively.
Bronchoalveolar lavage

The trachea was exposed with a midline incision and cannulated with a modified 21-gauge needle. The bronchoalveolar lavage fluid (BALF) was obtained by four instillations of 1.0 mL of PBS per time. At least 0.5 mL was recovered after each lavage. The BALF was mixed and centrifuged at 500 x g for 10 min at 4 oC. The cell pellets were resuspended in 1 mL PBS, and cell counts were performed (Simonson et al. 1997). The supernatant was assayed for total protein using a bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA).
Immunohistochemical (IHC) staining of bLF

The lung tissues were fixed with paraformaldehyde and embedded in O.C.T. compound (Tissue-TekR; Sakura, Japan), then frozen and microdissected for IHC analysis (Chen et al. 2008a; Tung et al. 2011). Briefly, 5 m sections were placed on slides and incubated with rabbit anti-bLF polyclonal first antibody (1:200 dilution; EMD Millipore, Billerica, MA, USA) and biotin-labeled anti-rabbit IgG antibody (1:2,000 dilution; Abcam, Cambridge, MA, USA). The Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) was used for bLF staining (Chen et al. 2008b; Yen et al. 2011b).
Pathological histology examination

After sacrificing the mice, the left lobes of the lungs were dissected and inflated with 0.6 mL of 10% formalin for histological study. Paraffin sections prepared from the lungs were stained with hematoxylin and eosin for evaluation. We assessed the degree of alveolar congestion, hemorrhage, and leukocyte infiltration and the thickness of the alveolar wall (Tung et al. 2011). The lung histopathological images were scored by two individual pathologists. The quantity of the collagen fibers in the lung tissue sections was evaluated using Masson staining as described previously (Chen et al. 2012).

Cytokines assay by real-time RT-PCR

Total RNA from the lung tissues from normoxic and hyperoxic mice was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). One microgram of total RNA was reverse-transcribed with MuLV reverse transcriptase, and the cDNA was analyzed by real-time PCR using intron-spanning primers as listed in Table 1. Real-time RT-PCR was performed using SYBR Green in a Rotor-GeneTM 6000 (Corbett Life Science, Sydney, Australia). To evaluate gene expression, real-time RT-PCR was performed on 3 genes (IL-1β, IL-6, and TNF-α) using cDNA from the lung tissues. The β-actin gene was used as an internal control (Tung et al. 2011; Wen et al. 2013)
Apoptosis analysis of lung tissue

Genomic DNA from the lung tissues was extracted and directly analyzed by 1.5% agarose gel electrophoresis for the oligonucleosomal ladders of fragmented DNA in apoptotic tissues (Ioannou and Chen 1996). A terminal deoxynucleotidyl transferase (TdT) dUTP nick end labeling (TUNEL) assay was performed using the Fluorescein FragEL DNA Fragmentation Detection Kit according to the manufacturer’s (EMD Chemicals Inc., Gibbstown, NJ, USA) instructions. Briefly, 5 m lung sections were placed on slides and treated with proteinase K (2 μg/mL) at room temperature for 5 min. After the addition of 100 μL of TdT equilibration buffer for 30 min, the sections were incubated with 60 μL of TdT Labeling Reaction Mix at 37 °C for 1 h. The slides were then washed with Tris-buffered saline (TBS), and the stained cells were imaged using microscopy as described previously (Chen et al. 2012).

Statistical analysis

All experimental results were expressed as the means ± standard error (SE). The significance of the differences was calculated using the General Linear Model (GLM) procedure by Statistics Analysis System (SAS) as described previously (Chen et al. 2003). Differences with p < 0.05 (*) or p < 0.01 (**) were considered to be statistically significant.

Results

Animal model for hyperoxia-induced lung injury and mortality evaluation

Long-term exposure to hyperoxia can induce lung injury with similar pathological changes to those observed in clinical ARDS patients. In this study, we used exposure to a moderate level of hyperoxia (80%) for 1 week to induce progressive chronic lung pathology with fibrosis in mice. The supplemented oxygen levels were very stable (79.5-81.5%, Fig. 1A) when monitored with an oxygen analyzer every hour during the light phase of the exposures. When the CD-1 mice (n = 12) were exposed to the hyperoxic conditions (FiO2 = 80%), mortality reached 2/3 (66.7%) at day 6 and 4/5 (80.0%) at day 7 (Fig. 1B). The survival rate of the normal group (normoxia condition) was 100% after 7 days of exposure. The treatment with aerosolized bLF increased the survival rate to 70.0% at 168 h of hyperoxia exposure (Fig. 1B), which was significantly higher than that in the control group exposure to PBS by inhalation after 168 h of hyperoxia exposure (20.0%, P < 0.01).
The efficiency of aerosolized bLF protein in mice lung tissue

An ultrasonic nebulizer connected to the oxygen delivery system was used for the aerosolization of the bLF protein drug. To evaluate the efficiency of aerosolized bLF in this system, a total of 3.6 mg bLF dissolved in 70 mL PBS was delivered by this aerosol system, and approximately 78% of the bLF protein was detected in the cage after 10 h of aerosolization (Supplementary Fig. S1). Therefore, this is an effective protein aerosolization system. To assess the efficiency of this aerosol system and the distribution of bLF in the lungs after aerosolization, immunohistochemical (IHC) staining for bLF was performed (n = 6) as shown in Figure 2. In the bLF-treated group, bLF was present diffusely in lungs, including epithelium of airway, alveolar space, and even interstitium (Fig. 2C) compared with the control group exposure to aerosolized PBS (Fig. 2B). The results demonstrated that the aerosolized bLF can penetrate and deposit in the lung parenchyma. Because the polyclonal antibodies to bLF crossreacted with endogenous LF, a low background of LF was found in the epithelium of the bronchi and bronchioles of the lungs of the normoxia and PBS control groups (Fig. 2A and 2B).

Anti-inflammatory effect of bLF against hyperoxia-induced lung injury

Histopathological examination of lungs (n = 6) was performed after 168 h of hyperoxia for inflammation analysis. Pulmonary edema and alveolar infiltration of neutrophils were evident in the aerosolized PBS control group (Fig. 3B) but not in the normal lung tissues under normoxia condition (Fig. 3A). The mice from the group that received aerosolized bLF exhibited less neutrophil infiltration and lung edema (Fig.3C). The total cell count in the BAL fluid, a marker of lung injury, was also significantly lower in the bLF-treated groups compared with the PBS control group (P < 0.01; Fig. 3D).
To further evaluate the anti-inflammatory effects of bLF, quantitative real-time RT-PCR was used to measure the levels of inflammatory cytokine expression in the lung tissues of the mice (n = 6; Fig. 4). The inflammatory cytokines (IL-1β, IL-6, and TNF-α) were all elevated in lung tissues in response to the exposure to hyperoxia compared with normoxia (p<0.01, p<0.05, and p<0.05, respectively). The treatment with bLF significantly decreased the levels of IL-1β (Fig. 4A) and IL-6 (Fig. 4B) compared with PBS treatment (p<0.05), but no significant difference in TNF-α was observed (Fig.4C).

Anti-apoptotic effect of bLF in hyperoxia-induced lung injury
Apoptotic DNA fragmentation is a key feature of programmed cell death and is characterized by cytoplasmic condensation, plasma membrane blebbing and nuclear pycnosis. This process leads to nuclear DNA breakdown into multiples of ∼200 bp oligonucleosomal size fragments (arrows in Fig. 5A). The mice exposed to hyperoxia had significantly higher percentages of apoptotic DNA fragmentation than the mice exposed to normoxia (29.1 ± 4.6% vs. 5.6 ± 1.3%, p<0.05; Fig. 5B). The mice that received bLF had significantly decreased apoptotic DNA damage relative to the mice that received PBS under the hyperoxia condition (p<0.05; n = 6; Fig. 5A and 5B).
The TUNEL assay was used to determine whether bLF influences the apoptosis of the lung cells in the hyperoxia model (Fig. 5C). The mice exposed to hyperoxia had significantly higher numbers of TUNEL-positive cells than the mice exposed to room air (58.3 ± 7.8 cells/field vs. 9.5 ± 0.7 cells/field, p<0.01). The mice that received bLF had significantly fewer TUNEL-positive cells than the mice that received PBS only under hyperoxia (n = 6; Fig. 5D).

Anti-fibrotic effect of bLF against hyperoxia-induced lung injury
To assess the progressive lung fibrosis induced by long-term exposures to moderate levels of hyperoxia, lung tissues (n = 6) were examined using Masson trichrome staining. The normal lung images under normoxia condition are shown in Fig. 6A. The results showed that mice received PBS only for 7 days post-hyperoxia exposure (Fig. 6B) had significantly more severe fibrosis than the mice that received the bLF treatment (Fig. 6C).
Discussion

There were two major findings in this report. First, aerosolized LF protects mice against the chronic lung injury caused by moderate hyperoxia (FiO2 = 80%) and attenuates the subsequent fibrosis. The LF aerosol therapy reduces the severity of lung injury as demonstrated by the attenuation of the inflammation, decreased levels of apoptosis and pro-inflammatory cytokine expression in the lungs, and even increased survival rates of the mice subjected to hyperoxia. Second, aerosol therapy targeting the respiratory tract could be an effective and safe administration route for LF, an important antimicrobial, antioxidant, and immunomodulatory protein in airways. The aerosolized LF can penetrate and deposit in the lung parenchyma, as demonstrated by the IHC staining of LF.
LF has host-protecting properties due to its immunomodulatory action and also acts as a promoter of the immune system. LF promotes the maturation of T-cell precursors into competent T helper cells and stimulates the differentiation of immature B cells into functional antigen presenting cells (Actor et al. 2009). In our recent studies, a high dose of porcine LF led to a significant increase in antibody concentration in a chicken model (Hung et al. 2010a). LF at either low or high doses enhances the expression of interferon- and IL-12, driving T lymphocytes toward Th1 rather than Th2 cells, and enhances the immunity against microbial agents (Hung et al. 2010b). In particular, oral administration of bLf decreases serum IL-6 in anemic pregnant women (Paesano et al. 2009; 2010a and b; 2012).
Many studies including this report confirm the anti-inflammatory effect of LF. Intra-articular injection of human LF (hLF) into mice with collagen-induced or septic arthritis reduces joint inflammation (Guillen et al. 2000). Topical administration of hLF prior to sensitization reduces allergen-induced Langerhans cell migration and cutaneous inflammation in humans (Griffiths et al. 2001). We have previously demonstrated that oral administration of LF decrease the severity of lung inflammation in infectious model (Yen et al. 2009). This study further revealed that aerosolized LF directly attenuates the inflammation in lungs after hyperoxic exposure, at least partially by decreasing the production of pro-inflammatory cytokines.

The mechanism of the anti-inflammatory effects of LF is still complex and not well understood at present. One potential mechanism is through the sequestration of “free” iron at inflammatory site, thus preventing the Fenton reaction, which results in iron-catalyzed formation of damaging free radicals that trigger more inflammatory responses (Brock 2002; Kruzel et al. 2007). The other anti-inflammatory effect of LF may involve the inhibition of the production of pro-inflammatory cytokines, including TNF-, IL-1, and IL-6 (Ward et al. 2005; Haversen et al. 2002; Kruzel et al. 2002). Our report revealed that aerosolized bLF had inhibitory effects on IL-1 and IL-6, but no significant effect on TNF-. TNF- is a very early pro-inflammatory cytokine, so it may not be easy to detect the change of TNF- after 7 days of exposure to hyperoxic. The inhibitory effect on the cytokines may be a result of LF translocation to the nucleus, where it prevents NF-B activation (Ando et al. 2010), or via receptor-mediated signaling pathways. Recent studies have implied that the immunomodulatory effects of LF are associated with the Toll-like receptor (TLR) pathway (Ando et al. 2010; Puddu et al. 2011; Curran et al. 2006). Toll-like receptor 4 (TLR4) was found not only to be the principal receptor for bacterial lipopolysaccharide (LPS) but also to be activated by non-infectious stimuli including hyperoxia (Xiang et al. 2010; Jiang et al. 2006). 
Aerosol therapy with LF could be a novel therapeutic modality for oxidative lung injury. Reactive oxygen species (ROS) have been implicated in the pathogenesis of various forms of lung injury, so therapeutic agents that can supplement or substitute for endogenous antioxidants that are depleted or overwhelmed during the disease process is a promising strategy of treatment for lung injury (Asikainen and White 2005). An ideal antioxidant therapeutic proteins or peptide, either natural or synthetic, should have good bioavailability and efficiency in scavenging ROS, and it should effectively penetrate the lungs. The agents should be stable, non-toxic, and nonimmunogenic and should preferably not interfere the normal antimicrobial mechanisms which ROS are involved. Our results demonstrated that aerosolized LF could integrate into the lung parenchyma and attenuate lung injury, apoptosis, and the subsequent fibrosis and even reduce mortality without evident systemic side effects. In particular, LF is a natural immune promoter and antimicrobial protein that could avoid the immunosuppressive effects of antioxidant treatments.

The delivery of aerosol drugs to the respiratory tract has some advantages, including rapid onset, smaller required doses, and a local pulmonary effect with fewer systemic side effects. The procedure is painless and relatively convenient (Yen et al. 2011a). Aerosol therapy can avoid the first-pass effect (metabolism by the liver when the drug is taken orally and absorbed into the portal system), thus ensuring that there is a prolonged effect of the drug on the respiratory system. In this study, we targeted the airways and alveoli by the administration of LF to investigate the protective effect of LF against external insults. Thermal denaturation temperature (Tm) data reveals that bovine LF is the most stable with a Tm of 90 ± 1 oC at pH 7.0. The Tm is reduced gradually when the pH is gradually decreased or increased (Sreedhara et al. 2010). The pH of airway surface mucosa is approximately 6.85. To maximize the bioavailability of bLF in our aerosol delivery system, we used PBS, pH 7.0, as the solvent and kept the aerosol temperature not higher than 25 oC.

In conclusion, we have successfully established an aerosol therapeutic system for bovine LF. Aerosolized LF protected the lungs against oxygen toxicity and reduced mortality in a moderate hyperoxic model. The results of this study are encouraging. The aerosol therapy with LF could be used clinically for reducing oxygen toxicity in patients undergoing mechanical ventilation, attenuating lung injury induced by oxidants.
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Table 1. Primers information for real-time RT-PCR used in this study
	mRNA
	Primer sequence
	Tm 

(°C)
	Length 

 (bp)

	IL-1β
	(＋)  5’-GCCCATCCTCTGTGACTCAT-3’
	62
	230

	
	(－)  5’-AGGCCACAGGTATTTTGTCG-3’
	60
	

	IL-6 
	(＋)  5’-GTTGCCTTCTTGGGACTGAT-3’
	60
	171

	
	(－)  5’-TGTACTCCAGGTAGCTATGG-3’
	60
	

	TNF-α
	(＋)  5’-GCCCCCAGTCTGTATCCTTC-3’
	64
	227

	
	(－)  5’-AGGCAACCTGACCACTCTCC-3’
	64
	

	β-actin
	(＋)  5’-ACACCCGCCACCAGTTCGC-3’
	64
	164

	
	(－)  5’-ACCCATTCCCACCATCACAC-3’
	62
	


Figure Legends
Figure 1.

Establishment of moderate hyperoxia (FiO2 = 80%)-induced lung injury and survival fraction. (A) The plot of oxygen levels (FiO2) in hyperoxia chambers mimicking clinical conditions requiring mechanical ventilation and high levels of oxygen supplementation. The oxygen concentration (%) was measured using an oxygen analyzer every hour during the light phase of the environmental cycle. (B) The effect of aerosolized bLF on survival after 168 h of hyperoxia. Phosphate- buffered saline (PBS) inhalation was used as the hyperoxia-induced lung injury control group. Mice housed in the normoxia condition were used as a normal control group. The survival of the bLF-treated and untreated mice after exposure to hyperoxic conditions (n = 24) were monitored daily.
Figure 2.
The distribution of aerosolized bLF in lung tissue assessed by immunohistochemical (IHC) staining after 168 h of hyperoxia. (A) Image representative of the normoxia control group. (B) Image representative of the PBS-inhalation untreated control group. Only a few regions of endogenous LF can be detected in the bronchial epithelia as shown in the 400X magnification images (bottom panel) of normoxia and hyperoxia with PBS inhalation. (C) Image representative of the aerosolized bovine lactoferrin (bLF) group. The exogenous bLF can be strongly detected in the bronchial epithelia, alveoli, and lung parenchyma as indicated in the brown stain signals. Scale bar = 200 m.

Figure 3.
Effects of aerosolized bLF on lung morphology and neutrophil infiltration in BALF after 168 h of hyperoxia. Lung sections were stained for histology with H&E. The control group of mice exposed to normal oxygen conditions (Normoxia) is shown in the left panels (A). Middle panels (B) and right panels (C) represent the hyperoxia groups (FiO2 = 80%) treated with PBS or bLF, respectively (n = 6 in each group). Scale bar = 200 m. (D) Pulmonary leukocyte infiltration was measured as the total cell counts in BALF. *p< 0.05 vs. normoxia group; #p< 0.05 vs. hyperoxia / PBS control group.
Figure 4. 
Effects of aerosolized bLF on inflammatory cytokine mRNA expression levels in the lungs after 168 h of hyperoxia. IL-1β (a), IL-6 (b), and TNF-α (c) mRNA expression levels were measured at day 7 using quantitative RT-PCR from the following three groups: normoxia mice, hyperoxia-exposed mice treated with PBS, and hyperoxia-exposed mice treated with bLF. *p < 0.05 or **p < 0.01 vs. normoxia group; #p < 0.05 vs. hyperoxia / PBS control group.
Figure 5.
Effects of aerosolized bLF on apoptotic DNA damage and cell apoptosis in the lungs after 168 h of hyperoxia. (a) DNA apoptotic fragmentation was measured using agarose gel electrophoresis. L.M.: low molecular weight DNA marker (100-bp DNA ladder); H.M.: high molecular weight DNA marker (λ/HindIII). (b) Quantification of apoptotic DNA fragmentation (%) by densitometry (Kodak 1D software). (c) The determination of apoptosis was performed by TUNEL assay: apoptotic cells are indicated by the brown staining. (d) TUNEL-positive pulmonary apoptotic cells were quantified in 10 different fields of each slide. *p < 0.05 or **p < 0.01 vs. normoxia group; #p < 0.05 vs. hyperoxia / PBS control group. Scale bar = 200 μm.
Figure 6.

Examination of fibrosis status using Masson trichrome stain in the lungs after 168 h of hyperoxia. Lung tissues from the mice under the normoxia condition (a), hyperoxia-exposed, PBS-inhalation group (b), or hyperoxia-exposed, bLF-treated group (c) were stained with Masson trichrome dye. The fibrotic tissues in the interstitia, peribronchiolar and perivascular areas are indicated by blue trichrome staining in the hyperoxia-exposed, PBS-inhalation group. Scale bar = 200 μm.
Supplemental Figure S1. Image of the ultrasonic nebulizer system to aerosolize bLF for the murine model of hyperoxia-induced lung injury and measurement of its efficiency for nebulization of bLF. An ultrasonic nebulizer was connected to the oxygen delivery system to aerosolize the bLF protein drug. The efficiency of aerosolized bLF in this system was measured. A total of 3.6 mg bLF dissolved in 70 mL PBS was delivered by this aerosol system and approximately 78% of bLF protein was detected in the cage after 10 h of aerosolization.
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