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ABSTRACT  

Study question: We hypothesized that comparing the protein mixture in bronchoalveolar 

lavage fluid (BALF) between humans and mice may lead to mechanistic insights into common 

and divergent pathways that evolved in each species.  

Methods: BALF from four humans and six mice was pooled separately and underwent identical 

shotgun proteomic analysis. Functional and network analysis was applied to identify overlapping 

and distinct pathways enriched in the BALF. Follow-up experiments using Western analysis in 

unpooled BALF samples were performed.    

Results: We identified 91 unique proteins in human and 117 unique proteins in mouse BALF 

samples. Functional analysis of the proteins revealed conservation of several key processes 

between the species including defense response.  Oxidative stress response, however, was 

selectively enriched only in mouse BALF. Differences in the expression of peroxiredoxin-1, a 

key member of the defense pathway against oxidative injury, were confirmed between normal 

human and mouse BALF and in models of lung injury.  

Conclusions: A computational proteomics approach of mouse and human BALF confirms the 

conservation of immune and defense-mediated pathways while highlighting differences in 

response to oxidative stress. These observations suggest that the use of mice models to study 

human lung disorders should be undertaken with an appreciation of inter-species variability.  
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INTRODUCTION 

Mouse is the most common mammalian species for studying human diseases, including 

pulmonary disorders. However, promising findings based on murine models of lung disease 

often fail to translate into effective therapeutic targets in follow-up human studies. Since mice 

and humans diverged over 90 million years ago, significant interspecies differences may have 

accumulated between their respiratory system as each species adapted to diverse 

environmental challenges and exposures [1-3]. The functional and physiological divergence 

within compartments of the lung may account, in part, for the difficulties encountered when 

using the mouse as a model for human respiratory disorders.  

The vast surface area of mammalian alveoli is lined by a thin layer of liquid that 

maintains the structural integrity of the airspaces, participates in gas exchange, and serves as a 

critical barrier in protecting the host from environmental and infectious insults. The alveolar 

epithelial lining fluid is a complex mixture of phospholipids, neutral lipids, and proteins that is 

derived from resident cells (including type 1 and type 2 pneumocytes, alveolar macrophages 

and neutrophils) and through active and passive transport from plasma [4] . Profound alterations 

in the constituents of bronchoalveolar fluid occur in many human pulmonary disorders, 

prompting widespread analysis of bronchoalveolar lavage fluid (BALF) for diagnostic and 

prognostic purposes and to elucidate disease mechanisms. We and others have previously 

studied the human BALF proteome in various lung disorders [5-9]. Recently, we performed 

shotgun proteomic analysis of normal human BALF and observed that despite inter-individual 

differences in the detection of specific proteins, there was extensive overlap in the functional 

enrichment of these proteins across healthy subjects [10].  

In this study we extend our previous work by initially assessing whether a global 

comparison of the complex protein mixture in BALF between humans and mice can lead to 

mechanistic insights into common and divergent pathways that have evolved in each species. 

Next, using Western analysis, we demonstrate that the expression level of a candidate member 
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of an enriched pathway in mouse BALF is increased relative to normal human BALF levels, but 

follows species-specific expression pattern during acute lung injury.  

 

MATERIALS AND METHODS 

BALF sample collection and processing  

Normal human BALF. The protocol for collecting human BALF was approved by the 

Institutional Review Board at the University of Washington. Written informed consent was 

obtained from each healthy, non-smoking subject prior to enrollment in the study. Samples from 

four, male subjects were pooled and analyzed.  BAL was performed as previously described 

[11].  Briefly, 5 separate 30-ml aliquots of 0.89% sterile saline were instilled into the right middle 

lobe or lingula. BALF was centrifuged immediately and cell-free supernatants were aliquoted 

and stored at �80°C. 

Acute Lung Injury BALF. This study was approved by the Institutional Review Board at 

the University of Washington. BALF was obtained from 7 patients with acute lung injury defined 

as (i) PaO2/FiO2 < 300 mm Hg; (ii) diffuse parenchymal infiltrates; (iii) pulmonary artery wedge 

pressure < 18 mm Hg or no clinical evidence of congestive heart failure; (iv) no other obvious 

explanation for these findings [12] who were undergoing bronchoscopy for evaluation of 

clinically suspected ventilator-associated pneumonia based on the protocol of Fagon et al [13]. 

Patient characteristics included: 4 men, 3 women, average age 55 ±10 years, number of days 

on ventilator prior to bronchoscopy, 10 ±8; mean PaO2/FiO2 183 ± 59 mm Hg. Following 

bronchoscopy, the samples were immediately transported to the microbiology laboratory, where 

5 ml was removed for microbiological analysis and the remaining sample was processed as 

described above. 

Normal mouse BALF. All animal experiments were approved by the Institutional Animal 

Care and Use Committee of University of Washington. Normal adult, male C57BL/6 mice (n=6) 

were lavaged with 1 ml of PBS containing 0.6 mM EDTA warmed to 37°C. BALF was 
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centrifuged immediately after collection and cell-free supernatants were aliquoted into 

polypropylene tubes and stored at �80ºC prior to proteomics analysis. Total protein 

measurements were made on aliquots of supernatants from all samples using the Bradford 

assay [14].   

Shotgun proteomics analysis  

Pooled BALF samples from humans and mice reduced, alkylated, tryptically digested, 

separated using 2D liquid chromatography followed by tandem MS/MS analysis (Figure 1). 

BALF proteins were identified using SEQUEST search engine followed by PeptideProphet and 

ProteinProphet. Details of the shotgun proteomics methods are available in the supplementary 

material.    

Sample preparation. Equal volumes of each cell-free BALF supernatant sample were 

denatured with 8 M Urea and reduced by addition of 5 mM Tris(2-carboxyethyl) phosphine 

hydrochloride The solution underwent proteolysis for 16 hr using a 1:20 w/w trypsin-to-protein 

ratio followed by desalting with micro-spin cartridge (Nest Group Inc, MA) and completely dried 

using a Speed-Vac (Thermo-Savant, Milford, MA).  

LC-MS/MS Analysis. Equal sample concentrations of each sample was analyzed by 

LCMS as previously described [15] via electrospray ionization (ESI) on-line to a linear ion trap 

(LTQ) Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer.  The LTQ-FT 

mass spectrometer was operated in a data-dependent mode. The five most intense ions were 

sequentially isolated in the linear ion trap and subjected to collision induced dissociation (CID) in 

series using a trap target value of 5,000 and 60 sec of dynamic exclusion. Precursor ions were 

selected over the entire m/z range (350-2000). Then, the experiment was repeated using gas 

phase fraction (e.g. precursor ions were selected over a limited m/z range during each 

injection). The following six m/z range were applied: 350-550, 500-700, 650-850, 800-1000, 

950-1500, and 1450-2000. 



 - 6 - 

Protein Identification. Tandem mass spectral RAW (ThermoFinnigan) files were first 

converted to mzXML format [16]. The tandem mass spectra were then matched to protein 

sequence in the IPI Human and Mouse database (http://www.ebi.ac.uk/IPI) using SEQUEST. 

Criteria for matching a peptide tandem mass spectrum to a peptide sequence were: Xcorr >1.9 

with charge state 1+, Xcorr>2.2 with charge state 2+, or Xcorr>3.75 with charge state 3+, as 

well as ΔCn >0.1.  Peptide tandem mass spectra passing these criteria were utilized for protein 

identifications. A protein was considered to be identified only if ProteinProphet probability > 0.8 

[17] and if more than one unique peptide was found for each protein.  

Functional and network analyses 

Enrichment of biological modules in the BALF proteome of each species was determined 

relative to its respective global proteome which was defined based on its known genome and 

annotated using Entrez Gene Identification (http://www.ncbi.nlm.nih.gov/Entrez/) [1, 10]. We 

used a web-based implementation of Database for Annotation, Visualization and Integrated 

Discovery (DAVID) [18] and GOTree Machine (GOTM) [19] to functionally annotate identified 

proteins in BALF based on the Gene Ontology (GO) database (http://www.geneontology.org) 

[20].  Enrichment P-values for functional categories were determined using a variant of the one-

tailed Fisher exact probability of the hypergeometric distribution.  Since many GO categories 

were evaluated simultaneously, a function was deemed significantly �enriched� based on a 

permutation-based false discovery rate cutoff < 0.05.  

Protein interaction network was created from combining all proteins mapped to catalytic 

and oxidative stress functional groups, and using several databases to obtain biologically 

verified protein interactions: (a) Ingenuity System�s knowledge base, which has been manually 

curated from >200,000 full-text, peer-reviewed scientific articles and consists of protein 

relationships from over 15,000 human, mouse and rat genes [21]; (b) Human Protein Reference 

Database, consisting of ~35,000 protein interactions [22]; (c) Biomolecular Interaction Network 
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Database, comprising ~200,000 interactions [23]; (d) Database of Interacting Proteins, 

containing ~55,000 interactions [24].  

 Animal models of acute lung injury  

All animal experiments were performed using adult, male C57BL/6 mice from the same 

vendor (Jackson Laboratory, Bar Harbor, ME). Additional details are provided in the 

supplementary material. 

Hyperoxia. Mice (n = 6) were housed in a plexiglass chamber located in a biosafety hood.  

Oxygen flow through the cage was maintained at 5 liters per minute, which was sufficient to 

achieve an oxygen fraction of 95% within the plexiglass chamber.  Mice were observed daily 

and oxygen fraction was checked daily. Animals were exposed to hyperoxia or normoxia (FiO2 

0.21) for 72 hours, and BALF collected, centrifuged, and processed as described above.  In 

some mice, the lungs were inflated and fixed with 4% paraformaldehyde at 25 cmH2O pressure, 

paraffin-embedded and sections were stained with hematoxylin and eosin for histology. 

Ischemia reperfusion.  Mechanically ventilated, isoflurane anesthetized, mice (n = 3) were 

ventilated with a tidal volume of 10 ml/kg, a rate of 150 breaths per minute, an end-expiratory 

pressure of 3-cmH2O, an inspired oxygen fraction of 0.4. Left lung warm ischemia for 60-min 

was achieved via thoracotomy and placement of a vascular clamp across the left hilum.  During 

left hilar clamping, tidal volume was decreased to 6 ml/kg and respiratory rate increased as 

necessary to achieve a similar end-tidal CO2. Subsequently, the clamp was removed, tidal 

volumes and respiratory rates were returned to baseline, and left lung reperfusion was permitted 

for an additional four hours prior to euthanasia and necropsy. After euthanasia, the right hilum 

was clamped and left lung was lavaged and BALF was processed as described.  

Staphylococcus aureus pneumonia. S. aureus was originally isolated from a patient with 

catheter-related sepsis and cultured as previously described [25]. Mice (n = 3) were inoculated 

with 2 × 107 cfu of S. aureus in 50 µl PBS via oropharyngeal aspiration [25].  Mice were 
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euthanized 24 h post-infection and right lung was lavaged and BALF was collected and 

processed as above.  

Influenza pneumonia. Mice (n = 3) were inoculated with 4,000 pfu of A/PR8/34 (mouse-

adapted H1N1 influenza strain) in 50 µl PBS via oropharyngeal aspiration.  At 120-hr post-

infection, mice were euthanized and BALF obtained and processed as described above.  

 

Western analysis  

Equal amounts of BALF protein (20mg) were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), and electrophoretically transferred to PVDF 

membrane. Membranes were blocked with 5% nonfat dry milk/0.05% Tween-20/PBS for 2 

hours, incubated with rabbit polyclonal anti-PRDX1 antibody (1:10,000, Abcam) for 2 hours at 

room temperature, washed with 0.05% Tween-20/PBS, incubated with horseradish peroxidase-

conjugated secondary antibody (1:5000) for 1h, washed with 0.05% Tween-20/PBS and then 

developed with enhanced chemiluminescence (ECL) technique (Amersham, England).      
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RESULTS 

The BALF proteome in human and mouse   

We defined the BALF proteome from four human subjects and six mice using a shotgun 

approach. We identified 91 distinct proteins in humans and 117 distinct proteins in mice 

(supplementary Table 1). Twenty-one of these proteins were products of homologous genes in 

both species. Since we applied stringent criteria to increase our confidence in accurate protein 

identification, we may not have generated an exhaustive list of BALF proteins. Therefore, we 

approached the inter-species proteomics comparison via a pathway-centric focus.    

Functional and network analysis of BALF proteome  

We categorized identified proteins in mouse and human BALF based on their Gene 

Ontology annotation and determined enriched categories for each species relative to its 

respective global proteome. Despite differences in the actual protein identification between mice 

and human BALF, functional analysis revealed significant inter-species overlap in many 

processes including inflammatory response, defense response, immunity, and protease activity 

(Figure 2). In general, the overrepresented categories common to both mouse and human were 

among the most enriched, suggesting that these pathways have been preserved across these 

species and encompass key functions of the lung�s epithelial barrier. However, comparing the 

enrichment of functional categories side by side (Figure 3) revealed relative differences among 

processes overrepresented in both species. For example, immune and defense pathways were 

highly enriched in human BALF (enrichment P-value ~10�10 for human, and P-value ~10�4 in 

mouse), while protease and enzyme inhibition was more overrepresented in mouse BALF 

(enrichment P-value ~10�12 for mouse, and P-value ~10�8 in human). Please refer to 

Supplementary Table 2 for more details. 

Importantly, we also identified processes that were significantly enriched in one species 

but not the other. Biological processes and molecular functions involved in cellular metabolism, 

catalytic activity, and antioxidant activity were differentially overrepresented only in murine 
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BALF, while a number of molecular functions involving antigen, heparin and carbohydrate 

binding were only enriched in human BALF.  

The most striking observation was the persistent and selective enrichment of processes 

involved in oxidative stress in mouse BALF (~20-fold enrichment, P-value ~10�6 to10�7). To 

better elucidate the relationship among the proteins mapped to this module, we created a 

protein network based on previously published gene product interactions (Figure 4). This 

�interactome� mapped the relationships among key players in cellular response to oxidative 

challenge and included members of the glutathione pathway (GSTM1, GSTM3, GSTM7), 

superoxide dismutase (SOD1), and heat shock proteins (HSPA1A, HSPA8). Furthermore, we 

identified a subnetwork comprised of several members of the peroxiredoxin family (PRDX1, 

PRDX5, PRDX6) interacting with peptidylprolyl isomerase A (PPIA, also known as cyclophilin 

A).  

Peroxiredoxin 1 expression in human and mouse BALF 

To verify interspecies differences in the oxidative stress module, we performed Western 

analysis to compare the relative expression of peroxiredoxin 1 (PRDX1) in independent, 

unpooled BALF samples from normal mice and human subjects (n = 4 per group). We observed 

a prominent signal in all mice BALF samples but minimal signal in the human samples (Figure 

5). Next, we examined how PRDX1 levels in BALF were altered during acute lung injury (ALI) 

using independent human patient samples and in mouse samples during four different models 

of lung injury: a) exposure to hyperoxia; b) Influenza pneumonia; c) Staphylococcus aureus 

pneumonia; d) ischemia-reperfusion. In patients with ALI, PRDX1 was significantly increased in 

6/7 patients compared to healthy controls (Figure 5B). In mice, an opposite pattern emerged 

during lung injury, with PRDX1 levels dramatically reduced compared to normal controls, 

especially during hyperoxia exposure (Figure 5C). We further confirmed the profound 

susceptibility of mice to hyperoxia by examining lung histology of animals exposed to 72 h of 



 - 11 - 

95% oxygen. We observed diffuse epithelial injury, with perivascular edema and inflammatory 

cellular infiltrates within airspaces (Figure 5D).   
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DISCUSSION 

We performed a comparative shotgun proteomics analysis of bronchoalveolar fluid in 

mice and humans to assess common and divergent functional pathways (Figure 1). We found 

that many processes critical for host defense against a hostile environment including immunity, 

defense response and protease inhibitor activity, are highly enriched in the BALF of both 

species. However, we also observed significant inter-species differences, particularly in 

oxidative stress pathways, implying that evolution under unique external and genetic pressures 

has lead to distinct functional profiles in the bronchoalveolar fluid proteome of mice and 

humans.  We confirmed the relevance of our findings using unpooled samples by demonstrating 

a distinctly different expression pattern of PRDX1, a representative oxidative stress protein, in 

normal human and mice BALF and during lung injury.  

Although many key functional categories were highly enriched in both species, there 

were differences in their relative enrichment (Figure 3). For example, proteins mapping to 

defense response and immunity were more overrepresented in human BALF compared to mice. 

A simple explanation may be that since the mice were raised under specific pathogen-free 

conditions and not exposed to the full spectrum of pathogenic microorganisms, the proteomic 

profile of their epithelial lining fluid was less enriched in immune-related functions.  

The most prominent inter-species difference in BALF proteome was the selective 

enrichment of processes involved in cellular defense against oxidative stress in mice. We further 

explored this finding by creating an interacting network comprised of proteins functionally 

mapped to these processes. Members of this interactome included well-established mediators 

of cellular defense against reactive oxygen species such as the glutathione pathway and 

superoxide dismutase.  In mice, isoenzymes of superoxide dismutase play a critical role in 

protecting the lung against hyperoxia-induced injury [26, 27].  

Within this murine-enriched oxidative stress module, we identified a subnetwork of 

interacting peroxiredoxins (PRDX1, PRDX5, PRDX6). These proteins belong to family of 
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nonseleno-peroxidases that catalyze the reduction of a broad spectrum of peroxides by electron 

transfer from thioredoxins or cyclophilins. Peroxiredoxins are emerging as key protectors of the 

lung from injury due to reactive oxygen metabolites. For example, transgenic mice lacking 

PRDX6 are much more susceptible to lung damage from hyperoxia, whereas overexpression of 

PRDX6 protects mice from hyperoxia-induced lung injury [28, 29]. We confirmed the differential 

expression of PRDX1 in mouse BALF samples relative to humans. Since a role for PRDX1 in 

lung injury has not been reported, we analyzed PRDX1 expression in several mouse models of 

lung injury associated with prominent oxidative stress. We demonstrated that PRDX1, while 

abundantly expressed in the BALF of control mice, is dramatically decreased during lung injury 

due to hyperoxia, ischemia reperfusion, and pneumonia. Interestingly, PRDX1 followed an 

opposite expression pattern in human BALF, becoming much more abundant after acute lung 

injury.  These observations suggest that while PRDX1 may serve as an important peroxidase in 

lung defense against oxidative insults, there are distinct interspecies differences in its 

expression profile.  

One advantage of integrating our proteomics approach with network analysis is its 

potential ability to provide novel insights into molecular mechanisms. For example, all of the 

identified peroxiredoxins in mouse BALF interacted with peptidylprolyl isomerase A (PPIA, also 

known as cyclophilin A). There is increasing evidence that hubs of high connectivity within 

biological networks are important for its functional stability [30-32]. Therefore, based on our 

computational analysis, we predict that PPIA is a putative target for modulating the lung�s anti-

oxidant defense program. In support of this proposition, previous in vitro experiments have 

demonstrated that PPIA directly binds to peroxiredoxins and profoundly increases their 

enzymatic activity [33]. Interestingly, cyclosporine A can bind to PPIA and alter its activity, and 

mice treated with this drug demonstrate significant attenuation in lung injury during exposure to 

hyperoxia [34].  
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While our study provides insights into the mechanisms of susceptibility of C57BL/6 mice 

to hyperoxia-induced lung injury, there is significant strain-dependent variability in this response 

[35]. We chose C57BL/6 mice because they are the most commonly used strain in biomedical 

research and have an �intermediate� susceptibility to hyperoxia-induced lung injury [35]. Future 

work based on a similar proteomics approach may help elucidate pathway-specific mechanisms 

across phenotypically distinct strains.  

Other investigators have also reported on proteomic analysis of BALF in mice and 

humans. For example, Guo et al combined a gel-based and shotgun approach to define the 

mouse BALF proteome, and identified a total of 297 unique proteins [36]. Although this number 

is substantially larger than our finding of 117 unique proteins, many factors, ranging from 

sample preparation to instrumentation and database searching criteria can lead to significant 

variability in shotgun proteomic experiments. Nevertheless, if the number of proteins identified 

by Guo et al is limited to those obtained using the shotgun method, and based on identifying 

more than one unique peptide, the number of unique proteins is reduced to 126 and is 

comparable to our report. Further comparison of their study with ours reveals that many 

common functional categories including oxidative stress, complement activation, proteolysis and 

inflammatory response were identified in the mouse BALF proteome by both groups. 

Interestingly and consistent with our findings, Guo et al also reported the presence of PPIA and 

several peroxiredoxin proteins including PRDX1, PRDX5, PRDX6 in mouse BALF.  

There are a number of limitations in this study. Since the primary aim of this work was to 

gain insights into common and divergent pathways in human and mouse BALF, we decided to 

pool the lavage samples from each species.  Although pooling raises the possibility that an 

outlier sample could bias the findings, we previously demonstrated that despite inter-individual 

differences, most of the highly enriched processes in human BALF proteome are tightly 

preserved across subjects [10].  Our (unpublished) data show even tighter homogeneity of the 

BALF proteome in mice.  We did not directly compare the relative abundance of proteins 
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between mouse and human BALF samples. We refrained from performing quantitative 

comparisons, e.g., using spectral counting [37], because the majority of the identified proteins 

did not overlap between the species, making a direct comparison impossible. However, we 

verified the differential expression of PRDX1 in mice relative to humans using Western analysis. 

Finally, while detection of BALF proteins does not indicate their cellular sources, there is ample 

evidence that differential protein expression in BALF correlates with disease phenotype and 

severity. Furthermore, the relative ease in sampling the airspaces to search for mediators of 

lung disorders ensures its continued widespread application in the research and clinical 

settings. 

In summary, our work provides a framework for the comparative analysis of human and 

mouse bronchoalveolar lavage fluid proteome. Despite the identification of relatively few 

common homologous proteins, key functional categories involved in immunity, defense 

response and protease inhibition were preserved in both species. However, we also identified 

significant functional differences in the BALF proteome, most prominently in the selective 

enrichment of oxidative stress pathways in mice. Thus, while the utilization of murine models to 

study human lung disorders has been successful in bringing bench research to bedside 

practice, this approach should be undertaken with an appreciation of inherent inter-species 

differences. 
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Figure Legends 

 

Figure 1.  Schematic overview of shotgun proteomic analysis of mouse and human BALF. 
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Figure 2. Functional analysis of mouse and human BALF proteome using Gene Ontology�s 

hierarchical annotation tree. Categories representing biological processes, molecular functions 

and cellular components are color-coded based the species-specific enrichment (FDR < 0.05).  

 

 

Figure 3. Heat map representation of overrepresented functional categories in BALF proteome 

of mice and humans. This depiction of the same data from Figure 2 allows side by side 

comparison of the relative enrichment of each category between the two species. Note the 

selective enrichment of functional modules involved in oxidative stress response in mouse BALF 
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(indicated by vertical black bar). P-values indicate the probability of identifying a given category 

as enriched by random chance alone.  
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Figure 4.  Protein interaction network of the oxidative stress module. This interactome is 

comprised of proteins linked to processes selectively enriched in mouse BALF. A few proteins 

not mapped to this module (shown in gray) were included to maximize the spanning topology of 

the network. The peroxiredoxin family, including its relationship with PPIA is marked by the blue 

boundary. 
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Figure 5.  Western blot analysis of PRDX1 in BALF.  A) BAL fluid from 3 separate normal 

human and 3 separate mouse samples confirms differential expression of PRDX1 in mouse.    

B) Increased BALF PRDX1 in patients with Acute Lung Injury (n=7) compared to normal 

subjects (Nl). C) Decreased BALF PRDX1 levels in four mouse models of lung injury compared 
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to control mice (Nl): Hyperoxia (n = 6); Influenza pneumonia (n = 3); S. aureus pneumonia (n = 

3); Ischemia reperfusion (I/R, n = 3). D) Representative histology (10×) of mouse lungs during 

hyperoxia (FiO2: 0.95, 72 h) demonstrates diffuse lung injury compared to normoxia (FiO2: 0.21).  
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