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Abstract

Damage associated molecular patterns (DAMPs) are molecules released from dead/dying cells 

following toxicant and/or environmental exposures that activate the immune response through 

binding pattern recognition receptors (PRRs). Excessive production of DAMPs or failed clearance 

leads to chronic inflammation and delayed inflammation resolution. One category of DAMPs are 

oxidized phospholipids (oxPLs) produced upon exposure to high levels of oxidative stress, such as 

following ozone (O3)- induced inflammation. OxPLs are bound by multiple classes of PRRs that 

include scavenger receptors (SRs) such as SR class B-1 (SR-BI) and toll-like receptors (TLRs). 

Interactions between oxPLs and PRRs appear to regulate inflammation; however, the role of SR-

BI in oxPL-induced lung inflammation has not been defined. Therefore, we hypothesize that SR-

BI is critical in protecting the lung from oxPL-induced pulmonary inflammation/injury. To test this 

hypothesis, C57BL/6J (WT) female mice were dosed with oxidized 1-palmitoyl-2-arachidonoyl-

sn-glycero-3-phosphatidylcholine (oxPAPC) by oropharyngeal aspiration and identified increased 

pulmonary SR-BI expression. Following oxPAPC exposure, SR-BI deficient (SR-BI(−/−) mice 

exhibited increased lung pathology and inflammatory cytokine/chemokine production. Lipidomic 

analysis revealed that SR-BI(−/− mice had an altered pulmonary lipidome prior to and following 

oxPAPC exposure, which correlated with increased oxidized phosphatidylcholines (PCs). Finally, 

we characterized TLR4-mediated activation of NF-κB following oxPAPC exposure and discovered 

that SR-BI−/− mice had increased TLR4 mRNA expression in lung tissue and macrophages, 

increased nuclear p65, and decreased cytoplasmic IκBα. Overall, we conclude that SR-BI is 

required for limiting oxPAPC-induced lung pathology by maintaining lipid homeostasis, reducing 

oxidized PCs, and attenuating TLR4-NF-κB activation thereby preventing excessive and persistent 

inflammation.
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1 Introduction

The classical role of the immune system is to protect against invading pathogens and to 

detect damaged or dying cells. Damaged and/or dying cells release damage associated 

molecular patterns (DAMPs) that trigger inflammatory mechanisms (1). DAMPs such 

as oxidized phospholipids (oxPLs) are produced as a result of free radical generation 

during oxidative stress (2). Excess oxPL generation or a lack of oxPL clearance can 

result in augmented and/or persistent inflammation and tissue damage leading to various 

inflammatory lung diseases such as chronic obstructive pulmonary disease (COPD), asthma, 

idiopathic pulmonary fibrosis (IPF), and acute respiratory distress syndrome (ARDS) (3–7). 

Given the significant contribution of DAMPs to lung disease, it is important to understand 

the mechanisms by which DAMPs induce pulmonary inflammation and injury as well 

as how these DAMPs are cleared to prevent further tissue damage and facilitate tissue 

resolution.
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Following DAMP generation, the innate immune system recognizes, activates, and clears 

DAMPs after binding to pattern recognition receptors (PRRs). PRRs known to bind DAMPs 

include toll-like receptors (TLRs), NOD-like receptors (NLRs), retinoic acid-inducible gene 

I (RIG-I)-like receptors (RLRs), C-type lectin receptors (CLRs), and scavenger receptors 

(SRs) (1, 8, 9). While TLRs and NLRs are well characterized in their role in recognizing 

and clearing DAMPs, SRs are understudied. There are 8 classes of SRs that are expressed 

either on the cell surface or intracellularly (10). SRs were initially described for their role 

in lipid recognition but recent research has indicated they also recognize specific pathogen 

associated molecular patterns (PAMPs) and DAMPs (11). Specifically, class A SRs (SR-A) 

have been reported to bind and facilitate TLR recognition of the DAMP high-mobility 

group box 1 (HMGB1) (12). In addition, another SR, known as macrophage receptor with 

collagenous structure (MARCO), has been shown to mediate macrophage detection and 

oxPL uptake as well as TLR activation (13–15). These findings demonstrate that there are 

more diverse roles for SRs, including participation in the innate immune response.

Recent studies have identified SR class B-I (SR-BI) as a novel PRR that recognizes PAMPs 

and DAMPs (16). SR-BI was first discovered to bind anionic phospholipids and was 

later discovered to facilitate cholesterol ester uptake from high-density lipoprotein (HDL) 

particles (17–21). In the airspace, SR-BI is expressed on alveolar macrophages and alveolar 

epithelial cells where it mediates the uptake of vitamin E (22–24). Recently, SR-BI has 

been reported to bind a broad array of ligands, both endogenous (oxPLs, serum amyloid 

A, α-1 antitrypsin) and exogenous (pathogens, lipopolysaccharide [LPS]) (25–27). Much 

of the current SR-BI research focuses on how SR-BI functions in cardiovascular diseases, 

which has been attributed to SR-BI’s ability to regulate HDL-cholesterol and low-density 

lipoprotein-cholesterol concentrations (28–30). Recent studies from our lab indicate that 

SR-BI also regulates pulmonary host defense to bacterial pneumonia (31). Furthermore, 

SR-BI binds and clears LPS, a well-characterized PAMP, from the lung facilitating the 

resolution of pulmonary inflammation (32). Given SR-BI’s expression on structural and 

immune cells in the airspace, its ability to clear PAMPs (LPS) and bind DAMPs such as 

oxPLs, we hypothesize that SR-BI influences inflammation via recognition and clearance of 

airspace oxPLs thereby preventing excessive and persistent lung inflammation.

Herein, we examined the role of SR-BI in oxPL-induced lung injury and inflammation. 

To assess oxPL-induced lung injury, we utilized oxidized 1-palmitoyl-2-arachidonoyl-sn-

glycero-3-phosphatidylcholine (oxPAPC), a class of oxPLs know to drive sterile lung 

injury and inflammation (33). We identified that oxPAPC oropharyngeal (o.p.) aspiration 

upregulates pulmonary SR-BI expression. In SR-BI deficient mice (SR-BI−/−) or following 

SR-BI pharmacologic inhibition, we found that the loss of SR-BI leads to increased 

oxPAPC driven pulmonary pathology, and pro-inflammatory cytokine and chemokine 

production. The increased pulmonary pathology and cyto/chemokine production correlated 

with increased pulmonary oxidized phosphatidylcholines (PCs) as well as alterations in 

pulmonary airspace lipid composition. These lipid changes were associated with increased 

pulmonary TLR4 expression as well as markers for increased activation of the NF-κB 

pathway. These results indicate that SR-BI mediates clearance of oxPLs from the airspace 

and maintains the pulmonary lipid composition while dampening TLR-driven NF-κB 

activation and limiting oxPL-induced lung injury.
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2 Methods

Animals

Female wild-type (C57BL/6J, WT) and SR-BI deficient (B6;129S2-Scarb1tm1Kri/J, SR-

BI−/−) mice 8 to 16 weeks of age were used for this study. SR-BI−/− mice were backcrossed 

>6 generations onto a C57BL/6J background using C57BL/6J that were purchased from 

Jackson Laboratories (Bar Harbor, ME). SR-BI−/− mice were bred in house for experiments. 

Previous experiments conducted using both littermate SR-BI+/+ and commercial SR-BI+/+ 

(WT; C57BL/6J) controls confirmed similar pulmonary responses (31). Genotypes were 

confirmed by tail snip DNA analysis after weaning. Only female mice were used for these 

studies because the cholesterol deficiency in SR-BI KO mice increases the number of 

females born per litter (34, 35). All experiments were performed in accordance with the 

Animal Welfare Act and the U.S. Public Health Service Policy on Humane Care and Use of 

Laboratory Animals after review by the Animal Care and Use Committees of East Carolina 

University and The Ohio State University. To ensure rigor, all experiments were repeated as 

two independent cohorts and experimental data were pooled.

Murine in vivo exposures

WT and SR-BI−/− mice were instilled with 200 μg/50μl/mouse of oxPAPC (Hycult Biotech, 

Wayne, PA) or phosphate buffered saline (PBS) via o.p. aspiration based on previous 

publications (36, 37). At 0, 2, 4, and 6 h following o.p. aspiration, mice were euthanized 

with an intraperitoneal injection of ketamine (100 mg/kg)/xylazine (10 mg/kg) mixture as 

previously described (38). In separate experiments, WT mice were given Blocking Lipid 

Transport-2 (BLT-2; ChemBridge, San Diego, CA; 250 μg/kg) or PBS by o.p. aspiration to 

inhibit SR-BI function as previously described (39, 40). Then, 1 h post BLT-2 exposure, 

mice were exposed to PBS or 200 μg/mouse oxPAPC by o.p. aspiration and were euthanized 

4 h later for sample collection and analysis.

Bronchoalveolar lavage (BAL) collection and analysis

BAL was collected immediately following sacrifice. The lung lobes were lavaged 3 times 

with 0.9% saline solution (Braun Medical Inc., Irvine, CA). The lavage volume was based 

on body weight (26.25 ml per kg of body weight) as previously described (41, 42). The 

resulting lavage was centrifuged (460 x g, 6 min, at 4°C). Total protein was measured in 

BAL supernatant using the bicinchoninic acid (BCA) Protein-Assay Kit (Thermo Scientific, 

Hercules, CA) and albumin was measured from BAL using the Mouse Albumin ELISA 

kit (Immunology Consultants Laboratory, Inc.). Differential analysis of BAL cells were 

performed as previously described (43, 44). BAL was centrifuged to remove cells and then 

concentrated using a centrifugal filter (Millipore Sigma, St. Louis, MO) before measuring 

cytokines and chemokines using custom multiplex assays (Bio-Rad, Hercules, CA) per 

the manufacturer’s instructions. Cytokines and chemokines measured in BAL supernatant 

included: Interleukin-6 (IL-6), Interleukin-17A (IL-17A), C-C motif chemokine ligand 2 

(CCL2 also known as MCP-1), C-X-C motif chemokine ligand 1 (CXCL1 also known as 

KC), and granulocyte-colony stimulating factor (G-CSF)
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Lung histopathological scoring

The left lung lobe was fixed (10% neutral-buffered formalin for 24 h) 4 h post o.p. 

aspiration. The tissues were then processed, paraffin embedded, sectioned (5 μm), and 

stained with hematoxylin and eosin as previously described (45). Inflammation of the 

whole lobe was semi-quantitatively scored on 10 random sections of the lung lobe on a 

scale of 0 to 3 in 3 inflammation categories (periluminal infiltrates, pneumonitis, extent 

of injury) culminating in a maximum score of 9 for the most severe pathology, by 

a board-certified pathologist blinded to genotype and treatment as previously described 

(46). Photomicrographs were captured using an Olympus BX41 microscope with Olympus 

DP26 camera and CellSens Standard v1.6 software (Olympus America Inc.) (Figure 2D). 

Histology was performed by HistoWiz Inc. (histowiz.com) using a Standard Operating 

Procedure and fully automated workflow. Samples were processed, embedded in paraffin, 

and sectioned at 4μm. Whole slide scanning (40x) was performed on an Aperio AT2 (Leica 

Biosystems) (Figure 4D). Representative images of lung histology are presented in Figures 

2, 4, and Supplemental Figure 3.

BAL oxidized phospholipid (oxPL) measurements via liquid chromatography with tandem 
mass spectrometry (LC-MS/MS)

BAL supernatant samples from the 4 h time point were extracted with a methanol mix (300 

μL) and methyl tert-butyl ether (1 mL). Equisplash® (Avanti Polar Lipids) was included as 

an internal standard in the methanol at 1.5 μg/mL. Samples were vortexed for 15 min then 

water (250 μL) and the extracts were centrifuged at 20,000 x g for 10 min. The top layer was 

removed, dried down, and reconstituted in 150 μL of isopropyl alcohol for analysis. Samples 

were analyzed with a ThermoFisher Q Exactive HF-X (ThermoFisher, Bremen, Germany) 

mass spectrometer coupled with a Waters Acquity H-class liquid chromatography system. 

Samples were introduced via a heated electrospray source at a flow rate of 0.2 mL/min. 

Electrospray source conditions were set as: spray voltage 3.5 kV, sheath gas (nitrogen) 53 

arbitrary unity (arb), auxiliary gas (nitrogen) 14 arb, sweep gas (nitrogen) 2 arb, nebulizer 

temperature 400°C, capillary temperature 300 °C, RF funnel 100 V and the mass range 

was set to 200-2000 m/z. Samples were analyzed using positive/negative polarity switching 

ionization mode with top 5 data dependent fragmentation and dynamic exclusion set to 10 

seconds. All full scan measurements were recorded at a resolution setting of 60,000 and all 

MS2 scans were recorded at 15,000. MS2 events utilized a 1.5 Da isolation window with 

stepped collision energy at 25, 35 and 45 arb. OxPAPC metabolites were determined based 

on high resolution accurate mass (<5 ppm) and retention time as compared to the Hycult 

oxPAPC standard.

Separations were conducted on a Waters Acquity UPLC BEH C18 column (100 mm x 

2.1 mm, 2.1 μm). Mobile phase composition was A- 60/40 acetonitrile/water with 10 mM 

ammonium formate and 0.1% formic acid and B- 90/10 isopropyl alcohol/acetonitrile with 

10 mM ammonium formate and 0.1% formic acid. Initial liquid chromatography conditions 

were set to 32% B, which increased to 40% B at 1 min (held until 1.5 min) then 45% B at 4 

min. This was increased to 50% B at 5 min, 60% B at 8 min, 70% B at 11 min, and 80% B at 

14 min (held until 16 min). At 16 min the composition switched back to starting conditions 

(32% B) and was held for 4 min to re-equilibrate the column. Example raw chromatographs 

Dunigan-Russell et al. Page 5

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://histowiz.com/


of standards (Supplemental Figure 1A and B) and BAL oxPLs (Supplemental Figure 2) are 

presented.

RNA isolation and quantitative polymerase chain reaction (qPCR)

Macrophages were isolated from BAL by pelleting cells from BAL at 460 x g for 6 min 

aspirating off supernatant and re-suspending in DMEM + 10% FBS and plating in a 96 well 

plate, one well per animal. Cells were incubated at 37°C in 5% CO2 for 1-2 hours, then the 

media was aspirated off and adherent cells were lysed with a guanidinium-based lysis buffer 

+ 1% β-mercaptoethanol (Invitrogen, Carlsband, CA). RNA was isolated from isolated 

macrophages by PureLink RNA Mini kit (Invitrogen, Carlsband, CA). Complementary 

DNAs (cDNA) were generated from purified RNA using TaqMan reverse transcription 

reagents (Applied Biosystems, Foster City, CA). Real time PCR was performed with 

Taqman PCR Mix (Applied Biosystems) in the HT7900 ABI sequence Detection System 

(Applied Biosystems) using predesigned primers (Applied Biosystems). Fold changes in 

expression for mRNA quantities were calculated using Ct values and the 2−ΔΔCt method. 

Samples were normalized to 18S as previously described (43). See Supplemental Table 1 for 

primer information.

For lung tissue assessments, RNA was extracted from flash-frozen lung tissue homogenates 

using a Direct-zol RNA MiniPrep Plus Kit (Zymo Research, Irvine, CA) according 

to the manufacturer’s instructions. RNA was quantified using a NanoDrop 1000 

Spectrophotometer (Thermo Fisher Scientific, Rockford, IL). cDNA synthesis was 

performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific), 

and gene expression was measured by qPCR using the above described Taqman method or 

PowerUP SYBR Green Master Mix (Applied Biosystems). Fold changes in expression for 

mRNA quantities were calculated using Ct values and the 2−ΔΔCt method. Samples were 

normalized to 18s for Taqman and β-actin for SYBR Green as previously described (47). 

See Supplemental Table 2 for SYBR Green primer information.

Western Blot Analyses

Protein was extracted from lung tissue samples using a RIPA lysis buffer (Thermo 

Scientific) containing a protease inhibitor cocktail (Calbiochem, San Diego, CA), and 

NaF at 1M. Lysis buffer was added to each sample according to weight (50 μL/mg) 

and homogenized using a bead mill 4 homogenizer (Fisherbrand, Waltham, MA). Protein 

concentrations were quantified using a Pierce BCA Protein Assay Kit (Thermo Scientific). 

30 μg of protein was mixed with an equal volume of 2x sample buffer, loaded on a 12% 

SDS-PAGE gel, electrophoresed and transferred to a polyvinylidene difluoride (PVDF) 

membrane by a transfer system (Bio-Rad Laboratories, Inc. Des Plaines, IL). The membrane 

was blocked with 5% BSA in Tris-buffered saline with Tween 20 and incubated with a 

primary anti-rabbit polyclonal SR-BI (82 kDa) antibody (1:1000) (Novus, Littleton, CO, 

USA) at 4°C overnight. A goat anti-rabbit lgG (H+L) secondary antibody (1:8000) was used 

to incubate the membrane at room temperature for 1 h followed by incubation for 1 min 

with clarity western ECL substrate (Bio-Rad Laboratories, Inc.). The blot was then imaged 

in a molecular imager with β-actin (1:1000; 42 kDa) (catalog number sc-47778, Santa Cruz, 
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Dallas, TX) used as an internal control. The intensity of the blot band was quantified and 

analyzed by Image Lab.

The preparation of cytoplasmic fractions from lung tissue followed previously published 

protocols (48). Nuclear-cytoplasmic fractionation was conducted using Nuclear Extract 

Kit (Active Motif) according to the manufacturer’s protocol. Protein levels in samples 

were measured using a BCA kit (Pierce, Rockford, IL). Lysates were separated 4–20% 

Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad), transferred onto PVDF membranes, 

probed with the specific primary antibody for IkBa (sc371, Santa Cruz Biotechnologies) 

(1:1,000 dilution in PBS containing 0.1% Tween 20), and developed by enhanced 

chemiluminescence. Equivalent loading of the gel was determined by quantitation of protein 

as well as by reprobing membranes for alpha-tubulin).

p65 ELISA

For p65 detection, cytoplasmic and nuclear fractions were isolated from lung tissues using 

the Nuclear Extract Kit (Active Motif) according to the manufacturer’s protocol as described 

previously (48). Protein levels in samples were measured using a BCA kit (Pierce, Rockford, 

IL). Nuclear extracts were analyzed for p65 using a commercially available ELISA (Active 

Motif) per manufacturer’s instructions (49).

Statistical Analysis

All experiments were repeated in at least two independent experiments and data from 

experiments were pooled. Data are expressed as mean ± SEM. Data generated from 

experiments were analyzed using a one-way ANOVA (Kruskal-Wallis test; Figure 1, 5 and 

7) or a two-way ANOVA followed by comparison using a Tukey’s multiple comparisons test 

(Figure 2 and 4), once parametric or nonparametric distribution was determined (GraphPad 

Prism 9.00; San Diego, CA). With comparisons of two groups an unpaired nonparametric 

t-test (Mann-Whitney test; Figure 3, 6, and Supplemental Figure 4) was utilized. A value of 

p<0.05 was considered significant.

3 Results

Pulmonary and airspace macrophage SR-BI mRNA expression is altered following oxPAPC 
induced injury

Given the role of SR-BI in pulmonary innate immune responses to PAMPs, we determined if 

SR-BI expression and/or production was altered during oxPL-induced acute lung injury. To 

induce acute lung injury, we utilized oxPAPC, an oxPLs family known to cause pulmonary 

inflammation and injury (33, 50). We first measured SR-BI gene expression in whole lung 

tissue via qPCR from naïve mice, mice challenged with PBS (vehicle control), and lungs 

from mice 2, 4, or 6 h following oxPAPC exposure (Fig 1A). There were no differences in 

pulmonary SR-BI mRNA in PBS exposed mice compared to naïve mice. OxPAPC exposure 

induced differential changes in SR-BI mRNA expression based on the time point following 

exposure. At 2 h post-exposure, SR-BI mRNA expression was decreased, whereas at 4 and 6 

h post-exposure expression was increased. To examine if SR-BI mRNA expression changes 

were also present in airspace macrophages, qPCR was also run on macrophages isolated 
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from lavage fluid 2, 4, or 6 h following oxPAPC exposure (Fig 1B). At 2 h post-exposure, 

airspace macrophages had a significant decrease in SR-BI mRNA when compared to naive 

controls. However, this decrease in SR-BI mRNA was not seen 4 or 6 h post-exposure. 

To determine if SR-BI mRNA expression changes translated to altered SR-BI protein 

production in the lung, western blots were performed on whole lung tissue homogenate 

from, naïve mice, mice exposed to the PBS control or oxPAPC and then assessed at 2, 4, or 

6 h. Interestingly, despite changes in SR-BI mRNA expression, SR-BI protein levels in lung 

tissue were not significantly different following exposure (Fig 1C and D).

OxPAPC exposure decreases lung barrier function, which is exacerbated by SR-BI 
deficiency

To define the impact of SR-BI on oxPL-induced lung microvascular injury and 

inflammation, we challenged WT and SR-BI−/− mice to vehicle (PBS) or oxPAPC and 

evaluated the pulmonary inflammation and barrier permeability responses 4 h post-exposure. 

Following oxPAPC exposure, WT mice had decreased macrophages in the airspace (Fig 

2A), while SR-BI−/− BAL macrophages were unchanged. BAL neutrophils were largely 

unchanged between the groups and following exposure to oxPAPC. BAL albumin was then 

measured to assess lung barrier function. WT and SR-BI−/− mice exposed to oxPAPC had 

increased BAL albumin compared to PBS exposed controls but there was no difference 

between the two strains (Fig 2B). Lung histopathology was assesed by a blinded board-

certified veterinary pathologist. Lung pathology was unchanged in oxPAPC-exposed WT 

mice when compared to PBS-exposed mice; however, SR-BI−/− mice had a significant 

increase following oxPAPC exposure compared to PBS-exposed SR-BI−/− or WT controls 

(Fig 2C, D, and Supplemental Fig 3). In particular, oxPAPC exposed SR-BI−/− mice had 

substantial pneumonitis (including interstitial thickening) and periluminal infiltration of 

neutrophils, lymphocytes, and macrophages, as indicated by the arrows in Fig 2C. This 

pathology was primarily noted in the alveolar areas and little to no pathological changes 

were noted in the upper airways.

We then evaluated the production of cyto/chemokines in the airspace following oxPAPC 

exposure. Multiplex cytokine analysis indicated that SR-BI−/− mice had increased CXCL1 

following PBS and significant increases in G-CSF, IL-6, CXCL1 and CCL2 concentrations 

in the BAL following oxPAPC exposure when compared to WT (Supplemental Fig 4A and 

Fig 3). These data support that there are augmented inflammatory responses to oxPAPC 

when SR-BI is deficient.

Inhibition of SR-BI with BLT-2 increases susceptibility to oxPAPC-induced lung injury

To ensure the SR-BI−/− phenotype was not the result of developmental effects, we 

determined if pharmacological inhibition of SR-BI in adult mice was sufficient to exacerbate 

oxPAPC-induced lung inflammation and injury. To block SR-BI, we dosed WT mice by 

o.p. aspiration with BLT-2, an SR-BI inhibitor (47), 1 h before oxPAPC dosing. BLT-2 

treatment alone did not change cellular influx or lung injury after PBS exposure (Fig 4A 

and B). After oxPAPC exposure, BLT-2 treated mice had a significant increase in BAL 

neutrophils (Fig 4A), and BAL protein (Fig 4B). Multiplex cytokine analysis indicated that 

production of G-CSF, IL-6, CXCL1, and CXCL2 (Fig 4C) were increased in the BLT-2 

Dunigan-Russell et al. Page 8

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treated mice compared to the PBS controls following oxPAPC treatment, indicating a similar 

cyto/chemokine response to SR-BI−/− mice exposed to oxPAPC. Lung pathology trended to 

increase (p=0.08) following BLT-2 treatment and oxPAPC exposure, although not reaching 

statistical significance (Fig 4D and E).

Oxidized phospholipids are increased in the lungs of SR-BI−/− mice

Given that SR-BI expression is increased after oxPAPC exposure, and removal of SR-

BI leads to exacerbated pulmonary pathology, we hypothesized that SR-BI deficiency 

alters baseline lung lipid composition and causes defective oxPL clearance following 

oxPAPC exposure. We first evaluated baseline airspace lipid composition by performing 

untargeted lipidomics on BAL samples in PBS exposed WT and SR-B1−/− mice. We 

observed that SR-BI deficiency led to altered airspace lipid composition of several 

phosphatidylcholine (PC), triglyceride (TG), cardiolipin (CL), phosphatidylglycerol (PG), 

and phosphatidylethanolamine (PE) species (Supplemental Table 3 and Fig 5A). Three 

of the top upregulated lipids in SR-BI−/− mice included: PC(16:0-16:1), PC(16:0-20:4), 

and PC(16:0-22:4). Following oxPAPC exposure, PC(31:2) was significantly upregulated 

in the airspace of WT mice, whereas PC(16:0-22:4), PC(32:4) and PC(36:4) were 

increased in SR-BI−/− mice (Supplemental Table 4 and Fig 5B). These lipid species are 

involved in arachidonic acid and linoleic acid metabolism and are known to alter innate 

immune system responses (51). Furthermore, TG(18:1-18:1-18:1), a common component 

of glycerolipid metabolism, was increased 6-fold in the airspace of SR-BI−/− mice. 

Lastly, we measured airspace oxPL concentrations to define changes in oxPL clearance 

following exposure (Fig 5C). In both WT and SR-BI−/− mice dosed with oxPAPC, 

the airspace had increased concentrations of the oxidized lipids 1-palmitoyl-2-(5’-oxo-

valeroyl)-sn-glycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-(5(6)-epoxy-9-oxo-11-

hydroxy-7E,14Z-prostadienoyl)-sn-glycero-phosphocholine (PEIPC) (Fig 5C). However, 

WT mice did not have an increase in oxPAPC in the air space whereas SR-BI−/− mice 

had significantly more oxidized PC in the air space following oxPAPC exposure, potentially 

indicating inadequate clearance and/or additional generation of oxPAPC in the airspace of 

SR-BI−/− mice (Fig 5C).

Loss of SR-BI primes TLR4 activation following oxPAPC exposure

OxPLs, including oxPAPC, are known to initiate TLR4-dependent pulmonary inflammation 

via increased NF-κB activation (33, 52). After observing increased airspace oxPAPC in 

SR-BI−/− mice following oxPAPC exposure, we hypothesized that this increased oxPAPC 

would enhance TLR4 signaling. We first measured the pulmonary expression of TLR4 along 

with other TLRs (TLR1 and 2) and its negative regulator, IRAK-M, in WT and SR-BI−/− 

mice exposed to oxPAPC (Fig 6A). As previously reported, there was no significant increase 

in any of the PRRs measured in SR-BI−/− mice following PBS exposure (Supplemental Fig 

4B and C) (31). TLR4 was significantly increased in the lungs of SR-BI−/− mice exposed 

to oxPAPC with a trend towards increased TLR2 expression (p=0.051) (Fig 6A). However, 

we did not observe changes in gene expression for IRAK-M or TLR1. To determine if 

the changes in pulmonary TLR4 expression were also noted in airspace macrophages, 

we isolated RNA from BAL macrophages of WT or SR-BI−/− mice and measured TLR4 
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expression. We observed a statistically significant increase in TLR4 expression in lung 

macrophages of oxPAPC exposed SR-BI−/− mice (Fig 6B).

SR-BI regulates NF-κB activity following oxPAPC exposure

To evaluate if the changes noted in TLR4 expression following oxPAPC reflected 

differential downstream signaling, we measured NF-κB activation in lung tissue by nuclear 

p65 (activated NF-κB that has translocated to the nucleus). In WT mice, oxPAPC exposure 

did not change the pulmonary production of cytoplasmic p65 (data not shown). However, 

nuclear p65 was significantly increased in WT mice after oxPAPC exposure which was 

further augmented in SR-BI−/− mice (Fig 7A). To evaluate if other components of the 

NF-κB signaling pathway were altered, cytoplasmic IκBα (NF-κB transcription factor 

inhibitor) was measured by western blot. In the lung tissue from oxPAPC exposed SR-BI−/− 

mice, there was a significant decrease in cytoplasmic IκBα (Fig 7B and C) indicating IκBα 
degradation and NF-κB activation.

Discussion

In the present study, we report that the PRR SR-BI is protective against oxPL-induced lung 

pathology by maintaining the lipid composition and reducing the amount of oxPAPC in the 

airspace. The altered lipid composition and increased oxPAPC in the airspace of SR-BI−/− 

mice was associated with increased TLR4 gene expression and NF-κB activation resulting 

in enhanced pro-inflammatory cytokine production. Lastly, our data indicate that airspace 

macrophage expression of SR-BI dampens oxPAPC-induced TLR4 mRNA expression which 

could result in prolonged inflammatory responses. Collectively, these data add to a growing 

body of literature that supports a protective role for SR-BI in dampening the pulmonary 

inflammatory response.

Data we present here show that oxPAPC exposure alters pulmonary and macrophage SR-BI 

mRNA expression but not protein production. Though the mechanism by which this occurs 

were not specifically elucidated in the present study, increased SR-BI mRNA expression in 

the lung could be a result of differential regulation of transcription factors known to drive 

SR-BI expression such as liver X receptor (LXR) and peroxisome proliferator-activated 

receptor-γ (PPAR-γ) (25, 53–55). OxPLs are known to inactivate LXR and to down-regulate 

lung tissue expression of PPAR-γ (25, 56); therefore, decreased SR-BI mRNA may be a 

consequence of altered transcription factors known to regulate expression. Alternatively, 

oxPAPC exposure may increase the production of other SR-BI ligands, such as HMGB1, 

which may upregulate SR-BI mRNA expression (55–59). Lastly, oxPLs are known to inhibit 

cholesterol uptake and/or disrupt cholesterol trafficking which could lead to altered SR-BI 

gene expression in the lung (60–62). Interestingly, increased SR-BI mRNA did not lead to a 

significant increase in protein production. One potential explanation is that oxPAPC-induced 

endoplasmic reticulum stress can result in an unfolded protein response which is an adaptive 

mechanism shown to inhibit SR-BI protein production (63, 64). Additionally, cell-specific 

regulation of SR-BI production may have been masked in whole lung protein analysis. 

Regardless, our data does indicate that the presence of oxPLs in the lung does modulate 

Dunigan-Russell et al. Page 10

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SR-BI gene expression indicating a potential role for SR-BI in protecting the lung from 

oxPL induced injury/inflammation.

OxPLs are known to induce lung injury, yet little is known about the role of SR-BI in 

these responses. In this study, SR-BI deficiency and/or pharmacological inhibition of SR-

BI significantly exacerbated the lung pathology associated with oxPAPC exposure. This 

worsened lung pathology was independent of changes in BAL cell differentials and/or 

albumin. These data are counterintuitive to our previous examination of SR-BI in other 

infectious and inflammatory lung diseases where SR-BI deficiency led to an increase 

in pulmonary neutrophilia and BAL protein (31). The evidence for the lack of airspace 

neutrophilia but the observation of exacerbated pulmonary pathology could be accounted 

for by several considerations. Based on histopathologic evaluation, the pulmonary pathology 

induced by oxPAPC is heterogenous and therefore whole lung airspace sampling may 

exhibit volume averaging. Alternatively, it is possible that the immune cells including 

neutrophils and lymphocytes remained in the interstitium and did not transit to the airspace, 

therefore leading to evidence of pathology without significant airspace inflammation. SR-

BI−/− mice have been been reported to have enhanced lymphocyte proliferation as well as 

enhanced numbers of T and B lymphocytes in the spleens (65). Finally, it is possible that 

this is due to the time course of sampling where studying delayed time points may provide 

greater insight into airspace inflammation. A limitation here is that the mice at later time 

points are more moribund, which limited assessment of later time points. Nonetheless, our 

data clearly demonstrate that SR-BI is essential for preventing oxPL-induced pulmonary 

pathology.

Prior to descriptions of pulmonary SR-BI functions, SR-BI was identified as a phospholipid 

transporter that extracted lipids from HDL and facilitated cellular uptake (66). Phospholipids 

known to be transported by SR-BI include: PC, PE, and sphingomyelin (SM). Our lipidomic 

analysis of the BAL of SR-BI−/− mice indicate that many PCs were increased at baseline 

and, following oxPAPC exposure. Increased lipid species commonly contained palmitic acid 

(16:0), oleic acid (16:1), linoleic acid (18:2), arachidonic acid (20:4), and eicosapentaenoic 

acid (20:5) fatty acids. The increase in these BAL phospholipids could be a result of 

failed lipid uptake or a consequence of the augmented oxPAPC induced pathology. An 

increased supply of fatty acids such as linoleic and arachidonic acid can promote the 

production of pro-inflammatory lipid mediators (prostaglandins and leukotrienes), thus 

driving inflammatory responses (67). Future studies will focus on how SR-BI facilitates 

the uptake and metabolism of lipid mediators in the lung that can influence pulmonary 

injury and inflammation. In addition to their altered baseline pulmonary lipidome, SR-BI−/− 

mice had increased oxPAPC in the BAL following oxPAPC exposure when compared to 

WT mice. This increase in oxPAPC could be a result of impaired clearance or an increased 

generation of oxPAPC. oxPLs such as oxPAPC induce lipid peroxidation (68), which likely 

contributed to oxidized POVPC, PGPC, and PEIPC concentrations detected in WT and SR-

BI−/− mice. These oxidized lipid species can also induce apoptosis which can perpetuate the 

generation of additional oxPLs (69, 70). However, given that only oxPAPC was increased in 

the airspace of SR-BI−/− mice and not other oxPLs, it is likely the observation of increased 

oxPAPC was due to reduced oxPAPC clearance leading to increased lung pathology. This 

remains an area for future investigation.
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It is known that oxPLs are ligands for SR-BI, TLR2, and TLR4, which signal via NF-κB to 

generate inflammation (33, 71). Our data indicated that SR-BI−/− mice dosed with oxPAPC 

had increased pulmonary and alveolar macrophage TLR4 mRNA expression. We speculate 

that this increase in TLR4 expression is driving the increased lung pathology and production 

of select cytokines and chemokines in SR-BI−/− mice. The increased TLR4 expression noted 

in SR-BI deficiency has been previously reported by our group and others and adds to 

a body of literature suggesting that SRs regulate TLR expression and signaling (27, 31, 

72). However, it is still unclear how SR-BI and/or SRs regulate TLR expression and the 

proceeding downstream signaling cascade. This may be the result of several factors. First, 

the diminished uptake of oxPAPC by SR-BI may augment subsequent TLR signaling. We 

have previously reported that SR-BI is required to mediate clearance of LPS and inhibition 

of TLR4 signaling (31). Furthermore, SR-BI expression is increased upon administration of 

TLR4 ligands (73). It is possible that oxPAPC, a known TLR4 and SR-BI ligand, is both 

cleared from the lung by SR-BI to prevent TLR4 activation and binds to TLR4 leading 

to SR-BI upregulation to further facilitate TLR4 activation. Alternatively, our results may 

be the result of decreased suppressive effects of HDL in the lung. SR-BI−/− mice are 

known to have altered systemic lipid profiles and HDL isolated from SR-BI−/− mice have 

deficient antioxidant activities, resulting in increased oxidative stress (74, 75). It would be 

of interest to confirm whether these factors are involved in the protective role of SR-BI in 

DAMP-induced pulmonary inflammation and injury.

Despite our novel findings, we acknowledge that our study has limitations. We principally 

focus on pulmonary inflammation and injury at 4 h post-exposure. This is based on 

observing increased SR-BI gene expression in the lungs at that time point. While the 

expression was further increased at the 6 h time point, the mice were near or at morbidity 

criteria and we could not maintain sufficient animal survival to adequately analyze the 

inflammatory response. Additionally, we chemically inhibited SR-BI in the lung through 

BLT-2 to observe if SR-BI expression in the lung is responsible for mitigating oxPAPC-

induced inflammation which is not cell-specific. Development of inducible cell-specific 

SR-BI null mice would be necessary to decipher the cellular source of SR-BI that is 

involved in protecting the lung from oxPAPC exposure. Lastly, we acknowledge that the 

route of exposure and dose of oxPAPC used to induce lung injury/inflammation is not 

physiologically relevant but does allow for mechanistic studies of how oxPLs can trigger 

the innate immune response in the lung. The use of oropharyngeal aspiration provides a 

direct dose to the lungs but can have differential deposition in the lung, which could be 

the reasoning for the lack of biological changes with some of the endpoints measured. 

The dose of oxPAPC used could potentially have cytotoxic effects that can contribute 

to the inflammation and injury responses as well as the increase in TLR4 and NF-κB 

activation. We measured caspase 3 activation following oxPAPC exposure and did not note 

any increases (data not shown) however cell death by other mechanisms besides apoptosis 

could contribute to this phenotype. Future investigation into the ability of oxPAPC in 

this model and other models where differential doses are used will be required to further 

understand the pathway through which oxPAPC induces lung inflammation and pathology.

In conclusion, these data provide evidence that SR-BI mitigates the pro-inflammatory effects 

of oxPAPC by decreasing TLR4 driven activation of NF-κB and attenuating lung pathology 
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and production of cytokines and chemokines. Given that genetic alterations in SR-BI have 

been identified in the human population, this could contribute to the persistence and severity 

of pulmonary pathology following lung injury where there is elevated production of DAMPs 

(76, 77). Overall, these data indicate that augmenting SR-BI and identifying individuals with 

known loss-of-function mutations may be a potential strategy to decrease the negative health 

effects of DAMP driven pulmonary diseases (78, 79).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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These studies demonstrate that scavenger receptor BI (SR-BI) limits the lung pathology 

and inflammation following the generation of the danger associated molecular pattern 

oxidized phospholipids (oxPL). These findings indicate that if SR-BI is dysfunctional, 

there is a lack of oxPL clearance, dysfunctional lipid metabolism, and increased toll-like 

receptor 4 signaling in the lung leading to increased lung pathologies.
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Figure 1. SR-BI gene expression is increased in the lungs after oxPAPC exposure.
Female WT mice were unexposed (naïve), exposed to PBS, or oxPAPC via oropharyngeal 

(o.p.) aspiration and then euthanized 2, 4, or 6 h post- exposure. Lung tissue was collected 

to assess SR-BI (A) mRNA gene expression by qPCR, and (B) protein via western blot, 

which was quantified by densitometry and normalized to β-actin. *p<0.05, **p<0.01, 

****p<0.0001; n=3-5 per group.
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Figure 2. SR-BI deficiency increases susceptibility to oxPAPC-induced lung injury.
Female WT or SR-BI−/− mice were exposed to PBS or oxPAPC via oropharyngeal (o.p.) 

aspiration and euthanized 4 h after exposure. Bronchoalveolar lavage (BAL) was collected 

for (A) cell differentials, and (B) albumin analysis. Lungs were then fixed with 10% neutral-

buffered formalin and stained with (C) H&E and were (D) graded by a blinded board-

certified veterinary pathologist. Arrows to indicate areas of pulmonary injury. Representative 

images are at 20x magnification. **p<0.01, ***p<0.001, ****p<0.0001; n=5-14 per group.
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Figure 3. Loss of SR-BI increases cyto/chemokine production in the airspace after oxPAPC 
exposure.
Female WT or SR-BI−/− mice were exposed to oxPAPC via oropharyngeal (o.p.) aspiration 

and euthanized 4 h after exposure. Bronchoalveolar lavage (BAL) was collected for 

multiplex analysis of G-CSF, IL-6, CXCL1, IL-17A, and CCL2. *p<0.05, **p<0.01, 

***p<0.001; n=5-13 per group.
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Figure 4. SR-BI pharmacological inhibition increases susceptibility to oxPAPC-induced lung 
injury.
Female WT mice were exposed to PBS or BLT-2 (SR-BI inhibitor) 1 h prior to PBS or 

oxPAPC exposure. Then, 4 h following exposure, mice were euthanized and bronchoalveolar 

lavage (BAL) was collected to measure (A) cell differentials, (B) protein, and (C) cytokines/

chemokines via multiplex analysis. Lungs were also fixed with 10% neutral-buffered 

formalin and stained for (D) H&E and were (E) graded by a blinded board-certified 

veterinary pathologist. Arrows to indicate areas of pulmonary injury. Representative images 

are at 20x magnification. *p<0.05, **p<0.01; n=3-15 per group.
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Figure 5. OxPLs are increased in the lungs of SR-BI−/− mice.
Female WT or SR-BI−/− mice were exposed to PBS or oxPAPC via oropharyngeal (o.p.) 

aspiration and were euthanized 4 h after exposure. Bronchoalveolar lavage (BAL) was 

collected for LC-MS/MS analysis. (A) Relative phospholipid concentrations were compared 

between WT and SR-BI−/− mice after PBS exposure and (B) after OxPAPC exposure. 

Increased fold change values for WT animals are shaded green while increased fold change 

values in SR-BI−/− mice are shaded blue and (C) the area under the curve quantitation 

of relative concentrations of oxidized lipid species POVPC, PGPC, PEIPC, and PAPC 
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normalized to a deuterated PC internal standard (PC-IS). *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001; n=3-6 per group.
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Figure 6. TLR4 expression is upregulated in SR-BI−/− mice after oxPAPC exposure.
Female WT or SR-BI−/− mice were exposed to oxPAPC via oropharyngeal (o.p.) aspiration 

and euthanized 4 h after exposure. (A) Lung tissue was collected to analyze mRNA 

expression TLR4, IRAK-M, TLR1, and TLR2 by qPCR. (B) Macrophages were isolated 

from bronchoalveolar lavage (BAL), lysed, and mRNA expression of TLR4 was analyzed by 

qPCR. *p<0.05; n=4-10 per group.
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Figure 7. NF-κB activation is upregulated in SR-BI−/− mice after oxPAPC exposure.
Female WT or SR-BI−/− mice were exposed to PBS or oxPAPC via oropharyngeal 

(o.p.) aspiration and euthanized 2h after exposure. (A) Lung tissue was collected and 

nuclear-cytoplasmic fractionation was conducted to measure p65 in the nuclear fraction 

via p65 ELISA. (B) Female WT or SR-BI−/− mice were exposed to PBS or oxPAPC via 

oropharyngeal (o.p.) aspiration and euthanized 4h after exposure. Lung tissue was collected 

and nuclear-cytoplasmic fractionation was conducted to measure cytoplasmic (cy) IκBα via 

Dunigan-Russell et al. Page 26

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



western blot. (C) Densitometry of the cytoplasmic (cy) IκBα relative to α-tubulin. *p<0.05, 

**p<0.01; n=3-5 per group.
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