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Abstract

Nitrogen mustard (NM) is a cytotoxic vesicant known to cause acute lung injury which progresses 

to fibrosis; this is associated with a sequential accumulation of pro- and anti-inflammatory 

macrophages in the lung which have been implicated in NM toxicity. Farnesoid X receptor (FXR) 

is a nuclear receptor involved in regulating lipid homeostasis and inflammation. In these studies, 

we analyzed the role of FXR in inflammatory macrophage activation, lung injury and oxidative 

stress following NM exposure. Wild-type (WT) and FXR−/− mice were treated intratracheally with 

PBS (control) or NM (0.08 mg/kg). Bronchoalveolar lavage fluid (BAL) and lung tissue were 

collected 3, 14 and 28 d later. NM caused progressive histopathologic alterations in the lung 

including inflammatory cell infiltration and alveolar wall thickening and increases in protein and 

cells in BAL; oxidative stress was also noted, as reflected by upregulation of heme oxygenase-1. 

These changes were more prominent in male FXR−/− mice. Flow cytometric analysis revealed 

that loss of FXR resulted in increases in proinflammatory macrophages at 3 d post NM; this 

correlated with upregulation of COX-2 and ARL11, markers of macrophage activation. Markers 
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of anti-inflammatory macrophage activation, CD163 and STAT6, were also upregulated after NM; 

this response was exacerbated in FXR−/− mice at 14 d post-NM. These findings demonstrate that 

FXR plays a role in limiting macrophage inflammatory responses important in lung injury and 

oxidative stress. Maintaining or enhancing FXR function may represent a useful strategy in the 

development of countermeasures to treat mustard lung toxicity.
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1. Introduction

Mustard vesicants including sulfur mustard (SM) and nitrogen mustard (NM) are cytotoxic 

alkylating agents. Originally synthesized as a chemical warfare agent, NM was subsequently 

developed for use in cancer chemotherapy. Both SM and NM are known to cause extensive 

damage to the respiratory tract, which can progress to fibrosis and other chronic diseases, 

and they remain high priority chemical threat agents. Tissue injury induced by mustards is 

associated with a macrophage-dominant inflammatory response (Malaviya et al., 2016; Sunil 

et al., 2020; Venosa et al., 2016). Macrophages are key in both the initiation and resolution 

of inflammatory responses to tissue injury and in the wound-healing process (Laskin et 

al., 2019). This activity is mediated by distinct macrophage subsets broadly classified as 

proinflammatory M1 and anti-inflammatory M2 which develop in response to molecules 

they encounter in the tissue microenvironment including cytokines, growth factors, lipids, 

and epigenetic modifiers (Homer et al., 2011; Laskin et al., 2019; Li et al., 2018). Under 

homeostatic conditions, the activity of inflammatory macrophages is tightly regulated. This 

is important as uncontrolled activation of M1 macrophages exacerbates tissue injury, while 

excessive M2 macrophage activity promotes the development of chronic disease (Laskin et 

al., 2011; Lech and Anders, 2013; Wynn and Vannella, 2016).

Accumulating evidence suggests that lung lipids play an important role in regulating 

macrophage inflammatory responses to inhaled toxicants (Francis et al., 2020; Madison 

et al., 2020; Morissette et al., 2015; Venosa et al., 2019). In this context, we previously 

reported that mustard exposure leads to disruption in lung lipids, characterized by increases 

in total lung phospholipids and alterations in the expression of surfactant proteins (Sunil et 

al., 2020; Sunil et al., 2018). Importantly, this correlated with derangements in macrophage 

inflammatory activity and impaired pulmonary functioning (Sunil et al., 2020; Sunil et al., 

2018; Sunil et al., 2014; Venosa et al., 2019).

Farnesoid X receptor (FXR) is a ligand-activated nuclear receptor that functions to regulate 

lipid and bile acid homeostasis; it also has anti-inflammatory activity and is thought to be 

important in linking lipid metabolism and inflammation (Armstrong and Guo, 2017; Gai 

et al., 2018; Shaik et al., 2015). Mainly expressed in the liver and intestines, FXR has 

also been identified in alveolar epithelial cells and macrophages, pulmonary endothelial 

cells, and lung fibroblasts (Chen et al., 2016; Francis et al., 2020; Hendrick et al., 2014; 

Venosa et al., 2019). In earlier studies, we reported that FXR activity is down-regulated 
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in the lung following exposure of rats to NM, a response associated with an accumulation 

of oxidized lipids in lung macrophages, the appearance of macrophage foam cells and the 

development of pulmonary fibrosis (Venosa et al., 2019). To analyze the role of FXR in 

these responses, we used genetically modified mice with a targeted deletion of the Fxr 
gene (Guo et al., 2006). We found that FXR deficiency plays a key role in regulating both 

pro- and anti-inflammatory macrophage activation following NM-induced lung injury and 

oxidative stress. These results provide insight into mechanisms mediating inflammation and 

fibrogenesis following NM-induced lung damage which may be useful in the development 

of effective countermeasures against pulmonary injury.

2. Methods

2.1. Animals and treatments

Male and female C57BL/6 J wild-type (WT) mice were purchased from The Jackson 

Laboratories (Bar Harbor, ME). FXR−/− mice (129-Fxrtm1Gonz) were bred at Rutgers 

University; mice were backcrossed to C57BL/6 J mice for 10 generations and genotyped 

by PCR as previously described (Guo et al., 2006). Mice were housed in filter-top 

microisolation cages in an AALAC approved animal care facility and provided food and 

water ad libitum. Animals received humane care in compliance with the institution’s 

guidelines outlined in the Guide for the Care and Use of Laboratory Animals, published 

by the National Institutes of Health. Mice (12–15 wk) were exposed intratracheally 

to phosphate buffered saline (PBS) control or freshly prepared NM (0.08 mg/kg; 

mechlorethamine hydrochloride, Sigma Aldrich, St. Louis, MO) as previously described 

(Sunil et al., 2018). At this age, the phenotype of FXR−/− mice resembled WT mice.

2.2. Sample collection

Mice were euthanized 3 d, 14 d and 28 d after exposure by intraperitoneal injection of 

ketamine (135 mg/kg) and xylazine (30 mg/kg). Bronchoalveolar lavage (BAL) fluid was 

collected by slowly instilling and withdrawing 1 ml of ice-cold PBS into the lungs five 

times through a 20-gauge cannula in the trachea. Immediately following BAL collection, 

the left lobe was ligated, inflated via the trachea with 3% paraformaldehyde and removed. 

After 24 h at 4°C, the tissue was transferred to 50% ethanol and paraffin embedded. 

Sections (5 μm) were prepared and stained with hematoxylin and eosin and Masson’s 

trichrome. Images were scanned using an Olympus VS-120 Virtual Microscopy System 

and viewed using OlyVIA version 2.6 software (Olympus Corporation, Center Valley, PA). 

Lung sections were scored for epithelial hyperplasia, perivascular inflammation, perivascular 

edema, neutrophils, foamy alveolar macrophages, alveolar wall thickening, and fibrosis by a 

boardcertified pathologist (M. Goedken, Rutgers University).

2.3. BAL analysis

BAL fluid was centrifuged (300 x g, 8 min, 4°C), supernatants collected, aliquoted and 

stored at −80C until analysis. Cell pellets were resuspended in PBS and viable cells counted 

on a hemocytometer using trypan blue dye exclusion. Total protein was quantified in cell 

free BAL using a BCA Protein Assay kit (Pierce Biotechnologies Inc., Rockford, IL) 
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with bovine serum albumin as the standard. Samples were analyzed in triplicate using a 

SpectraMAX M3 microplate reader at 560 nm (Molecular Devices, San Jose, CA).

2.4. Flow cytometry

BAL cells were centrifuged (400 x g for 6 min) and resuspended in 700 μl of red 

blood cell (RBC) lysis buffer (Sigma Aldrich) for 5 min at room temperature. Cells were 

then centrifuged (400 x g, 6 min) and resuspended in 100 μl of staining buffer (PBS 

containing 2% FBS and 0.02% sodium azide). This was followed by incubation for 10 

min at 4°C with anti-mouse CD16/32 (1:100; BioLegend, San Diego, CA) to block non-

specific binding, and then with FITC-conjugated anti-mouse CD11b (1:200; BioLegend), 

PE-CF594-conjugated anti-mouse Ly6C (1:200; BD Biosciences, San Jose, CA), PerCP-

Cy5.5-conjugated anti-mouse Siglec F (1:200; BD Biosciences), PECy7-conjugated anti-

mouse F4/80 (1:200; BioLegend), AlexaFluor647-conjugated anti-mouse Ly6G (1:200; 

BioLegend), AlexaFluor700-conjugated anti-mouse CD45 (1:200; BioLegend), Brilliant 

violet 421-conjugated anti-mouse CD11c (1:200; BioLegend) antibodies or appropriate 

isotypic controls for 30 min, followed by eFluor780-conjugated fixable viability dye 

(eBioscience, San Diego, CA) for 30 min. Cells were washed twice with staining buffer, 

fixed with 3% paraformaldehyde, and analyzed on a Gallios flow cytometer (Beckman 

Coulter Inc., Brea, CA). Data were analyzed using Beckman Coulter Kaluza version 2.1 

software. Viable cells (10,000) were assessed for expression of CD45, followed by CD11b, 

Ly6G, Ly6C, F4/80, CD11c, and Siglec F.

2.5. Immunohistochemistry

Tissue sections were deparaffinized with xylene (4 min, 2×) followed by decreasing 

concentrations of ethanol (100%–50%) and then water. Antigen retrieval was performed 

using citrate buffer (10.2 mM sodium citrate, pH 6.0). Endogenous peroxidase was 

quenched with 3% H2O2 for 10 min. Tissue sections were incubated for 2 h at room 

temperature with 25–50% goat serum to block nonspecific binding, and then overnight 

at 4°C with rabbit antibody to heme oxygenase-1 (HO-1;1:500; Enzo Life Sciences, 

Famingdale, NY), cyclooxygenase-2 (COX-2; 1:1000; Abcam, Cambridge, MA), ADP-

ribosylation factor-like protein 11 (ARL11; 1:100; Bioss, Woburn, MA), signal transducer 

and activator of transcription 6 (STAT6, 1:200; Abcam, Cambridge, MA), CD163 (1:100; 

Biorbyt, St. Louis, MO) or appropriate IgG controls. Sections were then incubated with 

biotinylated secondary antibody (Vector Labs, Burlingame, CA) for 30 min at RT. Binding 

was visualized using a peroxidase diaminobenzidine (DAB) Substrate Kit (Vector Labs). 

Semiquantitative analysis of macrophage staining was performed on fifteen random lung 

sections from each animal.

2.6. miRNA analysis

cDNA was generated from lung tissue samples using a TaqMan Advanced miRNA cDNA 

Synthesis Kit (Applied Biosystems, Waltham, MA). RT-qPCR was performed using SYBR 

Green PCR Master Mix (Applied Biosystems) on a Quant Studio Flex 6 PCR machine 

(Applied Biosystems). Ct values were converted to ΔΔCt values and normalized to the 

geometric mean of endogenous controls, miR-16-5p and miR-221-3p, which were selected 

because of their stability (Donati et al., 2019; Pamedytyte et al., 2020).
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2.7. Statistical analysis

Data were analyzed using two-way ANOVA, followed by Tukey’s post hoc test. A p value of 

≤ 0.05 was considered statistically significant.

3. Results

3.1. Effects of loss of FXR on NM-induced lung injury, inflammation, and oxidative stress

In initial studies, we analyzed the effects of loss of FXR on BAL cell number and protein 

content, markers of alveolar epithelial barrier injury (Bhalla, 1999). In male, but not female 

WT and FXR−/− mice, BAL cell number and protein content were significantly increased 

relative to control mice at 3 d and 14 d post-NM (Fig. 1). No significant differences were 

observed between the genotypes. Whereas at 28 d post-NM, BAL cell and protein content 

were increased in both male and female WT mice, in FXR−/− mice they were only increased 

in male mice.

We next assessed the impact of the loss of FXR on NM-induced histopathological changes 

in the lungs. In male WT mice, NM caused increases in perivascular inflammation, edema 

and alveolar neutrophils, which were observed 3 d and 14 d post-exposure (Fig. 2 and 

Table 1). At 14 d post-NM, foamy macrophages were also noted, along with some alveolar 

wall thickening and fibrosis, as determined by Masson’s trichrome staining; these responses 

persisted for at least 28 d (Fig. 3 and Table 1). Loss of FXR was associated with significant 

increases in epithelial hyperplasia and edema, alveolar wall thickening and fibrosis at 14 d 

after NM administration, and perivascular edema at 14 d and 28 d. In male WT mice, NM 

also caused oxidative stress, as reflected by upregulation of HO-1 in lung macrophages (Fig. 

4 and Table 2). Greater numbers of macrophages expressing HO-1 were observed in lungs 

of FXR−/− mice when compared to WT mice (Table 2). In contrast, in female WT mice, 

NM had no significant effects on histopathology or oxidative stress, a response not altered 

by loss of FXR (not shown). These data indicate that male mice were more sensitive to 

NM-induced toxicity than female mice. Based on these findings, in subsequent studies we 

focused only on male mice.

3.2. Loss of FXR alters resident and inflammatory macrophage subsets responding to 
NM

Flow cytometric analysis of cells recovered from the lungs by BAL revealed a significant 

decrease in CD45+CD11b−Ly6G−Ly6C−F4/80+CD11c+ resident macrophages at 3 d, and 

to a lesser extent at 14 d post-NM in both WT and FXR−/− mice, with no effect at 28 

d (Fig. 5). Conversely, significant increases in CD45+CD11b+Ly6G−Ly6C+F4/80+CD11c+ 

proinflammatory macrophages were noted in the lungs of both WT and FXR−/− mice 

following NM administration, most prominently at 3 d (Fig. 5). At this time, the response 

was greater in FXR−/− mice when compared to WT mice. Whereas CD45+CD11b+ 

Ly6G−Ly6C−F4/80+CD11c+ anti-inflammatory macrophages increased at all time points 

following NM exposure in WT and FXR−/− mice, there were no significant differences 

between the genotypes.
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To determine if macrophages responding to NM were activated, we analyzed their 

expression of proinflammatory and anti-inflammatory proteins in histologic sections. 

ARL11 is an endogenously expressed protein that promotes proinflammatory activation of 

macrophages (Arya et al., 2018). Treatment of WT mice with NM resulted in a significant 

increase in numbers of macrophages staining for ARL11 at 14 d; this response was 

significantly greater in FXR−/− mice (Fig. 6 and Table 2). COX-2 expression was also 

upregulated in lung macrophages in WT mice following NM exposure; this was evident 

at all post exposure times (Fig. 6 and Table 2). Loss of FXR resulted in an exacerbated 

response to NM. Constitutive expression of COX-2 was also detected in alveolar epithelial 

type II cells in control WT and FXR−/− mice; expression increased after NM exposure (Fig. 

6).

We also found that markers of anti-inflammatory activation including CD163 and STAT6 

were upregulated in lung macrophages in both WT and FXR−/− mice after NM (Fig. 7 and 

Table 2). This was most prominent at 14 d post NM exposure. At this time, the response 

of FXR−/− mice to NM was significantly greater than the response of WT mice. While in 

WT mice NM-induced increases in CD163 declined at 28 d, in FXR−/− mice they remained 

upregulated.

Noncoding microRNAs (miRs) have been identified as important regulators of 

inflammation and macrophage activation (Essandoh et al., 2016). In line with NM-

induced proinflammatory macrophage activation, we found that proinflammatory miR-155 

(Alivernini et al., 2018; Kurowska-Stolarska et al., 2011) was increased in the lungs of 

WT mice at 3 d post NM administration (Fig. 8). In FXR−/− mice, NM caused increases 

in proinflammatory miR-199a (Chen et al., 2008; Liu et al., 2018) and anti-inflammatory 

miR-146a and miR-223-3p (Boldin et al., 2011; Cheng et al., 2014; Yuan et al., 2021). 

Although NM had no significant effect on expression of miR-155 when compared to control 

in FXR−/− mice, there was a trend towards increased lung expression of this miRNA relative 

to WT mice. In contrast, NM had no effect on expression of miR-145a or miR-let-7d in 

either WT or FXR−/− mice.

4. Discussion

The present studies demonstrate that FXR plays a role in regulating lung macrophage 

responses to NM. This is based on our findings that loss of FXR results in increased 

numbers of proinflammatory/cytotoxic M1 macrophages in the lung responding to NM-

induced injury. Moreover, after NM exposure, both M1 and anti-inflammatory/profibrotic 

M2 macrophages upregulate markers of activation. Conversely, resident macrophages, which 

are thought to be key in the resolution of inflammation and wound repair (Bain and 

MacDonald, 2022), are reduced in numbers. The fact that changes in macrophage subsets 

correlated with exaggerated histopathology, alveolar epithelial injury and oxidative stress 

provide additional support for the notion that these cells are important in the pathogenic 

response to mustard vesicants (Laskin et al., 2019; Venosa et al., 2016).

Consistent with previous studies (Malaviya et al., 2015; Sunil et al., 2020), NM was found 

to cause alveolar epithelial damage, as measured by increases in BAL cell and protein 
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content. Notably, this response was greater in male FXR−/− mice relative to female mice, 

and accompanied by aggravated histopathologic alterations including perivascular edema, 

thickening of alveolar septal wall, inflammatory cell infiltrate, and collagen deposition. 

Oxidative stress was also evident in lungs of male, but not female, FXR−/− mice after 

NM. Epidemiological studies have shown that the prevalence of lung disease, including 

pulmonary fibrosis, acute respiratory distress syndrome and chronic obstructive disease 

(COPD) is greater in males than in females (Mannino et al., 1996; Moss and Mannino, 

2002; Tam et al., 2011; Varkey, 2004). Similar sex differences in susceptibility of males have 

been noted in experimental models of acute lung injury induced by acid, lipopolysaccharide, 

hypoxia, and hyaluronan (Card et al., 2006; Erfinanda et al., 2021; Leary et al., 2019; Xie 

et al., 2021). Estrogen has been reported to protect rodents from lung damage induced by 

influenza, intestinal ischemia and reperfusion injury by altering pulmonary inflammatory 

responses (Breithaupt-Faloppa et al., 2014; Robinson et al., 2014). It remains to be 

determined if estrogen plays a role in protecting female FXR−/− mice from exacerbation 

of acute lung injury, oxidative stress, and fibrosis induced by NM and if this is due to altered 

macrophage responsiveness.

Following NM administration, we observed a significant increase in numbers of 

proinflammatory macrophages in the lung 3 d post NM exposure in FXR−/− mice relative to 

WT mice. This correlated with increases in expression of COX-2 and ARL11, demonstrating 

that proinflammatory macrophages responding to NM are activated. Loss of FXR also 

resulted in increases in miR-146a, miR-155, miR199a, and miR-223-3p following NM 

exposure. The anti-inflammatory actions of FXR have been reported to be due to its 

ability to suppress NF-κB (Fiorucci et al., 2011). Our findings of increased expression 

of miR-155 and miR199a, which are known to activate NF-κB (Chen et al., 2008; 

Mann et al., 2017), suggest a potential molecular mechanism underlying exacerbated 

proinflammatory macrophage activation in the lungs of FXR−/− mice. Of note, miR-146a 

and miR-223-3p which suppress NF-κB activity (Cheng et al., 2014; Zhou et al., 2018), 

were also upregulated in the lungs of FXR−/− mice following NM administration. miR-146a 

and miR-155 have been reported to work in tandem to fine-tune NF-κB activity (Mann et al., 

2017). Increases in miR-146a as well as miR-223-3p may represent a compensatory attempt 

to blunt excessive NF-κB activity and promote wound repair.

We also found that COX-2 expression was upregulated in alveolar epithelial Type II cells in 

FXR−/− mice after NM administration. Type II cells are known to express FXR (Chen et al., 

2016; Wang et al., 2016); it may be that loss of FXR leads to NF-κB activation in Type II 

cells either directly or indirectly via SHP-1, an atypical nuclear receptor that is a FXR target 

gene and functions as a transcriptional repressor (Fiorucci et al., 2018; Hoeke et al., 2014), 

and as a consequence increased expression of COX-2.

In contrast to the effects of loss of FXR on numbers of proinflammatory macrophages in the 

lung, anti-inflammatory macrophages remained unchanged following NM administration. 

However, increases in expression of the anti-inflammatory activation markers, STAT6 

and CD163, were noted in lung macrophages 14 d post NM exposure, a response that 

coincided with the appearance of foamy macrophages and fibrosis. These data suggest a 

transition of lung macrophages from an anti-inflammatory to a profibrotic M2 phenotype. 
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In earlier studies, we demonstrated that FXR activity is suppressed following NM 

exposure; thus, expression of target genes that regulate lipid uptake including Cd36 were 

increased following NM exposure, while lipid efflux transporters, Abca1 and Abcg1, were 

downregulated; this was linked to increases in macrophage lipid content and foam cell 

formation (Venosa et al., 2019). Macrophage foam cells have been shown to play a key 

role in pulmonary fibrosis induced by bleomycin (Romero et al., 2015) and we speculate 

that they play a similar role in NM-induced pulmonary fibrosis. In “nonclassical” bile acid 

target organs such as the lungs and airways, FXR also exerts prominent anti-inflammatory 

and antifibrotic actions (Wu et al., 2020). This is thought to be due to its ability to suppress 

the activity of inflammatory cells either directly via inhibition of NF-κ or indirectly via 

activation of SHP-1 (Armstrong and Guo, 2017). FXR also downregulates expression of 

TGF-β1/SNAI1 and SNAI2 to suppress endothelial-to-mesenchymal transition and regulates 

the proportion of MMPs/TIMPs to blunt fibrogenesis (Comeglio et al., 2017; Fiorucci et 

al., 2018). Studies are in process to assess mechanisms underlying anti-inflammatory and 

anti-fibrotic actions of FXR in the lung following NM exposure.

Resident alveolar macrophages function as immune sentinels, protecting the lung from 

inhaled xenobiotics and initiating inflammatory responses (Byrne et al., 2015; Laskin et 

al., 2019). They also play a central role in the resolution of inflammation (Hussell and 

Bell, 2014; Kopf et al., 2015). Treatment of mice with NM resulted in a rapid (within 3 d) 

and transient decrease in resident macrophages in the lung; this response was exacerbated 

in mice lacking FXR. Decreases in resident macrophages early in the progression of NM-

induced lung injury may contribute to excessive activation of proinflammatory macrophages. 

Subsequent recovery of resident macrophages by 14 d is likely due to proliferation of 

remaining subpopulations (Wynn and Vannella, 2016).

Accumulating evidence suggests that FXR plays an important role in both physiological 

and pathological responses of the respiratory system. Importantly, FXR is involved in 

protecting against the development of chronic diseases such as COPD, asthma, and fibrosis, 

pathologies observed in humans after mustard vesicant exposure (Comeglio et al., 2017; 

Fiorucci et al., 2018; Wu et al., 2020). Our findings that FXR is involved in limiting 

acute injury, oxidative stress and fibrosis induced by NM and that this response involves 

alterations in the behavior of resident and inflammatory macrophages are intriguing as 

they suggest a new target for the development of efficacious medical countermeasures. 

In this context, recent studies have shown that treatment of animals with the FXR 

agonist, obeticholic acid (OCA), improves pulmonary function and markers of inflammation 

and fibrosis in models of lung toxicity induced by bleomycin, lipopolysaccharide, and 

monocrotaline (Comeglio et al., 2019; Fei et al., 2019; Vignozzi et al., 2017). Studies are in 

progress to determine if OCA similarly reduces lung toxicity and fibrosis induced by NM.
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Fig. 1. Effects of loss of FXR on BAL protein and cell content.
BAL was collected 3 d, 14 d, and 28 d after administration of PBS (CTL) or NM to 

male (M) and female (F) wild-type (WT) and FXR−/− mice. Upper panels: Viable cells 

were enumerated by trypan blue exclusion dye. Lower panels: Cell-free supernatants were 

analyzed in triplicate for protein using a BCA kit. Bars, mean ± SE (n = 4–13 mice/

treatment group). *Significantly different (p ≤ 0.05) from CTL treated mice. #Significantly 

different (p ≤ 0.05) from male mice.
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Fig. 2. Effects of loss of FXR on lung histology.
Tissue sections were prepared 3 d, 14 d and 28 d after administration of PBS (CTL) or 

nitrogen mustard (NM) to male wild-type (WT) and FXR−/− mice and stained with H&E. 

Representative sections from 4—5 mice/treatment group are shown. Original magnification, 

20×. Arrows indicate differences observed between WT and FXR−/− mice.
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Fig. 3. Effects of loss of FXR on the development of fibrosis.
Tissue sections were prepared 3 d, 14 d, and 28 d after administration of PBS (CTL) 

or nitrogen mustard (NM) to male wild-type (WT) and FXR−/− mice and stained with 

Masson’s trichrome. Representative sections from 4–5 mice/treatment group are shown. 

Original magnification, 20×. Arrows indicate differences observed between WT and FXR−/− 

mice.
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Fig. 4. Effects of loss of FXR on NM-induced expression of HO-1.
Lung sections prepared 3 d, 14 d and 28 d after administration of PBS (CTL) or NM to male 

wild-type (WT) and FXR−/− mice were immunostained with antibodies to HO-1. Binding 

was visualized using a peroxidase DAB substrate kit. Arrows indicate lung macrophages. 

Representative sections from 3– 5 mice/treatment group are shown. Original magnification, 

40×.
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Fig. 5. Effects of loss of FXR on lung macrophages responding to NM.
Lung macrophages were collected 3 d, 14 d, and 28 d after administration of PBS (CTL) or 

NM to male wild-type (WT) and FXR−/− mice. Cells were immunostained with antibodies 

to CD45, CD11b, Ly6C, Ly6G, F4/80, and CD11c or isotypic controls and analyzed by flow 

cytometry. Bars, mean ± SE (n = 5–9 mice/treatment group). Y-axis, macrophages/10,000 

viable BAL cells. *Significantly different (p ≤ 0.05) from CTL treated mice. #Significantly 

different (p ≤ 0.05) from WT mice.

Murray et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Effects of loss of FXR on NM-induced increases in expression of COX-2 and ARL11.
Lung sections prepared 14 d and 28 d after administration of PBS (CTL) or NM to male 

wild-type (WT) and FXR−/− mice were immunostained with antibodies to COX-2 and 

ARL11. Binding was visualized using a peroxidase DAB substrate kit. Arrows indicate lung 

macrophages. Representative sections from 3–5 mice/treatment group are shown. Original 

magnification, 40×.
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Fig. 7. Effects of loss of FXR on NM-induced increases in expression of STAT6 and CD163.
Lung sections prepared 14 d and 28 d after administration of PBS (CTL) or NM to male 

wild-type (WT) and FXR−/− mice were stained with antibodies to STAT6 and CD163. 

Binding was visualized using a peroxidase DAB substrate kit. Arrows indicate lung 

macrophages. Representative sections from 3–5 mice/treatment group are shown. Original 

magnification, 40×.
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Fig. 8. Effects of loss of FXR on miRNAs responding to NM.
Lung tissue was collected 3 d after administration of PBS (CTL) or nitrogen mustard (NM) 

to male wild-type (WT) and FXR−/− mice. Data are presented as fold change relative to the 

geometric mean of miR-16-5p and miR-221-3p. Bars, mean ± SE (n = 5 mice/treatment 

group). *Significantly different (p ≤ 0.05) from CTL treated mice. #Significantly different (p 
≤ 0.05) from WT mice.
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Table 1
Summary of effects of loss of FXR on NM-induced lung histopathology.

Sections were prepared 3 d, 14 d and 28 d after administration of PBS (CTL) or nitrogen mustard (NM) 

to male wild-type (WT) and FXR−/− mice. Histopathologic changes were quantified in H&E and Masson’s 

trichrome stained sections as described in the Materials and Methods. Values are mean ± SE, n = 4–5 mice/

treatment/time point.

Histopathology WT FXR−/−

CTL NM CTL NM

3 d

Epithelial hyperplasia – – – –

Perivascular inflammation – 1.4 ± 0.2 – 1.75 ± 0.3

Perivascular edema – 1.4 ± 0.2 – 2.0 ± 0.0
#

Neutrophils (alveolar) – 1.0 ± 0.3 – 1.5 ± 0.3

Foamy alveolar macrophages – – – –

Alveolar wall thickening – – – –

Fibrosis – 0.4 ± 0.2 – 0.5 ± 0.3

14 d

Epithelial hyperplasia – 0.2 ± 0.2 – 0.8 ± 0.2
#

Perivascular inflammation – 0.8 ± 0.2 – 1.2 ± 0.4

Perivascular edema – – – 0.8 ± 0.4

Neutrophils (alveolar) – 0.4 ± 0.2 – 0.8 ± 0.2

Foamy alveolar macrophages – 1.4 ± 0.2 – 1.8 ± 0.2

Alveolar wall thickening – 1.6 ± 0.7 – 3.8 ± 0.7
#

Fibrosis 0.2 ± 0.2 1.0 ± 0.3 0.2 ± 0.2 2.2 ± 0.4*#

28 d

Epithelial hyperplasia – – – –

Perivascular inflammation – 1.0 ± 0.0 0.2 ± 0.0 1.0 ± 0.0

Perivascular edema – – – –

Neutrophils (alveolar) – – – –

Foamy alveolar macrophages – 1.0 ± 0.0 – 1.0 ± 0.0

Alveolar wall thickening – 1.0 ± 0.0 – 1.0 ± 0.0

Fibrosis – 1.0 ± 0.0 0.4 ± 0.2 0.8 ± 0.2

*
Significantly different (p ≤ 0.05) from CTL mice.

#
Significantly different (p ≤ 0.05) from WT mice.
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Table 2
Semiquantitative analysis of immunohistochemistry in lung macrophages.

Lung sections prepared 3 d, 14 d and 28 d after administration of PBS (CTL) or nitrogen mustard (NM) to 

wild-type (WT) and FXR−/− mice were immunostained with antibodies to HO-1, COX-2, ARL11, STAT6, or 

CD163. Binding was visualized using a Vectastain kit. The number of macrophages positively staining for 

each antibody was quantified in 15 sections/mouse (original magnification 40×). Values are mean ± SE, n = 

3–5 mice/treatment/time point. Data were analyzed by two-way ANOVA.

Marker WT FXR−/−

CTL NM CTL NM

3 d

HO-1 21.0 ± 1.5 47.7 ± 0.7* 61.3 ± 0.3
#

60.7 ± 2.9
#

COX-2 5.0 ± 1.5 8.0 ± 2.1 7.7 ± 4.7 18.7 ± 1.8*,
#

ARL11 37.0 ± 2.5 38.7 ± 4.8 48.0 ± 3.2 44.0 ± 3.1

STAT6 45.7 ± 6.6 57.0 ± 8.0 48.0 ± 4.2 65.7 ± 11.6

CD163 29.0 ± 5.8 35.3 ± 4.8 26.0 ± 1.5 34.3 ± 1.8

14 d

HO-1 8.0 ± 2.2 41.4 ± 6.5* 21.4 ± 2.6 150.3 ± 6.5*,
#

COX-2 13.8 ± 3.9 26.6 ± 6.4* 22.2 ± 2.4 117.8 ± 6.1*,
#

ARL11 28.2 ± 4.4 59.4 ± 9.6* 34.4 ± 1.7 102.4 ± 8.7*,
#

STAT6 31.0 ± 8.4 52.7 ± 9.0 40.0 ± 7.6 113.7 ± 18.8*,
#

CD163 4.6 ± 1.8 34.7 ± 4.9* 14.2 ± 0.7 45.0 ± 13.5*,
#

28 d

HO-1 24.0 ± 2.3 51.3 ± 2.2* 13.0 ± 3.1
#

32.7 ± 2.0*,
#

COX-2 30.0 ± 3.8 58.0 ± 6.4* 20.7 ± 1.8 33.0 ± 5.2
#

ARL11 39.3 ± 2.8 54.3 ± 4.9 34.3 ± 5.4 54.7 ± 3.8*

STAT6 58.7 ± 8.4 78.0 ± 12.7 42.0 ± 12.4 73.3 ± 3.8

CD163 38.3 ± 3.8 41.7 ± 9.4 20.3 ± 2.0 49.0 ± 3.2*

*
Significantly different (p ≤ 0.05) from CTL treated mice.

#
Significantly different (p ≤ 0.05) from WT mice.
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