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mouse lung by reprogramming metabolism and translation 

Sandra L. Grimm a,b,c,1, Rachel E. Stading d,1, Matthew J. Robertson a, Tanmay Gandhi a, 
Chenlian Fu a,e, Weiwu Jiang d, Guobin Xia d, Krithika Lingappan f, Cristian Coarfa a,b,c,**,2, 
Bhagavatula Moorthy c,d,2,* 

a Dan L Duncan Comprehensive Cancer Center, Baylor College of Medicine, Houston, TX, USA 
b Dept. of Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX, USA 
c Center for Precision Environmental Health, Baylor College of Medicine, Houston, TX, USA 
d Division of Neonatology, Department of Pediatrics, Baylor College of Medicine and Texas Children’s Hospital, Houston, TX, USA 
e Mathematical and Computational Biology, Harvey Mudd College, CA, USA 
f Division of Neonatology at Children’s Hospital of Philadelphia, USA   

A R T I C L E  I N F O   

Keywords: 
Hyperoxia 
Cytochrome P450 
CYP1B1 
Bronchopulmonary dysplasia 
Lung 
Oxidative stress 

A B S T R A C T   

Oxygen supplementation is life saving for premature infants and for COVID-19 patients but can induce long-term 
pulmonary injury by triggering inflammation, with xenobiotic-metabolizing CYP enzymes playing a critical role. 
Murine studies showed that CYP1B1 enhances, while CYP1A1 and CYP1A2 protect from, hyperoxic lung injury. 
In this study we tested the hypothesis that Cyp1b1-null mice would revert hyperoxia-induced transcriptomic 
changes observed in WT mice at the transcript and pathway level. Wild type (WT) C57BL/6J and Cyp1b1-null 
mice aged 8–10 weeks were maintained in room air (21% O2) or exposed to hyperoxia (>95% O2) for 48h. 
Transcriptomic profiling was conducted using the Illumina microarray platform. Hyperoxia exposure led to 
robust changes in gene expression and in the same direction in WT, Cyp1a1-, Cyp1a2-, and Cyp1b1-null mice, but 
to different extents for each mouse genotype. At the transcriptome level, all Cyp1-null murine models reversed 
hyperoxia effects. Gene Set Enrichment Analysis identified 118 hyperoxia-affected pathways mitigated only in 
Cyp1b1-null mice, including lipid, glutamate, and amino acid metabolism. Cell cycle genes Cdkn1a and Ccnd1 
were induced by hyperoxia in both WT and Cyp1b1-null mice but mitigated in Cyp1b1-null O2 compared to WT 
O2 mice. Hyperoxia gene signatures associated positively with bronchopulmonary dysplasia (BPD), which occurs 
in premature infants (with supplemental oxygen being one of the risk factors), but only in the Cyp1b1-null mice 
did the gene profile after hyperoxia exposure show a partial rescue of BPD-associated transcriptome. Our study 
suggests that CYP1B1 plays a pro-oxidant role in hyperoxia-induced lung injury.   

1. Introduction 

Oxygen supplementation is a life-saving treatment used for patients 
with a multitude of diseases [1]. However, excess oxygen supplemen
tation not only causes acute, but also chronic, lung damage [2]. 
Hyperoxic lung injury occurs when excess oxygen triggers inflammatory 
processes resulting in damage to pulmonary tissues [3]. The importance 
of understanding the underlying mechanisms in hyperoxia-mediated 

lung injury has increased tremendously in the past few years as more 
patients have required oxygen supplementation for the treatment of 
acute respiratory distress syndrome (ARDS) following COVID-19 in
fections [4]. Another group at risk of hyperoxic lung injury due to 
supplemental oxygen requirements are premature infants, who could 
develop bronchopulmonary dysplasia (BPD) [5], the most common 
morbidity associated with preterm birth. 

Hyperoxic lung injury caused by supplemental oxygen may 
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necessitate even more oxygen, further contributing to the lung injury. 
Thus, the treatment for the problem enhances the problem, creating a 
vicious cycle of injury. The optimal oxygenation level that may satisfy 
the patient’s oxygen requirements while minimizing the pulmonary 
tissue damage is challenging to implement clinically [6,7]. To improve 
management of patients requiring supplemental oxygen, a better un
derstanding of the underlying mechanisms through which hyperoxia 
perpetuates lung injury is needed. Altering or mitigating the adverse 
effects of these mechanisms may provide us with a solution in which 
patients may be given the required oxygen supplementation without the 
risk of hyperoxic lung injury. 

One such mechanism shown to play a critical role in hyperoxic lung 
injury involves the xenobiotic-metabolizing cytochrome 450 (CYP) en
zymes [8]. CYP enzymes have been studied extensively for their 
contribution in drug and xenobiotic metabolism. This family of enzymes 
is found throughout the body, most significantly in the liver and lungs 
[9]. These phase-I oxidative enzymes may contribute to oxidative stress 
due to production of reactive oxygen species (ROS), resulting in lipid 
peroxidation and DNA damage that may perpetuate hyperoxic lung 
injury [8]. Interestingly, CYP enzymes also play roles in ROS detoxifi
cation [10]. 

Three commonly studied CYP enzymes have been linked to hyper
oxic lung injury, specifically the CYP1A1, CYP1A2, and CYP1B1 en
zymes [3,8,11]. While CYP1A1 and 1B1 are constitutively present in 
lung, CYP1A2 is predominantly expressed in liver. Murine studies have 
shown that the CYP1B1 enzyme may contribute to hyperoxic lung injury 
as Cyp1b1-null mice had reduced lung injury compared to WT mice upon 
exposure to hyperoxia [10]. In contrast, studies have shown that 
Cyp1a1-null and Cyp1a2-null mice experience more significant lung 
injury compared to WT mice in hyperoxic environments [11]. Therefore, 
the CYP1A1 and CYP1A2 enzymes attenuate, while CYP1B1 potentiates, 
hyperoxic lung injury [10]. 

Although prior studies established the relationship between these 
enzymes and lung injury, the underlying mechanisms remain unclear. 
Because of the various interconnected pathways that these CYP enzymes 
influence, these mechanisms are difficult to untangle. We recently re
ported transcriptomic and proteomic profiling of lung samples of WT, 
Cyp1a1-null, and Cyp1a2-null mice exposed to hyperoxia [11]; after 
hyperoxic injury, DNA repair was induced in WT but suppressed in both 
mutants, while early estrogen response was suppressed in WT but 
induced in both mutants; apoptosis was suppressed in WT and 
Cyp1a1-null but induced in Cyp1a2-null mice. To analyze the mecha
nisms by which CYP1B1 contributes to hyperoxic lung injury, we 
exposed WT and Cyp1b1-null mice to hyperoxia (95% O2) treatment for 
48 h and subjected the lung tissues to transcriptomics microarray and 
Reverse Phase Protein Array (RPPA) analysis. We sought to identify key 
pathways altered by hyperoxia in Cyp1b1-null but not in Cyp1a1-or 

Cyp1a2-null mice as well as to examine which of the lung hyperoxia 
signatures associated with various pathologic lung conditions: BPD, lung 
cancer, acute respiratory distress syndrome (ARDS), and idiopathic 
pulmonary fibrosis (IPF). Fig. 1 demonstrates the overarching analytical 
approach deployed in this research. As the phenotype observed in 
Cyp1b1-null mice has been opposite to that in mice lacking Cyp1a1 or 
Cyp1a2, we speculated that CYP1B1 plays a pro-oxidant role in oxygen 
injury. Thus, we hypothesize that unique molecular pathways in 
Cyp1b1-null mice under hyperoxic conditions mitigate lung injury. 

2. Materials and methods 

2.1. Animals 

Male mice were used for all studies. C57BL/6J wild type (WT) mice 
were purchased from Charles River Laboratories (Wilmington, Dela
ware). Cyp1a1-null and Cyp1a2-null mice, on a C57BL/6J background, 
have been previously described [11]. Cyp1b1-null mice, on a C57BL/6J 
background, were generated by Dr. Frank J. Gonzalez and have been 
previously described [12]. The Institutional Animal Care and Use 
Committee of Baylor College of Medicine approved the study (Protocol 
No: AN-907), which was performed in accordance with federal guide
lines for the humane care and use of laboratory animals. Animals were 
maintained at the Feigin Center animal facility at Baylor College of 
Medicine (Houston, Texas). Animals were kept under a 12-h day/night 
light cycle and were provided purified tap water and food (Purina Ro
dent Lab Chow 5001 from Purina Mills, Inc., Richmond, Indiana) ad 
libitum. Mice used in these experiments were between 8- and 10-weeks 
old. 

2.2. Hyperoxia exposure and tissue harvesting 

Male mice were randomly selected for each treatment group and 
were maintained in room air (21% O2) as a control group or exposed to 
hyperoxia (>95% O2) using pure O2 at 5 L/min for 48h, in a sealed 
Plexiglass chamber. The oxygen concentration in the plexiglass chamber 
was monitored by an oxygen analyzer (Getronics, Kenilworth, New 
Jersey). Following hyperoxia exposure, animals were anesthetized with 
sodium pentobarbital (200 mg/kg i.p.) and euthanized by exsanguina
tion while under deep anesthetization. Lung tissues were collected and 
snap frozen at − 80 ◦C for future analysis. 

2.3. RNA isolation 

RNA extraction and quality control were performed as described 
previously, with minor modifications [11]. Three biological replicates 
per experimental group were used for these analyses. Total RNA from 

Fig. 1. Experimental design. Wildtype (WT) C57BL/6J mice and Cyp1b1− /− (Cyp1b1-null) mice were exposed for 48 h to either room air (RA) or hyperoxia (O2). 
Lungs were collected and assayed for gene expression using microarray or for protein expression using Reverse Phase Protein Array (RPPA) platforms. We evaluated 
the transcriptional phenotype of Cyp1b1-null mice using gene signatures, enriched pathways, gene signature correlations, and clinical associations with potential lung 
disease endpoints. 

S.L. Grimm et al.                                                                                                                                                                                                                                



Redox Biology 64 (2023) 102790

3

frozen lung samples was isolated using the miRNeasy kit as per the 
manufacturer’s standard protocols (Qiagen, Valencia, CA, USA). Sample 
RNA concentration was measured using a Nanodrop-8000 (Thermo 
Scientific, Wilmington, DE, USA) and quality checks were done using the 
NanoDrop spectrophotometer and the Agilent Bioanalyzer. The 260/280 
and 260/230 ratios needed to be greater than 1.8 to meet RNA quality 
control. Additionally, RNA samples needed an RNA Integrity Number 
(RIN) value between 7 and 10. 

2.4. Microarray transcriptomics analysis 

RNA profiling using Illumina Gene Expression MouseWG-6 v2.0 
Expression BeadChip Kit was performed at the Laboratory for Trans
lational Genomics at Baylor College of Medicine as previously described 
[11]. Preprocessing of the microarray data, including quality control, 
background adjustment, and variance stabilization, was performed 
using the Lumi package [13] implemented in the R statistical system. A 
transcript was considered ‘detected’ at a p-value cutoff of <0.01. 
Significantly changed probes were determined using the limma package 
[14] as implemented in the R statistical system, with significance ach
ieved for fold change exceeding 1.5x and FDR-adjusted p-value<0.05. 
Differentially expressed probes were depicted as heatmaps using the 
heatmap package implemented in the R statistical system. Enriched 
pathways were determined using the Gene Set Enrichment Analysis 
(GSEA) method [15], with significance achieved at FDR<0.25. Selected 
genes were validated by qRT-PCR, as previously described [11]. 

2.5. Reverse phase protein array (RPPA) 

Frozen whole lung tissues were homogenized with a T25 Ultra- 
Turrax (Janke & Kunkel) at 8000 rpm in lysis buffer (1% Triton X- 
100, 50 mM HEPES pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 
100 mM NaF, 10 mM Na pyrophosphate, 1 mM Na3VO4, 10% glycerol, 
containing freshly added protease and phosphatase inhibitors from 
Roche Applied Science Cat. # 05056489001 and 04906837001, 
respectively). The volume of lysis buffer was 1 ml per 40 mg of tissue. 
After centrifugation to remove debris, the supernatant was collected, 
protein concentration was measured, and the lysates were diluted to 1.5 
mg/ml using lysis buffer. Three parts lysate were added to one part 4x 
SDS sample buffer (40% Glycerol, 8% SDS, 0.25 M Tris.HCL pH 6.8, 10% 
ß-mercaptoethanol), boiled for 5 min, and stored at − 80 ◦C. Reverse 
phase protein array analysis (RPPA) was performed in the Functional 
Proteomics RPPA core facility at the MD Anderson Cancer Center as 
previously described [11]. In summary, tissue lysates were serially 
diluted by increasing two-fold ratios for 5 consecutive dilutions (ranging 
from undiluted to 1:16 dilution) and arrayed on nitrocellulose coated 
slides in an 11 × 11 format. Samples were assayed with antibodies by 
tyramide-based signal amplification approach and visualized using DAB 
colorimetric reaction. Slides were scanned on a flatbed scanner to 
generate 16-bit tiff image. Spots from tiff images were identified and the 
density was quantified by Array-Pro Analyzer. The protein expression 
was normalized by integrating all dilution curves for all samples and all 
antibodies, using the Supercurve algorithm [16]. 

2.6. Analysis of human cohorts using murine gene signatures 

As previously reported [17], we computed activity scores for murine 
gene signatures in human cohorts using summed z-scores. Briefly, in a 
human cohort each gene was transformed to z-scores. For a murine gene 
signature and for every specimen, z-scores of increased genes were 
added, and z-scores of decreased genes were subtracted, computing a 
summed z-score. Human orthologs of mouse genes were determined 
using the BioMart repository [18]. We determined correlations of ac
tivity scores in human cohorts using the Python scientific library, with 
significance achieved at p < 0.05. For human cohorts with control and 
case specimens, we used a numerical encoding of the control/case, then 

performed Pearson correlation analysis between signature scores and 
numerically encoded clinical variables; significance was achieved for p 
< 0.05. Signature correlation results were plotted using GraphPad 
Prism. 

For gene signature correlation, the following lung cohorts were 
downloaded and used: lung explant controls GSE151052, TCGA Lung 
Adenocarcinoma [19], TCGA Lung squamous carcinoma [20], and 
normal GTEx lungs [21]. Bronchopulmonary dysplasia (BPD) blood 
transcriptomics from newborns were downloaded using the dataset 
GSE32472 [22]. ARDS patients’ blood transcriptomics were down
loaded using the dataset GSE32707 [23]. Idiopathic pulmonary fibrosis 
(IPF) transcriptomics datasets used included GSE93606 [24], GSE53845 
[25], GSE35145 [26], GSE24206 [27], and GSE110147 [28]. 

2.7. Statistical analysis 

Statistical significance was achieved using a parametric two-tailed 
unequal variance Student’s t-test, with significance being achieved at 
p < 0.05. 

3. Results 

3.1. Disruption of Cyp1b1 mitigated the murine response to hyperoxia 

Using transcriptome microarray analysis, we determined the 
hyperoxia exposure response of WT and Cyp1b1-null mice (Fig. 2A). 
Whereas a robust hyperoxia response was observed in both WT (with 
638 genes increased and 565 genes decreased) and Cyp1b1-null mice 
(with 489 induced and 424 decreased genes), minimal differences were 
detected between WT and Cyp1b1-null mouse lungs under either nor
moxia (9 induced and 28 decreased genes) or hyperoxia (28 induced and 
60 decreased genes) conditions. In a previous publication, our group 
reported signatures of hyperoxia exposure for other murine models 
genetically modified to delete Cytochrome P450 genes, specifically 
Cyp1a1-null and Cyp1a2-null mice [11]. To compare the relationship 
between gene signatures, while accounting for unclear gene-gene re
lationships, we used the analytical tool of Pearson Correlation based on 
gene activity scores over transcriptome profiles of lungs from human 
cohorts, a computationally established methodology [17,29,30]. Spe
cifically, we computed gene signature summed z-scores independently 
over several transcriptomic cohorts of normal human lungs, including 
explants, normal adjacent tissues compiled by The Cancer Genome Atlas 
(TCGA) for lung adenocarcinoma (LUAD) [19], lung squamous carci
noma (LUSC) [20], and also lungs compiled by the Genotype-Tissue 
Expression (GTEx) project [21] (Fig. 2B). Interestingly, we determined 
that hyperoxia transcriptomic responses of WT, Cyp1a1-null, Cyp1a2-
null, and Cyp1b1-null mice were highly correlated, with a Pearson 
Correlation Coefficient in the range 0.93–0.98 (p < 0.05). Strikingly, 
signatures comparing the hyperoxia exposure in genetically modified 
mice Cyp1a1-null, Cyp1a2-null, and Cyp1b1-null with the hyperoxia 
exposure in WT mice revealed a negative correlation in multiple cohorts 
with the canonical (WT) hyperoxia response (p < 0.05) (Fig. 2B). For 
each of the CYP mutant mice, we observed negative correlations over the 
GTEx human lungs between the WT hyperoxia response and the mutant 
hyperoxia to WT hyperoxia signatures, ranging from − 0.50 to − 0.65 (p 
< 0.05) (Fig. 2C), suggesting that loss of these CYP enzymes might 
reverse some of the effects of hyperoxia through commonly regulated 
genes. 

3.2. Hyperoxic damage is attenuated in Cyp1b1-null mice via a 
coordinated metabolic program 

We have shown that hyperoxia exposure led to correlated tran
scriptomic responses in WT mice and in null models for Cyp1a1, Cyp1a2, 
and Cyp1b1 (Fig. 2B). A similar observation was substantiated by 
enriched pathway profiles by GSEA using the Gene Ontology Biological 
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Processes (GOBP) pathway compendium (Fig. 3A, Supplemental 
Table 1). Enriched pathways showed a robust hyperoxia response, 
similar across the WT and the three mouse models Cyp1a1-null, Cyp1a2- 
null, Cyp1b1-null. However, when evaluating GSEA pathways enriched 
in the comparisons between the hyperoxia exposure in genetically 
modified mouse models versus the hyperoxia exposure in WT mice, 
Cyp1a-null and Cyp1a2-null associated pathways clustered together, 
consistent with the previously reported phenotypes [11], and there were 
clear clusters of either up- or down-regulated pathway specific to the 
Cyp1b1-null mice (Fig. 3B, D). Based on the reported phenotypes (e.g. 
Cyp1a1-null and Cyp1a2-null mice showed a more severe phenotype in 
terms of oxygen injury compared to WT, whereas Cyp1b1-null mice 
showed a less severe phenotype), on the clustering patterns observed 
based on signature correlations (Fig. 2B and C), and on the enriched 
GSEA pathways (Fig. 3A), we proposed a potential mechanism 
explaining the protective effect observed in the Cyp1b1-null model. 
Specifically, the phenotype of Cyp1b1-null is likely explained by path
ways that are enriched in both WT mice and Cyp1b1-null mice after 
hyperoxia exposure but are partially mitigated in hyperoxia-exposed 
Cyp1b1-null mice compared to hyperoxia-exposed WT mice (Fig. 3B). 
These pathways are highlighted in Fig. 3C. Analysis of the GSEA 
enriched pathways revealed 207 pathway candidates possibly explain
ing the protective effect of Cyp1b1 loss (Fig. 3C), with 129 increased and 
78 decreased pathways after hyperoxia exposure. However, since the 
Cyp1b1-null phenotype is opposite to that of the Cyp1a1-null and 
Cyp1a2-null mice, we further excluded the pathways that are also 
mitigated in either of the Cyp1a1-null or Cyp1a2-null mice upon expo
sure to hyperoxia, resulting in a refined collection of 118 pathways 
(Fig. 3C and D). Overall, we determined 69 positively enriched and 49 
negatively enriched pathways after hyperoxia exposure that show po
tential mitigation only in the Cyp1b1-null mice (Fig. 3D). Based on the 
GOBP taxonomy, we carried out enrichment of taxonomy terms sepa
rately in the mitigated pathway based on their direction in the WT mice 
hyperoxia response (Fig. 3E and F, Supp Figs. 1A and 1B) (significance at 
FDR<0.25). Mitigated pathways both induced and decreased by 
hyperoxia enriched for organic substance metabolic processes, but 
induced pathways showed a preference for nitrogen metabolism, 
whereas suppressed pathways showed a preference for catabolic or 
carboxylic acid metabolism. 

Based on the candidate pathways involved in mitigation of the 
hyperoxia exposure effects in Cyp1b1-null mice, we conducted valida
tion of gene expression changes using qRT-PCR analysis (Fig. 4A). We 
chose genes involved either in pathways induced by hyperoxia, such as 
nucleus or membrane organization, or suppressed by hyperoxia, such as 
development and catabolic processes (Fig. 4B). We expanded our se
lection to genes changed in hyperoxia in WT and Cypb1-null mice by a 
fold change of least 1.25x, FDR<0.05. Genes such as 90 kDa heat shock 
protein (Hspn90aa1), Reticulon 4 (Rtn4), C–C motif chemokine ligand 
17 (Ccl17), and C–C motif chemokine ligand 20 (Ccl20) were induced by 
hyperoxia in both WT and Cyp1b1-null mice (Fig. 4B); these genes span 
hyperoxia-induced pathways including cellular macromolecular com
plex assembly, response to temperature stimulus, and cellular response 
to interleukin. Mouse double minute 2 (Mdm2) was induced by hyper
oxia in both WT and Cyp1b1-null mice and is part of several hyperoxia- 
mediated suppressed pathways, including cardiac chamber morpho
genesis and catabolic processes. Homeobox A5 (Hoxa5) was suppressed 
by hyperoxia in both WT and Cyp1b1-null mice and is involved in the 

hyperoxia-suppressed pathway of regulation of vasculature develop
ment. Interestingly, cyclin dependent kinase inhibitor 1A (Cdkn1a) was 
induced by hyperoxia in both WT and Cyp1b1-null mice but mitigated in 
Cyp1b1-null O2 mice compared to WT O2 mice and is a part of hyperoxia- 
induced pathways (response to temperature stimulus, RAS protein signal 
transduction, and cellular response to amino acid starvation). The cell 
cycle pathway was induced by hyperoxia in WT mice and suppressed in 
all mutant murine models; hence, it was not selected as a Cyp1b1-spe
cific mitigation pathway. However, we noticed that Hoxa5, Mdm2, and 
Cdkn1a were all cell cycle-specific genes mitigated at the transcriptional 
level, based on microarray data, only in the Cyp1b1-null mouse model. 
We selected another cell cycle gene, Cyclin D1 (Ccnd1), mitigated based 
on the microarray data only in the Cyp1b1-null mice and demonstrated 
that it was induced by hyperoxia in both WT and Cyp1b1-null mice but 
mitigated in Cyp1b1-null O2 mice compared to WT O2 mice (Fig. 4B). 

Using a reverse phase protein array (RPPA) platform, we assessed 
proteins associated with the 118 mitigated pathways (Fig. 5A). We 
determined proteins similarly increased by hyperoxia exposure in both 
WT and Cyp1b1-null mice, specifically phospho-AMPK-alpha (T172) and 
protein patched homolog 1 (PTCH), and similarly decreased by hyper
oxia exposure p70S6K (Fig. 5B). Interestingly, we also identified pro
teins affected by hyperoxia in WT mice but mitigated between Cyp1b1- 
null O2 mice and WT O2 mice: eukaryotic translation initiating factor 4E 
(eIF4E) was induced by hyperoxia in WT then decreased in Cyp1b1-null 
O2 mice, whereas insulin receptor substrate 1 (IRS1), mammalian target 
of rapamycin (mTOR), and phosphatase and tensin homolog (PTEN) 
were decreased by hyperoxia in WT mice but induced in Cyp1b1-null O2 
mice (Fig. 5B). Overall, the proteomic validation data indicates a strong 
association with mitigation of metabolic processes in Cyp1b1-null O2 
mice, in particular catabolism and lipid metabolism (Fig. 5A). 

3.3. Hyperoxic responses in WT and cytochrome P450 mutant mice 
associated with adult and pediatric lung diseases 

As demonstrated numerous times in cancer biology, gene signatures 
obtained from in vitro or in vivo experiments can be utilized to mine 
public disease datasets and interrogate quantitative associations with 
disease traits, such as cancer vs control or cancer grade/stage [29,31, 
32]. Recently, our group demonstrated that such approaches are effec
tive outside of the cancer realm, integrating murine hyperoxia gene 
signatures with BPD blood gene expression profiles [17]. Blood tran
scriptomics from a human newborn cohort collected at PND14 and 
PND28 [22] indicated that signatures of hyperoxia exposure in murine 
lung of either WT or Cyp1a1-null, Cyp1a2-null, or Cyp1b1-null models 
associated positively with severity of BPD or the need for O2 supple
mentation and, conversely, associated negatively with birth weight or 
gestational age (Fig. 6A). Strikingly, the hyperoxia response of 
Cyp1b1-null mice, but not Cyp1a1-null or Cyp1a2-null mice, relative to 
the WT hyperoxia response associated with reduced risk of BPD or ox
ygen supplementation in d14 BPD samples; the Cyp1a1-null hyperoxia 
treatment positively associated with BPD risk in d28 BPD samples, 
indicating a further exacerbation of the hyperoxia deleterious effects 
(Fig. 6A, E). Using an adult human ARDS blood transcriptome cohort 
GSE32707 [23], hyperoxia exposure signatures in WT or the three 
mutant mice and hyperoxia mitigation signatures in all three mutant 
mice showed opposite correlations with risk of progression to ARDS, but 
did not distinguish between Cyp1a1-null, Cyp1a2-null, or Cyp1b1-null 

Fig. 2. Cyp1b1-null mice exhibited a robust hyperoxia exposure response and potentially mitigated the wildtype response. A. Heatmaps of differentially 
expressed microarray probes, assessing hyperoxia response in WT or Cyp1b1-null mice (left) or differences between WT and Cyp1b1-null mice under either normoxia 
(RA) or hyperoxia (O2) conditions (right). The number of differentially expressed genes is listed below each heatmap (fold change exceeding 1.5X, FDR<0.05). B. 
Correlation of hyperoxia or mitigation gene signatures (as summed z-scores) using genes expressed in four cohorts of normal human lungs (GSE151052, TCGA LUAD, 
TCGA LUSC, GTEx lung). Pearson Correlation Coefficient was used, with significance achieved at p < 0.05. Black boxes indicate the four correlations shown as 
scatterplots in Panel C. C. Scatterplots indicating the correlation of the hyperoxia transcriptomic response in WT versus the hyperoxia response in the Cyp1b1-null 
mouse model, or versus the mitigation of the hyperoxia response by genetically modified mouse models Cyp1a1-null, Cyp1a2-null, or Cyp1b1-null. Axes show 
summed z-scores for the indicated comparison, with each point representing a patient sample from the GTEx human lung cohort. 
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(Fig. 6B). Using lung transcriptomics data from The Cancer Genome 
Atlas, hyperoxia exposure signatures associated with cancer risk in both 
lung adenocarcinoma (LUAD) [19] and lung squamous carcinoma 
(LUSC) [20], whereas mutant hyperoxia mitigation signatures showed 
association with reduced cancer risk for all three Cyp1a, Cyp1a2, and 
Cyp1b1 genes (Fig. 6C). Analysis of both blood and lung transcriptomic 

cohorts for Idiopathic Pulmonary Fibrosis (IPF) patients showed that 
whereas hyperoxia exposure associated with IPF risk, hyperoxia miti
gation signatures in either Cyp1a2-null or Cyp1b1-null were associated 
with reduced IPF risk (Fig. 6D, Supplemental Fig. 2). 

Fig. 3. Use of enriched pathways to dissect a transcriptional program specific to the Cyp1b1-null mice mitigating the effects of hyperoxia exposure in WT 
mice. A. Heatmap with unbiased clustering of enriched pathways by Gene Set Enrichment Analysis (GSEA) from comparisons of hyperoxia response and potential 
mitigation of hyperoxia effects in mouse models Cyp1a1-, Cyp1a2-, Cyp1b1-null (KO). Number of positively and negatively enriched pathways are shown in bar 
graph. B. Hypothesized hyperoxia mitigation model in Cyp1b1-null mice. C. Venn diagram to identify candidate pathways to explain the mitigation of hyperoxia 
effects in Cyp1b1-null mice, where pathway enrichment is oppositely enriched. D. Pathways mitigated in the Cyp1b1-null mice but not in Cyp1a1-null or Cyp1a2-null 
mice. E. Top gene ontology enriched terms in the 49 hyperoxia-induced pathway candidates for hyperoxia effects mitigated in the Cyp1b1-null mice. F. Top gene 
ontology enriched terms in the 69 hyperoxia-suppressed pathway candidates for hyperoxia effects mitigated in the Cyp1b1-null mice. 
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Fig. 4. Gene-level evaluation of hyperoxia exposure responses mitigated in Cyp1b1-null mice. A. Selected pathways enriched by hyperoxia in WT (grey bars) 
and mitigated in Cyp1b1-null mice (green bars). B. qRT-PCR to assess mRNA expression of genes involved in a typical hyperoxia response and found in the enriched 
pathway genesets. Fold change relative to WT normoxia (RA) for each treatment is shown, with asterisks indicating significance (*p < 0.05, **p < 0.005, ***p <
0.0005, ****p < 0.0001). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Protein-level evaluation of hyperoxia exposure responses mitigated in Cyp1b1-null mice. A. Selected pathways enriched by hyperoxia in WT (grey 
bars) and mitigated in Cyp1b1-null mice (green bars). B. Reverse Phase Protein Array (RPPA) to assess levels of proteins affected by hyperoxia and found in the 
enriched pathway genesets. Protein intensity values for each treatment are shown, with asterisks indicating significance (*p < 0.05, **p < 0.005, ***p < 0.0005). 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Several murine studies have demonstrated the protective effects of 
CYP1B1 enzymes against hyperoxic lung injury [8,33]. The aim of this 
study was to analyze transcriptomic responses unique to Cyp1b1-null 
mice exposed to hyperoxia that may provide insight into the underlying 
injury mechanisms contributed by CYP1B1 enzymes in hyperoxic envi
ronments. In order to parse through these mechanisms, a systematic 
approach was developed to analyze differences in pathways, gene 
expression, and protein levels amongst WT, Cyp1a1-, Cyp1a2-, and 
Cyp1b1-null mice. Integration with human blood or lung transcriptomics 
enabled the analysis of our murine hyperoxia gene signatures with those 
identified in BPD. 

The phenotype previously reported by our group is that Cyp1b1-null 
mice exposed to hyperoxia exhibit milder effects compared to WT mice 
exposed to hyperoxia [10]. To understand that difference, we evaluated 
the very same comparison at gene signature and enriched pathway level 
and compared it with the hyperoxia response of WT mice (Fig. 2A). 
However, following approaches commonly used to tease apart the role 
of different genotypes in hyperoxia exposure [11,34], we have also 

analyzed neonatal hyperoxic lung injury compare the hyperoxic 
response of WT mice to the hyperoxic response of the mutant mice 
(Fig. 2B and C). Hyperoxia exposure led to changes in gene expression in 
the same direction but at different extents in WT, Cyp1a1-, Cyp1a2-, and 
Cyp1b1-null mice. To delineate the potential mechanism by which 
CYP1B1 enzymes contribute to hyperoxic lung injury, enriched path
ways due to transcriptomic responses for WT, Cyp1a1-null, Cyp1a2-null, 
and Cyp1b1-null mice exposed to both normoxic and hyperoxic envi
ronments were analyzed and compared. First, enriched pathways com
mon to both WT and Cyp1b1-null mice were removed from 
consideration. Second, because CYP1A enzymes have shown protective, 
rather than contributory, effects on hyperoxic lung injury, enriched 
pathways common to Cyp1a1-null, Cyp1a2-null, and Cyp1b1-null mice 
were also removed. Out of 207 pathways attenuated in Cyp1b1-null mice 
exposed to hyperoxia, 39 were attenuated in the Cyp1a1-null and 
Cyp1a2-null mice as well after hyperoxia exposure; those pathways 
included six cell cycle related pathways and four apoptotic pathways. 
However, simple mitigation of a pathway or collection of related path
ways is not sufficient to mitigate the hyperoxia phenotypes. Following 
this analysis, 118 pathways were determined to be either uniquely up- or 

Fig. 6. Clinical associations of disease progression with hyperoxia exposure responses in a wide range of lung disease models were reversed in the 
Cyp1b1-null hyperoxia mitigation signature. Publicly available transcriptomics data from blood or lung tissues were used to perform clinical associations between 
hyperoxia signatures or hyperoxia mitigation signatures (summed z-scores) and disease progression. Data sets used were (A) Bronchopulmonary dysplasia (BPD) 
blood transcriptomics from newborns at d14 or d28 (GSE32472), (B) ARDS patient blood samples at d0 and d7 (GSE32707), (C) adenocarcinoma (LUAD) or 
squamous (LUSC) lung tumor samples from TCGA, and (D) Idiopathic pulmonary fibrosis (IPF) transcriptomics from blood (GSE93606) or lung tissues (GSE53845, 
GSE35145, GSE24206, and GSE110147). E. Detailed scatterplots from panel A (black boxes) show the association of hyperoxia exposure signatures in Cyp1a1-null, 
Cyp1a2-null, or Cyp1b1-null mice or the hyperoxia response mitigation signature of Cyp1b1-null mice with severity of BPD at d28. Associations were evaluated using 
the parametric Pearson correlation, with the Pearson correlation coefficient (r) and p-values indicated. 
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down-regulated in Cyp1b1-null mice exposed to hyperoxia. Of the 118 
pathways identified, 69 decreased and 49 induced pathways by hyper
oxia exposure in WT mice were mitigated in Cyp1b1-null mice. The 
induced pathways included nitrogen and folic acid metabolism while 
decreased pathways demonstrated carboxylic acid, lipid, fatty acid, 
glutamate, and amino acid metabolism. These unique pathways may 
give insight into the potential mechanisms by which CYP1B1 enzymes 
promote hyperoxic lung injury. Accumulation of intracellular nitrogen is 
toxic to cells [35]. Therefore, mitigation of hyperoxic induction of ni
trogen metabolism in Cyp1b1-null mice may reduce the accumulation of 
nitrogen and prevent resulting cellular damage. Promotion of nitrogen 
accumulation may be one possible mechanism in which CYP1B1 en
zymes contribute to hyperoxic lung injury. Conversely, hyperoxia 
resulted in a decrease in carboxylic acid metabolism in WT mice, which 
is essential in many phase-I reactions for xenobiotic and endogenous 
molecular metabolism [36]. Cyp1b1-null mice restored carboxylic acid 
metabolism, indicating that the presence of CYP1B1 enzymes in WT 
mice may be interfering with carboxylic acid metabolism in the setting 
of hyperoxia. Therefore, decreased carboxylic acid metabolism may 
offer another potential mechanism in which CYP1B1 enzymes 
contribute to lung injury under hyperoxic conditions. 

Differences in gene expression between Cyp1b1-null and WT O2 mice 
were also analyzed to determine other possible mechanisms. Some gene 
expression alterations caused by hyperoxia were common to both 
Cyp1b1-null and WT mice, such as the induction of Mdm2 and the sup
pression of Hoxa5. Hyperoxia-driven Cdkn1a and Ccnd1 gene induction 
was mitigated in Cyp1b1-null mice compared to WT mice. Lack of 
Ckdn1a expression has been shown to worsen lung injury secondary to 
increased cellular apoptosis [37]. Ccnd1 may have a similar mechanism 
of action, as it serves as a regulator of CDK kinases, impacting cell cycle 
progression [38]. Decreased expression of these cell cycle regulators in 
Cyp1b1-null mice may prevent regeneration of damaged lung tissue in 
the setting of hyperoxic injury in comparison to WT mice. 

The elongation factor eIF4E is a crucial component of translation 
initiation in the process of protein synthesis [39]. Our analysis found 
that in a hyperoxic environment, eIF4E protein expression was induced 
in WT mice but decreased in Cyp1b1-null mice. Inhibition of this protein 
has become a key mechanistic target in cancer drug development [39]. 
Because eIF4E inhibition may prevent cancer development and pro
gression, Cyp1b1-null mice may have some level of protection from 
uncontrolled cellular proliferation due to the decreased eIF4E levels in 
hyperoxic exposure [40,41]. Cyp1b1-null mice also maintained higher 
expression of the oncogenic protein mTOR and the tumor suppressor 
protein PTEN after hyperoxia exposure than WT. Because of the con
tradictory mechanisms of these two proteins, further analysis would 
need to be conducted to determine the net effect the increased levels 
have on hyperoxic lung injury in Cyp1b1-null mice [42–44]. 

For further analysis, the gene signatures from these murine models 
were integrated with human blood or lung transcriptome of pulmonary 
diseases. The hyperoxic gene signatures of all the murine models, WT, 
Cyp1a1-null, Cyp1a2-null, and Cyp1b1-null, associated positively with 
BPD and the need for O2 supplementation and negatively with birth 
weight and gestational age. This result indicates that exposure to 
hyperoxia is a determining factor for BPD, regardless of the presence of 
CYP1 enzymes. However, an important finding showed that the hyper
oxic signature of Cyp1b1-null mice had a reduced risk of BPD and oxygen 
supplementation, while Cyp1a1-null and Cyp1a2-null mice hyperoxic 
signatures did not demonstrate this association. Hyperoxia response 
gene signatures in WT, Cyp1a1-null, Cyp1a2-null, and Cyp1b1-null mice 
correlated strongly with transcriptome dysregulation seen in other lung 
diseases, such as ARDS, lung cancer or IPF, and conversely hyperoxia 
gene expression for each mouse mutant compared to WT associated with 
lower disease risk; however, there was no risk reduction specific to 
Cyp1b1-null mice as seen for BPD. These results further validate the 
hypothesis that CYP1B1 enzymes contribute to hyperoxic lung injury. 

5. Conclusion 

In conclusion, our analysis provides insight into possible mecha
nisms by which CYP1B1 enzymes contribute to hyperoxic lung injury. 
Based on these results, CYP1B1 enzymes may lead to nitrogen accu
mulation and interfere with carboxylic acid metabolism in hyperoxic 
environments, which can be toxic to cells. Furthermore, CYP1B1 en
zymes may play a role in the induction of Cdkna1 and Ccnd1 tran
scription under hyperoxic conditions, allowing for continued 
proliferation of damaged cells and further contributing to lung injury. 
Similarly, induction of the transcription initiating protein eIF4E may 
also allow for continued proliferation in this setting. More studies are 
required to analyze these identified pathways unique to the Cyp1b1-null 
model in order to further understand the mechanistic interactions of 
these pathways as well as to identify potential targets for therapy to treat 
or prevent pulmonary disease development in hyperoxic settings. 
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