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A strong role for reactive oxygen species (ROS) has been pro-
posed in the pathogenesis of a number of lung diseases. Hy-
peroxia (

 

�

 

 95% oxygen) generates ROS and extensive lung
damage, and has been used as a model of oxidant injury. How-
ever, the precise mechanisms of hyperoxia-induced toxicity
have not been completely clarified. This study was designed
to identify hyperoxia susceptibility genes in C57BL/6J (suscep-
tible) and C3H/HeJ (resistant) mice. The quantitative pheno-
types used for this analysis were pulmonary inflammatory cell
influx, epithelial cell sloughing, and hyperpermeability. Ge-
nome-wide linkage analyses of intercross (F

 

2

 

) and recombi-
nant inbred cohorts identified significant and suggestive
quantitative trait loci on chromosomes 2 (hyperoxia suscepti-
bility locus 1 [

 

Hsl1

 

]) and 3 (

 

Hsl2

 

), respectively. Comparative
mapping of 

 

Hsl1

 

 identified a strong candidate gene, 

 

Nfe2l2

 

(nuclear factor, erythroid derived 2, like 2 or 

 

Nrf2

 

) that en-
codes a transcription factor NRF2 which regulates antioxidant
and phase 2 gene expression. Strain-specific variation in lung

 

Nrf2

 

 messenger RNA expression and a T 

 

→

 

 C substitution in
the B6 

 

Nrf2

 

 promoter that cosegregated with susceptibility
phenotypes in F

 

2

 

 animals supported 

 

Nrf2

 

 as a candidate gene.
Results from this study have important implications for under-
standing the mechanisms through which oxidants mediate
the pathogenesis of lung disease.

 

Incompletely reduced oxygen metabolites can cause cellu-
lar damage by oxidizing nucleic acids, proteins, and mem-
brane lipids (1). Reactive oxygen species (ROS) have been
implicated in the pathogenesis of many acute and chronic
clinical disorders, such as adult respiratory distress syndrome,
bronchopulmonary dysplasia (BPD), ischemia-reperfusion in-
jury, atherosclerosis, neurodegenerative diseases, and cancer
(2). The lung is particularly at risk to the toxic effects of ROS
because it interfaces with various oxidants, such as environ-
mental pollutants and cigarette smoke.

Characteristic features of oxidative lung disease have
been reproduced in laboratory animals by exposure to hy-
peroxia (

 

�

 

 95% oxygen). Hyperoxia generates ROS in the

lungs of animals (3), and causes extensive pulmonary dam-
age characterized by inflammation and death of capillary
endothelial and alveolar epithelial cells that result in pul-
monary edema and severe impairment of respiratory func-
tions (4, 5). Sufficiently long (

 

�

 

 3 d) exposure to hyperoxia
is lethal (6). Although the precise molecular mechanisms by
which hyperoxia produces lung injury remain unresolved,
excess production of ROS that could overwhelm endoge-
nous antioxidant defenses has been proposed (7).

The time course and severity of injury induced by hy-
peroxia varies as a function of age, gender, and genetic
background (8–11). Significant interstrain variation in re-
sponse to hyperoxic lung injury has been reported in ro-
dents. Greater sensitivity to hyperoxia occurs in Fischer
rats compared with Sprague–Dawley (12, 13) and, among
inbred mice, the C57BL/6J (B6) strain has greater pulmo-
nary inflammation and injury to hyperoxia challenge than
does the C3H/HeJ (C3) strain (14–16). However, the pre-
cise genetic basis for the interstrain differences has not
been identified.

In the present study, we determined chromosomal loci
of susceptibility genes that control hyperoxia-induced pul-
monary injury in mice. Genome-wide screens with BXH

 

recombinant inbred (RI) strains and a B6C3F

 

2

 

 cohort iden-
tified significant and suggestive susceptibility quantitative
trait loci (QTLs) on chromosomes 2 and 3, respectively.

A candidate gene within the chromosome 2 QTL is

 

Nfe2l2

 

 (nuclear factor [NF], erythroid derived 2, like 2 or

 

Nrf2

 

), which encodes a transcription factor NRF2 (NF-E2
related factor 2). Recently, NRF2 has been identified as an
antioxidant response element (ARE)–mediated positive
regulator of detoxifying enzyme genes for protecting cells
against electrophile toxicity, oxidative stress, and carcino-
genicity (17–21). Further, mice with site-directed mutation

 

(knockout) of 

 

Nrf2

 

 (

 

Nrf2

 

�

 

/

 

�

 

) were found to have signifi-
cantly enhanced responsiveness to hyperoxia relative to
wild-type mice (

 

Nrf2

 

�

 

/

 

�

 

) (22). To begin testing the hy-
pothesis that 

 

Nrf2

 

 is a candidate gene for differential sus-
ceptibility to oxygen toxicity in B6 and C3 mice, hyper-
oxia-induced 

 

Nrf2

 

 messenger RNA (mRNA) expression
was evaluated in the lungs of both mouse strains. Se-
quence analysis of 

 

Nrf2

 

 from B6 and C3 mice was also
done to identify the potential molecular basis for differen-
tial susceptibility to hyperoxic pulmonary injury.

 

Materials and Methods

 

Animals

 

B6, C3, B6C3F

 

1

 

/J (F

 

1

 

) hybrid, and BXH RI mice (6 to 8 wk) were
purchased from Jackson Laboratories (Bar Harbor, ME). All an-
imals were housed in a virus- and antigen-free room. Water and
mouse chow were provided 

 

ad libitum.

 

 Cages were placed in lam-
inar flow hoods with high-efficiency particulate-filtered air. Sen-
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tinel animals were examined periodically (titers and necropsy)
to ensure that the animals remained free of infection. All experi-
mental protocols conducted in the mice were carried out in accor-
dance with the standards established by the U.S. Animal Welfare
Acts, set forth in NIH guidelines and the Policy and Procedures
Manual (Johns Hopkins University School of Public Health Ani-
mal Care and Use Committee).

 

Breeding Studies

 

B6C3F

 

1

 

/J mice were intercrossed to produce B6C3F

 

2

 

 progeny in
our animal facilities. Progeny were weaned at 3 to 4 wk of age,
separated according to gender, and housed in microisolation
cages until they reached the appropriate age for experimentation
(6 to 8 wk).

 

Oxygen Exposure

 

Mice were placed on a fine mesh wire flooring in a sealed 45-l
glass exposure chamber. The chamber bottom was lined with
CO

 

2

 

 absorbent (Soda-sorb; WR Grace, Lexington, MA). Water
and mouse chow were provided 

 

ad libitum.

 

 Humidified pure oxy-
gen or air was delivered to the chamber at a flow rate of 7 liters/
min, sufficient to provide 10 changes/h. The concentration of ox-
ygen in the exhaust from the chamber was monitored (Beckman
OM-11; Beckman Instruments, Irvine, CA) throughout the ex-
periments. The oxygen concentration for all experiments ranged
from 95 to 99%. The chambers were opened once a day for 10 min
to replace CO

 

2

 

 absorbent, food, and water.

 

Bronchoalveolar Lavage and Phenotyping

 

Immediately after exposure, mice were removed from the cham-
ber, weighed, and anesthetized with sodium pentobarbital (104
mg/kg). Assessment of pulmonary inflammation and injury was
done using bronchoalveolar lavage (BAL). Lungs were lavaged
four times 

 

in situ

 

 with Hanks’ balanced salt solution (HBSS)
(35 ml/kg, pH 7.2–7.4). Recovered BAL fluid (BALF) from each
mouse was immediately cooled to 4

 

�

 

C. For each mouse, the four
BAL returns were centrifuged (500 

 

�

 

 

 

g

 

, 4

 

�

 

C), and the superna-
tant from the first BAL return was decanted for determination of
total protein (an indicator of lung permeability). Protein concen-
tration was measured following the method of Bradford (23).
The cell pellets from all lavage returns were combined and resus-
pended in 1 ml of HBSS. The numbers of cells (per ml total BAL
return) were counted with a hemocytometer as indicators of lung
injury and inflammation. An aliquot (200 

 

	

 

l) of BAL return cell
suspension was cytocentrifuged (Shandon Southern Products,
Pittsburgh, PA), and stained with Wright–Giemsa stain (Diff-
Quik; Baxter Scientific Products, McGaw Park, IL) for differen-
tial cell analysis. Differential counts for epithelial cells, macro-
phages, and polymorphonuclear leukocytes (PMNs) were done by
identifying 300 cells according to standard cytologic techniques
(24). Epithelial cells in particular were identified by the presence
of cilia.

 

DNA Extraction and Genotyping

 

DNA was extracted from a kidney of each phenotyped F

 

2

 

 animal
and prepared for polymerase chain reaction (PCR). PCR reac-
tions were run in 96-well plates following standard conditions as
previously described (25). Primers for simple sequence-length
polymorphisms (SSLPs) that differed between B6 and C3 pro-
genitors (i.e., informative for linkage mapping) were purchased
from Research Genetics (Huntsville, AL).

 

Genetic Linkage Analyses

 

Linkage analyses were initiated in the F

 

2

 

 cohort by scanning the
entire genome for associations between SSLPs and hyperoxia re-
sponse phenotypes in 25 selected high-responder and nonre-

 

sponder F

 

2

 

 mice (i.e., selective genotyping [26, 27]). Interval anal-
yses were performed on the F

 

2

 

 data set by fitting regression
equations for the effects of hypothetical QTLs at the position of
each SSLP marker and at 1-cM intervals between SSLPs. The
dominance properties of each putative QTL were evaluated by
performing interval analyses using free, additive, recessive, and
dominant regression models. The regressions and significance of
each association (likelihood ratio 

 




 

2

 

 statistic) were calculated by
the Map Manager QTb27 program, which is distributed electron-
ically and available at http://mcbio.med.buffalo.edu/mmQT.html
(28). Putative QTLs identified in the selected F

 

2

 

 mice were fur-
ther analyzed by including the entire cohort and additional mark-
ers within the chromosomal interval identified by selective geno-
typing. Permutation tests were performed on the phenotype and
genotype data to establish empirically the significance thresholds
of all QTL mapping results (Map Manager QTb27 and following
methods of Churchill and Doerge, ref. 29). For the genome scan,
10,000 permutations were performed to establish significant and
suggestive linkage threshold values. These values correspond to
the genome-wide probabilities proposed by Lander and Krug-
lyak (30). To conform to assumptions of the linkage analyses,
BALF protein concentration and cell data were tested for nor-
mality and homoscedasticity.

A second, independent, genome-wide search for QTLs was
done using the mean hyperpermeability and cell response pheno-
types for each RI strain in the BXH RI set. Interval analyses
were done as described for the F

 

2

 

 cohort using markers in the
strain distribution library. Only the additive regression model
was used for the RI analyses. The markers used in these analyses
have been typed for the BXH RI strains by numerous investiga-
tors and are archived in Map Manager (28). Permutation tests
and analysis for linkage were performed as described earlier.

 

Nrf2

 

 mRNA Expression in Lung

 

Total RNA was isolated from left lung following Chomczynski
and Sacchi (31) and as indicated in the Trizol (Life Technologies,
Gaithersburg, MD) reagent specifications. 

 

Nrf2

 

 expression was an-
alyzed by reverse transcriptase (RT)–PCR. Briefly, 500 ng of pooled
RNA from mice of each group (

 

n

 

 

 

�

 

 3/group) was reverse tran-
scribed into complementary DNA (cDNA) in a volume of 50 

 

	

 

l.
Reactions contained 1

 

�

 

 PCR buffer (50 mM KCl and 10 mM Tris,
pH 8.3), 5 mM MgCl

 

2

 

, 1 mM each deoxynucleotide triphosphates
(dNTPs), 125 ng oligo (dT), and 50 U of Moloney murine leuke-
mia virus RT (Life Technologies). PCR was performed with an ali-
quot of cDNA (10 

 

	

 

l) at a final concentration of 1

 

�

 

 PCR buffer,
2 mM MgCl

 

2

 

, 400 

 

	

 

M dNTPs, and 1.25 U 

 

Taq

 

 polymerase in a total
volume of 25 

 

	

 

l using 240 nM each of forward and reverse prim-
ers specific for mouse 

 

Nrf2

 

 (5

 

�

 

-ATGGATTTGATTGACATC
CTT-3

 

�

 

, 5

 

�

 

-CTAGTTTTTCTTTGTATCTGG-3

 

�

 

) and 

 

Actb

 

 (5

 

�

 

-GTG
GGCCGCTCTAGGCACCA-3

 

�

 

, 5

 

�

 

-CGGTTGGCCTTAGGGTTC
AGG-3

 

�

 

) as an internal control. PCR was started with 5 min incu-
bation at 94

 

�

 

C followed by a three-step temperature cycle; dena-
turation at 94

 

�

 

C for 30 s, annealing at 57

 

�

 

C for 30 s, and extension
at 72

 

�

 

C for 1 min for 25 to 30 cycles. A final extension step at
72

 

�

 

C for 10 min was included after the final cycle. The number of
cycles was chosen to ensure that amplification product did not
reach a plateau level. PCR products were separated on ethidium
bromide–stained 1.2% agarose gel. Digitized images of 

 

Nrf2

 

 cDNA
bands were quantitated using a Bio-Rad Gel Doc 2000 Analysis
System (Bio-Rad Laboratories, Hercules, CA), and the ratio of

 

Nrf2

 

 cDNA to 

 

Actb

 

 cDNA was determined and presented.

 

Nrf2

 

 Sequence Analysis

 

Sequence variations in 

 

Nrf2

 

 between B6 and C3 mice were deter-
mined using primers that span the 1-kb promoter and 2.3-kb cod-
ing regions. Primers were designed from the published sequences
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of Chan and colleagues for mouse 

 

Nrf2

 

 promoter (GenBank
U70474) and cDNA (32). PCR conditions were optimized using
the Fail Safe PCR system (Epicentre Technologies, Madison, WI)
to yield a single, specific product of high concentration from which
multiple sequencing reactions were run using internal primers.
ABI-Prism fluorescent methods and reagents were used for subse-
quent analysis on an ABI 377 Automated DNA sequencer (Ap-
plied Biosystems, Foster City, CA). Resultant sequences of each
strain were aligned and compared with the published sequences

 

derived from the 129/SvJ strain (GenBank U70474). Polymorphisms
between B6 and C3 mice were confirmed by repeat and/or overlap-
ping sequence reads, and by analysis of B6C3F

 

1

 

/J mice to demon-
strate heterozygosity. Polymorphisms were analyzed by MacVec-
tor 5.0 (IBI) to determine whether an alteration in the restriction
profile of the segment occurred, enabling development of a restric-
tion fragment-length polymorphism (RFLP) assay.

 

RFLP for the 

 

Nrf2

 

 

 

�

 

336 Promoter Polymorphism

 

Primers were designed to amplify a 326–base pair (bp) fragment of
the promoter, from bp 

 

�

 

93 to 

 

�

 

419. Digestion of the PCR product
with restriction enzyme 

 

Bsu36 I

 

 (New England Biolabs, Beverly,
MA) cut uniquely at the 

 

�

 

336 site in C3 mice resulting in two frag-
ments, or bands, of 242 and 84 bp. In B6 mice, which possess a T 

 

→

 

C substitution (

 

see

 

 R

 

ESULTS

 

), the site is abolished, therefore result-
ing in the presence of only the full-length, 326-bp fragment on the
gel. In C3 mice and F

 

1

 

 mice, two (fragmented 242 and 84 bp) and
three bands (intact 326, and fragmented 242 and 84 bp) were re-
solved, respectively. Bands were easily resolved and heterozygous
F

 

1

 

 and F

 

2

 

 animals were distinguishable and genotyped accordingly.

 

Lung Tissue Preparation for Histopathology

 

Left-lung tissues from air- and hyperoxia (72 h)-exposed B6 and
C3 mice were fixed with zinc formalin, embedded in paraffin, and
sectioned 5 

 

	

 

m thick. Tissue sections were histochemically stained
with hematoxylin and eosin (H&E) for morphologic evaluation of
pulmonary injury.

 

Statistics

 

Linear regression was used to assess the relationship between hy-
peroxia response phenotypes (BALF protein and cells) in F

 

2

 

 ani-

 

TABLE 1

 

Total protein concentration (

 

	

 

g/ml) and numbers
(

 

�

 

 10

 

3

 

/ml) of PMNs and macrophages recovered in
BALF from BXH RI mice after exposure to 100% oxygen

 

Strain or RI* Total Protein PMNs Macrophages

 

RI #2 (5) 612 

 



 

 70 12.0 

 



 

 2.4 90.0 

 



 

 6.7
3 (5) 1,118 

 



 

 260 2.2 

 



 

 0.3 75.4 

 



 

 7.8
4 (5) 1,247 

 



 

 218 6.6 

 



 

 0.7 66.6 

 



 

 7.6
6 (6) 748  81 1.5  0.3 96.0  9.8
7 (6) 1,512  138 13.0  1.6 53.2  8.3
8 (5) 318  56 3.3  0.8 114.6  19.1
9 (5) 1,627  108 4.2  1.6 80.0  8.8
10 (5) 2,500  225 1.5  0.3 48.9  7.5
11 (5) 1,155  175 3.6  0.8 80.8  5.0
12 (6) 1,209  192 12.3  2.6 85.4  5.0
14 (5) 942  198 3.4  1.3 92.1  8.3
19 (5) 595  98 7.4  2.4 84.3  7.8

*Number in parentheses is sample size.
†Means  standard error of the mean.

Figure 1. Frequency distribution of the concentra-
tion (	g/ml) of proteins and the number (� 103/
ml) of macrophages, PMNs, and epithelial cells in
BALF recovered from B6C3F2 mice after 72 h ex-
posure to 100% oxygen.
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mals (n � 88). Data sets were tested for homoscedasticity as re-
quired for parametric analyses, and data that did not meet this
requirement (i.e., heteroscedastic) were transformed (ln or arc-
sine). The analysis was performed using a commercial statistical
analysis package (SigmaStat; Jandel Scientific Software, San
Rafael, CA). Statistical significance was accepted at P � 0.05.

Results
Hyperoxia Phenotypes in B6C3F2 and BXH RI Mice

BXH RI (Table 1) and F2 mice were exposed to 100% ox-
ygen for 72 h and phenotyped for changes in total protein
(a marker of lung permeability) and inflammatory and en-
dothelial cells recovered by BAL. The frequency–response
distribution of each phenotypic parameter in the F2 ani-
mals (Figure 1) was within the ranges of similarly exposed
B6 and C3 mice. Linear regression analysis was used to de-
termine whether the response phenotypes cosegregated in
the F2 mice. Statistically significant correlations (P � 0.05)
were found between numbers of epithelial cells and in-
flammatory cells (i.e., PMNs and macrophages), and be-
tween the numbers of inflammatory cells (Figure 2). Inter-
estingly, no correlation was found between BALF protein
and any of the cell types.

Genetic Linkage Analyses

A genome-wide search for QTLs was initially performed
with 25 selected high-responder (n � 13) and nonresponder
(n � 12) mice from an F2 cohort (selective genotyping;
refs. 26 and 27) genotyped at 117 SSLPs. Suggestive QTLs
were identified on chromosomes 2 and 3 (Figure 3). Poten-
tially important linkages were also found on chromosomes
1, 4, and 11 (Figure 3). The putative QTLs on chromosomes
2 and 3 were analyzed further by including the entire F2 co-
hort (n � 88 mice, 176 meioses) and 18 additional SSLPs.
Interval mapping confirmed a susceptibility locus for mac-

rophage, epithelial cell, and PMN phenotypes on chromo-
some 2 between D2Mit271 and D2Mit476 (Figure 4). The

2 value for the QTL with PMNs (13.2) exceeded the thresh-
old value for statistically significant linkage and approached
the threshold for highly significant linkage (Figure 4A).
The 
2 values for linkage of macrophage (6.9) and epithelial
cell (10.7) responses to the same interval also exceeded
the suggestive linkage threshold (5.5 and 3.3, respectively)
(Figures 4B and 4C). Statistical association (
2 � 9.7) of the
chromosome 3 QTL with the protein phenotype exceeded
the suggestive linkage threshold (5.7), but did not reach sta-
tistical significance (13.9) (data not shown). In this model,
the observed peaks in the QTLs associate with the B6 al-
lele. We have designated the chromosome 2 QTL as hyper-
oxia susceptibility locus (Hsl) 1 and the chromosome 3 QTL
as Hsl2. Composite interval mapping was done to deter-
mine the potential influence of Hsl2 on Hsl1. When Hsl2
was controlled, the 
2 value of Hsl1 did not change, which
suggested that the two QTLs were independent. The total
trait variance explained by Hsl1 between D2Mit37 and
D2Mit94, which has the highest likelihood ratio statistics
in the QTL, was approximately 42%. The total trait vari-
ance explained by Hsl2 at D3Mit266 and D3Mit43 was ap-
proximately 13%. A second, independent genome scan for
susceptibility loci was done using the BXH RI set. Associ-
ations were tested between the quantitative hyperoxia re-
sponse phenotypes and 558 SSLPs and other polymorphic
markers that have been typed for the BXH RI strains (28).
Interval analyses identified suggestive QTLs on chromo-
somes 2 and 3 that overlapped those identified by the F2
cohort analysis (Table 2).

Nrf2 mRNA Expression

Comparative mapping of Hsl1 between D2Mit37 and
D2Mit382 identified a candidate susceptibility gene, Nrf2,
which is known to regulate the expression of several anti-
oxidant and phase 2 enzyme genes bearing ARE in their 5�
upstream promoter region. Previous work from our labo-
ratory has determined that targeted disruption of Nrf2 sig-
nificantly enhanced susceptibility to hyperoxic lung injury
in mice (22). To examine the putative role of Nrf2 in dif-
ferential hyperoxia susceptibility in the current study, we
first determined Nrf2 mRNA expression kinetics in B6
and C3 mice by RT-PCR. Basal Nrf2 mRNA levels in the
lungs were approximately 1.8-fold higher in C3 mice than
in B6 mice (Figure 5A). Hyperoxia increased Nrf2 mRNA
expression slightly over the basal levels as early as 1.5 h in
both strains. The induced mRNA levels remained elevated
in C3 mice by 48 h exposure, and increased again at 72 h.
Nrf2 mRNA levels decreased below basal expression in
B6 mice at 24 h exposure, and remained depressed by 48 h.
A marked increase similar to C3 mice was observed after
72 h of exposure. The induced levels of Nrf2 mRNA were
62 to 64% greater in C3 mice than in B6 mice at 1.5 and 6 h,
and were 2.6-fold greater at 48 h. No difference in Nrf2
mRNA levels was detected between B6 and C3 mice at 72 h.

Sequence Analysis of Nrf2

Sequence analysis of the Nrf2 promoter in B6 and C3 mice
revealed several variations between each other and the pub-
lished sequence (129/SvJ) used for our comparisons (32). B6

Figure 2. Cosegregation plots of the number (� 103/ml BAL re-
turn) of epithelial cells versus PMNs (A), epithelial cells versus
macrophages (B), macrophages versus PMNs (C), and proteins
(	g/ml BAL return) versus epithelial cells (D) recovered from
B6C3F2 mice after 72 h exposure to 100% oxygen. r � correla-
tion coefficient. Symbols represent responses from each B6C3F2
animal. Group size is 88 for each panel.
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mice possess a G → C substitution at �89, and have T → C
substitutions at �197, �336, and �479. B6 mice also have an
additional C within a poly-C tract at �519; in C3 mice the C
repeat extends only to � 518. C3 mice have a T → A substitu-
tion at �1,040. B6 and C3 both possess an A → C substitution
at �241 and a six-bp deletion from �454 to �459 compared
with 129/SvJ.

Putative transcription factor binding sites within this
entire region, and potential alterations resulting from such
variations between strains, were analyzed using the TF-
SEARCH program (http://pdap1.trc.rwcp.or.jp/research/db/
TFSEARCH.html). The �336 polymorphism (Figure 5B) is
predicted to add a Sp1 transcription factor-binding site in B6
mice compared with C3. To determine whether the polymor-
phism segregated with susceptibility phenotype, we designed
an RFLP assay to genotype B6C3F2 mice. Within a 326-bp
amplified segment of the promoter, the restriction enzyme
Bsu36 I cut uniquely at the �336 site in C3 mice, and enabled
resolution of B6 and C3 genotypes (Figure 5C). The �336

RFLP genotypes of the F2 mice cosegregated with informa-
tive SSLP genotypes (D2Mit248 and D2Mit94) at the peak of
Hsl1 QTL and located 1-cM distal to Nrf2 locus (46 cM). The
�336 polymorphism was also significantly linked with the hy-
peroxia-induced inflammatory and permeability phenotypes
in the F2 cohort (
2 � 13.5) (see Figure 4A).

Three polymorphisms were found in the entire coding
and 3� untranslated regions of Nrf2 in cDNAs from B6,
C3, and B6C3F1/J mice. C3 mice have a T → C substitu-
tion at bp 211, a C → T substitution at 271, and a G → A
substitution at 1,021, compared with B6 mice. However,
the corresponding amino acids Phe71, His91, and Thr341,
respectively, remain unaltered.

Lung Histopathology

No significant pathology was observed in lungs of air-
exposed B6 (Figure 6A) and C3 (Figure 6B) mice as as-
sessed by light microscopy. The lungs were normal, with
regularly shaped alveoli. However, hyperoxia-exposed B6

Figure 3. A genome-wide search for QTLs by selective genotyping of the B6C3F2 cohort. The x-axis for each plot is the length of the
chromosome in centimorgans (cM). The y-axis is the likelihood ratio 
2 statistic. The significance of each association (likelihood ratio 
2

statistic) was calculated by Map Manager QTb27. To establish empirically the significance thresholds of all QTL mapping results, per-
mutation tests were performed using Map Manager and following methods of Churchill and Doerge (29). A total of 10,000 permuta-
tions were performed to establish significant and suggestive linkage threshold values. These values corresponded to the genome-wide
probabilities proposed by Lander and Kruglyak (30). The upper and lower horizontal lines in each plot represent significant and sugges-
tive linkage thresholds, respectively.
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mice had diffuse and extensive lung parenchymal injury,
mainly characterized by severe intra-alveolar plasma exu-
dates and cellular debris; macrophage (predominant) and
PMN infiltration in interstitial, alveolar, perivascular, and
air spaces; alveolar epithelial cell necrosis; and sloughing
of cells (Figures 6C and 6E). Congestion (increases in the
number of red blood cells), thickening of alveolar septum,
and perivascular swelling were also observed throughout
the lungs of B6 mice after hyperoxia exposure (Figures 6C
and 6E). Destruction of alveolar structure was obvious in
these animals. In contrast, moderate epithelial necrosis, in-
tra-alveolar exudates and cellular debris, inflammation,
and thickening of alveolar septum were noted in the lungs
of hyperoxia-exposed C3 mice (Figures 6D and 6F). The
pathology in these mice was scattered and focal.

Discussion
Evidence supporting the role of genetic predisposition to
hyperoxic lung injury can be inferred from the experience
with BPD in premature infants supplemented with oxy-
gen. Increased incidence of BPD among infants with the
HLA-A2 haplotype has been demonstrated (33). Data
from a twin study in which BPD status of the first twin re-
mained a highly significant predictor of BPD in the second
twin also implied possible genetic influence in the devel-
opment of BPD (34). Genetic influence on oxygen toxicity
is also supported by interstrain variation in timing and ap-
pearance of hyperoxic lung injury among inbred mice (10,
11, 14–16) and rats (12, 13). Previous genetic analyses of
pulmonary responses to hyperoxia in our laboratory sug-
gested that susceptibility is not inherited as a Mendelian
trait (14), i.e., the responses are quantitative or multigenic.
In the present study, independent genome-wide linkage
analyses with RI strains and F2 mice identified hyperoxia
susceptibility QTLs on mouse chromosomes 2 (Hsl1) and 3
(Hsl2). This is the first demonstration that specific genetic
loci play key roles in differential pulmonary responses to
hyperoxia.

Comparative mapping of Hsl1 identified potential can-
didate susceptibility genes, including Itga4 (integrin alpha
4), Itgav (integrin alpha V), Chrm4 (cholinergic receptor,
muscarinic 4), Prkar1b-rs (protein kinase, cyclic adenosine
monophosphate–dependent regulatory), and Nrf2. How-
ever, with the exception of Nrf2, there is currently little

Figure 4. Plots of the likelihood ratio 
2 statistic (black), additive
regression coefficient (red), and dominance regression coefficient
(blue) for the association of hyperoxia-induced changes in PMNs
(A), macrophages (B), and epithelial cells (C) with polymorphic
SSLP markers (open circles) on chromosome 2 in B6C3F2 ani-
mals. The 
2 statistic ( y-axis) is plotted against the markers in the
correct order and genetic distance (x-axis). The regressions and
significance of each association (likelihood ratio 
2 statistic) were
calculated by Map Manager QTb27. Highly significant, signifi-
cant, and suggestive linkage thresholds were determined by per-
mutation test and are presented (green lines). Linkage of the Nrf2
promoter polymorphism (see RESULTS) with hyperoxia suscepti-
bility is indicated in A.

TABLE 2

Descriptive statistics for suggestive QTLs identified by
BXH RI analysis of three response phenotypes

for hyperoxic lung injury

Phenotype Chromosome
Approximate

Position (cM)* Peak 
2 Statistic† P Value

Macrophages 2 45.0 15.4 0.00009
3 71.2 8.0 0.00470

PMNs 3 8.0 16.6 0.00005
Total Protein‡ 2 33.0 10.0 0.00155

3 26.4 13.7 0.00022
3 53.7 7.0 0.00080

*The approximate center of the QTL.
†Likelihood ratio 
2 statistic for linkage.
‡A marker of lung permeability.
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evidence to support any of these genes in oxidative lung
injury. NRF2 is a cap’n’collar-basic region leucine zipper
transcription factor originally detected in erythroid cells

but is expressed abundantly in murine liver, intestine, lung,
and kidney, where detoxification reactions occur routinely
(32). Because of high similarity between the NRF2-binding
sequence (NF-E2 motif) and the ARE in regulatory regions
of several phase 2 detoxifying enzymes (e.g., nicotinamide
adenine dinucleotide phosphate:quinone oxidoreductase 1
[NQO1]; glutathione-S-transferases [GSTs]) (20), NRF2
has been proposed as a putative mediator of ARE responses.
Recent studies using Nrf2-knockout mice and Nrf2-trans-
fected or -deficient cell lines revealed that NRF2, in associa-
tion with other transcription factors such as c-Jun and small
Maf, played an essential role in ARE-mediated induction
of protective phase 2 enzymes including NQO1, GST, or
�–glutamylcysteine synthetase (GCS) and heme-oxygenase-1
(HO-1) (17–19, 21, 35). Further, a recent study by Chan and
Kan (36) showed that Nrf2-knockout mice exposed to buty-
lated hydroxytoluene (BHT) had lower levels of RNA tran-
scripts for classical antioxidant enzymes including super-
oxide dismutase (SOD) 1 and catalase as well as phase 2
enzymes including NQO1 and GCS in lungs. Nrf2-knock-
out mice were also more susceptible to acute lung injury
than were similarly exposed wild-type mice. In contrast to
oxidative toxicity induced by hyperoxia, BHT is metaboli-
cally activated to reactive quinone methide derivatives, which
are thought to mediate its cytotoxic action (37). Nrf2-knock-
out mice also show high sensitivity to acetaminophen hepato-
toxicity (38) and benzo[a]pyrene gastric carcinogenesis (39).

Classical antioxidants, including SODs, catalase, and glu-
tathione reductase, have been relatively well documented as
defense enzymes against hyperoxic pulmonary injury (e.g.,
40, 41). Although limited information is available, investiga-
tors have also suggested indirect antioxidant roles of sev-
eral phase 2 detoxifying enzymes in oxidative injury models
(42, 43). In pulmonary tissues (44) or cells (45), enhanced
mRNA expression of NQO1 and GCS concomitant with in-
creased enzyme activities were elicited by oxidant exposure
(e.g., hyperoxia, hydrogen peroxide). In addition to the
phase 2 enzymes, HO-1 was determined as an important en-
zyme in the pulmonary protection against hyperoxic lung
injury in rats (46). We recently determined that Nrf2-defi-
cient mice with attenuated basal and/or induced mRNA ex-
pression of several phase 2 enzymes (e.g., NQO1, GST-Ya)
and HO-1 are significantly more susceptible to inflamma-
tory and hyperpermeability responses to hyperoxia expo-
sure compared with wild-type mice (22). Further, Ishii and
coworkers (47) demonstrated that peritoneal macrophages
isolated from Nrf2-knockout mice have impaired induction
of oxidative stress–inducible proteins (e.g. HO-1; A170, per-
oxiredoxin MSP23), which enhanced susceptibility to elec-
trophiles and oxidants. Our linkage results, as well as these
previous reports, led us to hypothesize that defects or alter-
ations in the expression and/or activity of Nrf2 lead to de-
creased production of ARE-regulated antioxidant/defense
enzymes in the lung, and cause greater sensitivity of the sus-
ceptible mice to hyperoxic pulmonary injury.

Sequence analysis of the Nrf2 promoter in B6 and C3
mice identified a T → C substitution at the �336 position
that is predicted to cause an additional Sp1 binding site in
B6 mice. Importantly, this polymorphism cosegregated in
the F2 cohort with hyperoxia susceptibility and informa-
tive SSLPs in Hsl1. Sp1, together with NF-�B and activa-

Figure 5. Detection of strain-specific variation in lung Nrf2
mRNA expression (A) and polymorphism in Nrf2 promoter se
quence (B and C). (A) Changes of Nrf2 mRNA expression in B6
and C3 mice after 1.5, 6, 24, 48, and 72 h exposure to hyperoxia
(B) Sequence chromatographs from the Nrf2 promoter of B6, C3
and B6C3F1/J mice showing a T → C substitution at position �336
that is predicted to add a Sp1 binding site in B6 mice. (C) RFLP for
the T → C substitution at �336 in B6, C3, and B6C3F1 (F1) mice.
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tor protein-1, is known as a redox-sensitive transcription
factor. However, only a few studies have demonstrated the
involvement of Sp1 in lung responses to hyperoxia. For ex-
ample, hyperoxia-induced increase of Sp1/Sp3 binding is
known to induce transcriptional upregulation of an oxi-
dant stress-dependent gene, Na,K–adenosine triphosphatase,
in lung epithelial cells (48). Howlett and associates (49)
demonstrated that inhaled nitric oxide (NO) protected
against hyperoxia-induced apoptosis and inflammation in
rat lungs, and this protection may be attributed to NO-
induced inhibition of transcription factors, including Sp1.
The mechanisms through which the �336 polymorphism
in Nrf2 contributes to the differential susceptibility to the
hyperoxic lung injury have not been identified. However,
it could be postulated that the �336 site has higher affinity
for Sp1 proteins (than do other Sp1 sites in the promoter),
and loss of this crucial Sp1 site may confer dysregulation
of downstream hyperoxia-responsive genes. This, in turn,
could lead to decreased lung injury or increased protection
in the resistant C3 strain. We are conducting in vitro stud-
ies to resolve the role of �336 polymorphism in the differ-
ential sensitivity to hyperoxic lung injury. Together with the
differential expression of constitutive and induced Nrf2
mRNA levels in B6 and C3 mice and the results from func-
tional analysis of Nrf2 using gene-targeted mice (22), these
observations provide strong supportive evidence for the
importance of this candidate gene in differential suscepti-
bility to hyperoxic lung injury.

Composite interval mapping analyses demonstrated that
there was no interaction between Hsl1 and Hsl2 for cellular
and hyperpermeability phenotypes. The minor QTL on
chromosome 3 (Hsl2) includes a number of candidate genes,
one of which is NfkB. NF-�B is known as a redox-sensitive
transcription factor directly or indirectly activated by oxi-
dative insult including hyperoxia (50, 51). Activated NF-�B
induces proinflammatory cytokines including tumor ne-
crosis factor (TNF)-�, interleukin (IL)-1�, IL-6, and IL-8
in pulmonary airways (50, 52). Importantly, Johnston and
colleagues (16) demonstrated that, relative to the B6 strain,
C3 mice had delayed expression of hyperoxia-inducible
TNF-�, IL-1�, and IL-6 that was reflective of later injury.
A recent in vitro study suggested that NF-�B contributes to
hyperoxia-induced necrosis of alveolar cells (53). It is there-
fore postulated that NF-�B could be one of the genetic de-
terminants that contribute to the increased susceptibility of
mice to oxygen toxicity.

The genetic linkage analyses provided strong evidence
that Hsl1 and Hsl2 largely control hyperoxia-induced cel-
lular and permeability response. To further test the hypothe-
sis that different genetic mechanisms control these responses
to hyperoxia, we applied linear regression analyses for
these phenotypes from the F2 cohort. We reasoned that if
the phenotypes were mechanistically and genetically re-
lated, then hyperoxia-induced inflammatory and epithelial
cell changes would be coinherited with hyperpermeability
in segregant progeny of B6 and C3 mice. The cosegrega-

Figure 6. Light photomicrographs of lungs from room
air-exposed B6 (A) and C3 (B) mice, or from hyper-
oxia (72 h)-exposed B6 (C and E) and C3 (D and F)
mice. Higher magnification (E and F ) was applied to
mice exposed to hyperoxia for better visualization of
lung injury. Tissue sections were stained with H&E.
Bar � 100 	m. AV, alveoli; TB, terminal bronchiole;
V, blood vessel; thin arrow, inflammatory cells; thick
arrow, exudates.
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tion analyses indicated there was statistically significant
correlation between epithelial cell and any of the inflam-
matory cell responses as well as among inflammatory cell
responses. In contrast, no significant correlation was ob-
served between protein and cell responses. These analyses
suggest that similar genetic mechanisms control the cell
response in lungs exposed to oxygen, but lung permeabil-
ity change may be controlled by a different mechanism(s).
The dissociation of inflammatory and hyperpermeability re-
sponses in the lung has been demonstrated by a number of
studies with oxidants. For example, depletion of PMNs with
anti-PMN antibodies (54) or induction of PMN infiltration
(55) before exposure did not affect the magnitude of pul-
monary hyperpermeability induced by ozone (O3) in rodents.
It was subsequently determined that O3-induced lung cellular
responses (i.e., epithelial injury and inflammation) but not
lung hyperpermeability were mediated by Tnf (56). Further,
O3-induced lung hyperpermeability but not cellular inflam-
mation is mediated via inducible NO synthase (57, 58).

In conclusion, results strongly support linkage of suscepti-
bility to hyperoxic lung injury with Hsl1 and Hsl2. Strain-
specific variation in Nrf2 mRNA expression and the promoter
polymorphism that segregated with hyperoxic pulmonary
phenotypes and informative SSLP marker genotypes on chro-
mosome 2 support Nrf2 as a susceptibility gene in hyperoxic
lung injury. The current results provide new and important in-
sights into the molecular mechanisms underlying oxygen tox-
icity in pulmonary airways. Further investigation of the Hsls
should lead to improved strategies for the therapy of oxidant-
mediated respiratory diseases.
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