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The liver X receptors (LXRs) have been known as sterol sen-
sors that impact cholesterol and lipid homeostasis, as well as
inflammation. Although the hepatic functions of LXRs are well
documented, whether and how LXRs play a pathophysiological
role in the lung remain largely unknown. Here we show that
LXRa and LXRf3 are expressed in both type I and type II mouse
lung epithelial cells, as well as in human lung cancer cells. To
study the role of LXRa in vivo including the pulmonary function
of this LXR isoform, we created LXRa knock-in (LXR-KI) mice
in which a constitutively activated LXRa (VP-LXRa) was
inserted into the mouse LXRa locus. We show that activation of
LXR in LXR-KI mice or LXR agonist-treated wild type mice
induced pulmonary expression of genes encoding multiple anti-
oxidant enzymes. Consistent with the induction of antioxidant
enzymes, LXR-KI mice and LXR ligand-treated wild type mice
showed a substantial resistance to lipopolysaccharide-induced
lung injury and decreased production of reactive oxygen species.
In summary, we have uncovered a novel role of LXR in regulat-
ing antioxidant enzymes in the lung and the implication of this
regulation in pulmonary tissue protection.

Reactive oxygen species (ROS),> such as hydroxyl radicals,
superoxide (O,), and H,O,, are highly reactive molecules pro-
duced during normal cellular processes involving oxygen, as
well as during pathological responses by leukocyte enzymes. A
variety of pro-inflammatory compounds, such as lipopolysac-
charide (LPS), cytokines, chemokines, and lipid mediators, are
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capable of activating leukocytes to generate ROS. ROS causes
cellular damages by reacting with macromolecules, resulting in
derangements, such as mutations in DNA, alteration in protein
function, and membrane damage caused by lipid peroxidation
(for reviews, see Refs. 1-3).

The lung is an organ susceptible to oxidative stresses that are
derived from oxygen or inflammatory responses (1, 4). The
imbalance of oxidants and antioxidants plays an important role
in the development of various pulmonary diseases, such as
acute respiratory distress syndrome and chronic obstructive
pulmonary disease (5, 6). Oxidative stress also affects inflam-
matory responses and alters the balance of cytokines (7). To
neutralize free radicals and counteract the detrimental effect of
ROS, cells express a wide array of endogenous antioxidant
enzymes. These include “direct antioxidants,” such as superox-
ide dismutases (SODs), catalase, and glutathione peroxidase, as
well as “indirect” antioxidant enzymes, such as glutathione
S-transferases (GSTs), metallothioneins, and NADPH:quinone
oxidoreductase (8, 9). Proper regulation of these antioxidant
enzymes is essential for mammals to maintain balances
between oxidants and antioxidants.

Among antioxidant enzymes, GST's are a family of Phase II
enzymes that catalyze the conjugation of the tripeptide GSH to
a variety of hydrophobic, electrophilic, and cytotoxic sub-
strates. The majority of GST substrates are either xenobiotics
or products of oxidative stress that are toxic and/or carcino-
genic to cells. The formation of a thioether bond between elec-
trophiles and GSH almost always yields a conjugate that is less
reactive than the parent compounds, and therefore the GST-
mediated conjugation generally results in xeno- and endobiotic
detoxification and cancer prevention (10).

LXRs, including the « and B isoforms, belong to the orphan
nuclear receptor family of transcription factors. LXRa shows
high expression in selected tissues, including the liver, lung,
adipose, intestine, and kidney. In contrast, LXRf is ubiqui-
tously expressed (for a review, see Ref. 11). LXRs regulate gene
expression by forming heterodimers with the retinoid X recep-
tor and binding of LXR-retinoid X receptor heterodimers to
LXR-responsive elements found in the target gene promoters.
LXR-responsive elements are typically composed of two direct
hexameric repeats separated by four nucleotides (DR4) (12, 13).
Other types of LXR-responsive elements, such as IR-0 and
ER-8, have also been reported (14, 15). It is widely accepted that
LXRs play an important role in cholesterol metabolism and
triglyceride synthesis in various tissues (16 —21). LXRs have also
been shown to inhibit inflammatory gene expression and pre-
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vent either bacterial or LPS-triggered inflammatory responses
in macrophages (22). In addition, LXR signaling can impact
antimicrobial responses by regulating macrophage gene
expression and apoptosis (23). Although the hepatointestinal
functions of LXRs have been well documented, whether and
how LXRs play a role in the pathophysiology of the lung remain
largely unknown.

In this study, we have uncovered a novel role for LXRs in
preventing lung injury. The pulmonary protective function of
LXRs is likely due to the positive regulation of antioxidant
enzymes by these receptors.

EXPERIMENTAL PROCEDURES

Creation of LXRa-KI Mice—The LXRa knock-in targeting
construct was generated by placing VP-LXRa ¢cDNA (14) in-
frame and immediately after the endogenous ATG start codon
in the mouse LXRa locus. VP-LXRa cDNA was constructed by
fusing the VP16 activation domain of the herpes simplex virus
in-frame to the amino terminus of mouse LXRa cDNA. The
SV40 poly(A) sequence was added downstream to terminate
the transcription of LXRa, and the PGK-Neo selection marker
was engineered thereafter. The selections of short arm and long
arm sequences predict that after homologous recombination,
part of exon 2, exons 3-7, and the introns in between will be
replaced by the VP-LXRa-SV40-PGK-Neo cassette. The tar-
geting construct was linearized by Notl digestion and electro-
porated into the Strain 129S1/X1 mouse embryonic stem cell
line R1 (24) under the conditions previously described (25).
After G418 (200 pg/ml) selection, embryonic stem cell clones
were picked, expanded, and screened by Southern blot anal-
ysis. Positive clones were microinjected into C57BL/6] blas-
tocysts. Chimeric male progeny were crossed with C57BL/6]
females. Germ line transmission of the knock-in allele was
detected in agouti progeny by Southern blot analysis. A three-
primer PCR was designed for subsequent mouse genotyping,
with a forward primer and a reverse primer from LXRq, yield-
ing a 466-bp product from the wild type allele. The knock-in
reverse primer is from the VP16 coding sequence and amplified
a 362-bp product from the knock-in allele. The mice used in
this study were maintained in the C57BL/6]-Strain 12951/X1
mixed background. Wild type mice of the same genetic back-
ground were used where applicable.

Microarray Analysis—Lung total RNA from three LXR-KI
male mice was pooled, paired with pooled samples from three
WT males, and subjected to Affymetrix microarray analysis at
the University of Pittsburgh Department of Pathology Gene
Array Laboratory. We used the Affymetrix mouse 430A Chip
(Santa Clara, CA) that contains 45,000 probe sets to analyze the
expression level of over 39,000 transcripts and variants from
over 34,000 well characterized mouse genes. After hybridiza-
tion, the chips were scanned in an Agilent ChipScanner to
detect hybridization signals. Hybridization data were exported
and analyzed using GeneSpring 4.2 software (Silicon Genetics,
Redwood, CA). The microarray data has been deposited to the
NCBI/Gene Expression Omnibus website.

LPS-induced Lung Injury and LXR Ligand Treatment—For
the LPS treatment, 12-week-old mice were anesthetized by
intraperitoneal injection with ketamine (150 mg/kg) and xyla-
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zine (10 mg/kg) and subjected to intranasal instillation of LPS
(10 ug/each mouse) or vehicle (saline) in a volume of 50 ul as
previously described (26). LPS from Escherichia coli 0111:B4
was purchased from Sigma. The mice were sacrificed 24 h after
the intranasal instillation. For LXR ligand treatment, daily
gavage of TO1317 (10 mg/kg) or GW3965 (20 mg/kg) in a total
volume of 100 ul was given starting 7 days prior to the LPS
treatment.

Bronchoalveolar Lavage (BAL) Fluid Collection, Cell Count-
ing, and Thiobarbituric Acid-reactive Species (TBARS) Assay—
Twenty-four hours after LPS instillation, the mice were sacri-
ficed, and BAL fluids were collected by washing three times
with 0.8 ml of sterile saline. The recovered BAL fluids were
centrifuged at 300 rpm for 10 min. The total BAL cells were
counted using a hemocytometer. The polymorphonuclear neu-
trophils were selectively identified and counted after staining
with the Wright solution. The cell-free supernatant fluid was
collected and subjected to the measurement of protein concen-
tration using a BCA protein assay kit (Pierce) and TBARS assay.
The formation of TBARS during an acid-heating reaction was
measured as previously described (27). In brief, 100 ul of BAL
fluid was mixed with 0.5 ml of trichloroacetic acid (10%) and 0.5
ml of thiobarbituric acid (0.67%) and then heated in a boiling
water bath for 30 min. TBARS was determined spectrophoto-
metrically by the absorbance at 535 nm using 1,1,3,3-tetrame-
thoxypropane as the external standard.

Measurement of Myeloperoxidase (MPO) Activity—T o meas-
ure MPO activity in the lung, lung tissues were homogenized
and sonicated in 50 mm KPO, buffer containing 0.5% hexade-
cyltrimethylammonium bromide and 5 mm EDTA. After cen-
trifugation at 12,000 X g for 10 min at 4 °C, the supernatants
were collected and incubated in 50 mm sodium phosphate
buffer (pH 6.0) containing the substrate H,O, (0.0006%). In the
presence of O-dianisidine dihydrochloride (167 ug/ml), the
MPO activity was determined spectrophotometrically by meas-
uring the change in absorbance at 460 nm over 3 min using a
96-well plate reader from Molecular Devices (Sunnyvale, CA).
The results are presented as OD change/min/mg of protein
(28).

SOD, Catalase, and GST Enzymatic Assays—SOD, catalase,
and GST activities were measured as described previously (29).
In brief, lung and tissues were homogenized in 20 mm potas-
sium phosphate (pH 7.0) and 2 mm EDTA using a Brinkmann/
Kinematica Polytron PT3000 homogenizer equipped with a
PT/DA 3007/2 probe (Brinkmann Instruments, Westbury,
NY). Ten percent (w/v) homogenates were clarified by centrif-
ugation at 12,000 X g for 30 min at 4 °C, and the supernatants
were immediately used for the measurement of GST activity
using an assay kit from Cayman Chemical (Ann Arbor, MI).
SOD activity was measured according to the method described
by Paoletti and Mocali (30). Catalase activity was measured by
the rate of decrease in hydrogen peroxide absorbance at 240 nm
as described previously (31). One unit of catalase activity was
defined as the rate constant of the first order reaction. The
catalase activity was expressed as units/mg of protein.

Phospholipid Assay—One ml of cell-free BAL fluid was
mixed with 3.75 ml of chloroform/methanol (1:2; v/v), followed
by the addition of 1.25 ml of chloroform and 1.25 ml of double
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distilled H,O. The mixture was centrifuged at 1000 rpm for 10
min. The lower lipid phase was collected and dried under nitro-
gen gas (32). For phospholipid assay, the lipid extract was added
with 0.65 ml of perchloric acid and was placed in a heat block at
180 °C for 30 min. After adding 3.3 ml of H,O, 0.5 ml of 2.5%
molybdate, and 0.5 ml of 10% ascorbic acid, the sample was
placed in a boiling water bath for 5 min. The absorbance of
cooled samples was read at 800 nm. The solution of KH,PO,
(100 ug P/ml) served as the external standard (33).

Histology, Immunohistochemistry, and Immunofluorescence—
Mouse lung tissues were inflation-fixed with 10% formalde-
hyde in phosphate-buffered saline at 20 cm of H,O pressure.
Paraffin-embedded tissues were sectioned at 5-um thickness,
and the sections were stained by hematoxylin and eosin for
general histological evaluation. For immunohistochemistry,
frozen sections were fixed with acetone, and endogenous per-
oxidase activity was quenched with 0.6% hydrogen peroxide in
methanol. The slides were blocked with 5% horse serum in
phosphate-buffered saline for 45 min at room temperature. The
slides were then incubated with a 1:100 dilution of mouse
monoclonal anti-LXRa antibody (PP-PPZ0412-00) from Per-
seus Proteomics (Tokyo, Japan) overnight at 4 °C. The slides
were rinsed and then incubated with a 1:200 dilution of biotin-
ylated anti-mouse secondary antibody. The slides were rinsed
again, sequentially incubated with streptavidin peroxidase fol-
lowed by aminoethyl carbazole substrate solution, then rinsed,
and counterstained with hematoxylin. For immunofluores-
cence, frozen sections were fixed with acetone, and nonspecific
binding sites were blocked with 10% donkey serum for 30 —60
min and rinsed for three times. The slides were incubated with
a mouse anti-LXRa antibody (1:100 dilution) and a rabbit anti-
surfactant protein B (SPB) antibody (1:200 dilution; Chemicon,
Temecula, CA) overnight at 4 °C and subsequently with fluo-
rescein isothiocyanate-conjugated donkey anti-mouse IgG
(1:200 dilution) and Cy3-conjugated donkey anti-rabbit IgG
(1:100 dilution) for 1 h in a darkroom at room temperature. The
slides were rinsed three times and visualized using an Olympus
FV1000 confocal microscope.

Quantitative Real Time Reverse Transcription-PCR and
Northern Blot Analysis—Total RNA was extracted with the
TRIzol reagent from Invitrogen. Real time PCR using SYBR
Green-based assays was performed with the ABI 7300 real time
PCR system as we previously described (34). All real time PCR
results were normalized against the housekeeping gene cyclo-
philin. PCR primer sequences are listed in supplemental Table
S1. When the expression of LXRs was compared between tissue
types and/or cell lines, LXRa and 3 copy numbers were calcu-
lated according to the standard curve of five serial dilutions of
double-stranded plasmid DNA ranging from 10° to 10" mole-
cules. In these cases, LXR copy numbers were expressed as copy
numbers/pg of RNA. Northern blot analysis using [**P]dCTP-
labeled full-length mouse LXRa cDNA probe was performed as
we previously described (28).

Cell Culture and LPS Treatment—A549 cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% (v/v) fetal bovine serum at 37 °C and saturated humid-
ity (5% CO,, 95% air) in a CO, incubator. The cells were pre-
treated with GW3965 (10 um) or vehicle (Me,SO) for 24 h,
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FIGURE 1. Both LXRa and LXRf are abundantly expressed in mouse lung
and A549 human lung cancer cells. A, the mRNA expression of LXRa and
LXRB in mouse lung as compared with liver, duodenum, kidney, and spleen.
The mRNA expression was measured by real time PCR analysis. The copy
numbers were calculated according to a standard curve of five serial dilutions
of double-stranded plasmid DNA ranging from 10% to 10” molecules (n = 3 for
each group). B, panels a and b, immunostaining of lung sections using normal
IgG (panel a) and anti-LXR« (panel b). Arrows and arrowheads indicate type |
and type Il lung epithelial cells, respectively. Panels c- e,immunofluorescence
to localize the expression of SPB (panel ), LXRa (panel d), and their merged
image (panel e). C, the mRNA expression of LXRa and LXRB in the lung cancer
A549 cells as compared with human hepatocytes and HepG2 cells.

followed by a 24-h treatment of LPS (100 nm). Total RNA was
extracted and subjected to real time PCR analysis.

Statistical Analysis—The results are expressed as the
means * S.D. One-way analysis of variance and Tukey’s test
were used for statistical analysis using GraphPad Prism version
4.0. p values of less than 0.05 were considered statistically
significant.

RESULTS

Both LXRa and LXRP Are Abundantly Expressed in Mouse
Lung and A549 Human Lung Cancer Cells—LXRa is known for
its high expression in the liver, intestine, and kidney (11). We
showed that LXRa was also expressed in mouse lung and
human lung cancer cells. The mRNA abundance of LXRa in the
mouse lung was ~20% that of the liver based on the copy num-
bers determined by real time PCR (Fig. 14). LXRp is known to
be ubiquitously expressed, and its mRNA abundance in the
lung was similar to that in the liver (Fig. 14). Immunohisto-
chemical analysis showed that LXR« (Fig. 1B, panel b) was
expressed in both type I and type II epithelial cells based on the
morphologies of both cell types. It appeared that LXRa is
expressed in both the nuclei and cytoplasm. The expression of
LXRa in type II cells was further confirmed by immunofluores-
cence and confocal analysis on the expression and localization
of LXRa and SPB, a specific marker of type II epithelial cells
(Fig. 1B, panels c—e). It has been reported that in type II epithe-
lial cells, SP-B precursors were detected in the endoplasmic
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FIGURE 2. Creation of LXR-KI mice that express the constitutively activated LXRa (VP-LXRa). A, depicted is the gene targeting strategy that was used to
replace the endogenous LXRa gene with VP-LXRa. Part of exon 2, exons 3-7, and introns in between of the WT allele were replaced by the VP-LXRa-SV40-Neo
cassette. The Southern blot probe and prediction of Ncol restriction fragment sizes are labeled. B, confirmation of homologous recombination in the heterozy-
gous LXR-KI mice by Southern blot analysis. The mouse tail DNA was digested with Ncol. C, expression of VP-LXRa allele and/or the endogenous LXRa allele was
determined by semi-quantitative reverse transcription-PCR using a pair of VP-LXRa allele-specific primers (top panel) and Northern blot analysis using a LXRa
cDNA probe that detects both VP-LXRa and WT LXRea transcripts (bottom panel). Ethidium bromide staining of the agarose gel is to show the sample loading.
Het, heterozygous; Hom, homozygous. D, LXR target gene expression in the liver was determined by real time PCR analysis. Acc-1, acetyl CoA carboxylase 1; Fas,
fatty acid synthase; Scd-1, stearoyl CoA desaturase-1; Srebp-1c, sterol regulatory element-binding protein 1¢; Lpl, lipoprotein lipase (n = 5 for each group). *, p <

0.05, compared with WT.

reticulum, the Golgi complex, and the multivesicular bodies,
whereas the mature SP-B was found in multivesicular and
lamellar bodies, where it is stored and secreted into the alveolar
space (35). Our antibody detects both premature and mature
SPB and showed an uneven distribution of SPB.

Both LXRa and LXR were also expressed in A549 cells, a
human lung cancer cell line derived from type II cells (36). The
mRNA abundance of LXRa in A549 was ~30 and 50% of that of
primary human hepatocytes and hepatoma HepG2 cells,
respectively (Fig. 1C). The expression of LXRB in A549 cells
was similar to that of the primary hepatocytes (Fig. 1C).

Creation of LXRa Knock-in Mice That Express Constitutively
Activated LXRa—To examine the effect of LXRa« activation in
vivo, including the pathophysiological relevance of this activa-
tion in the lung, we created LXRa knock-in mice that express a
constitutively activated LXRa (VP-LXRa). The strategy we
used to create VP-LXRa knock-in (LXR-KI) mice is outlined in
Fig. 2A. The VP-LXRa cDNA was constructed by fusing the
VP16 activation domain of the herpes simplex virus to the
amino terminus of mouse LXRa sequence (14). VP-LXR«
shares the same DNA binding specificity as its wild type (WT)
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counterpart and activates LXR-responsive gene expression in
the absence of an exogenously added ligand in cell cultures and
in transgenic mice (14). In the targeting construct, VP-LXR«
c¢DNA was placed in-frame and immediately after the endoge-
nous ATG start codon of the mouse LXRa locus. This construct
was designed so that after DNA homologous recombination,
the sequence spanning part of exon 2 (starting from start codon
ATG), exons 3-7, and the introns in between would be replaced
by VP-LXRa. As such, VP-LXRa will be expressed under the
control of the endogenous LXRa promoter, whereas the WT
LXRa will be disrupted in the homozygous LXR-KI mice. The
ES clones were screened by Southern blot analysis (data not
shown). After ES cell blastocyst injection, germ line transmis-
sion of the knock-in allele was confirmed by Southern blot anal-
ysis. As predicted in Fig. 24 and shown in Fig. 2B, Ncol diges-
tion of mouse tail genomic DNA produced a 4.8-kb fragment
from the WT allele and a 3.2-kb fragment from the knock-in
allele at the short arm region.

LXR-KI mice were viable and fertile. The phenotype of
LXR-KI mice was indistinguishable from that of WT mice.
Semi-quantitative reverse transcription-PCR showed that the
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knock-in allele was expressed in a panel of tissues of heterozy-
gous and homozygous LXR-KI mice (Fig. 2C, top panel), and
the results were confirmed by Northern analysis (Fig. 2C, bot-
tom panel). As shown in Fig. 2C, the knock-in allele was
expressed in both heterozygous and homozygous LXR-KI mice,
whereas the endogenous LXRa transcript was detected only in
the WT and heterozygous mice. We noticed that the expression
level of the knock-in allele was not always consistent with the
WT allele. For example, VP-LXRa expression in knock-in
mouse liver was lower than the endogenous LXRa in the liver of
WT mice (Fig. 2C). We reason this was due to the knock-in of
VP-LXRa cDNA, so the efficiency of RNA splicing might be
different between the knock-in and the endogenous alleles. The
hepatic expression of LXR target genes, such as stearoyl CoA
desaturase 1, sterol regulatory element-binding protein 1c, fatty
acid synthase, acetyl CoA carboxylase 1, and lipoprotein lipase,
was increased in the LXR-KI mice as expected (Fig. 2D).
LXR-KI mice also showed hepatic steatosis (data not shown),
suggesting that the VP-LXRa knock-in allele was fully func-
tional in vivo.

Microarray Analysis Revealed the Regulation of Antioxidant
Genes by LXR in the Lung—To better understand the biological
consequences of LXR activation in the lung, we performed
microarray analysis on lung tissues from LXR-KI mice and their
wild type littermates. Total RNA from lung tissues of three
LXR-KI male mice was pooled. Gene expression was compared
with pooled samples from three WT male mice. In the microar-
ray analysis, we found that the expression of several antioxidant
genes was induced in the lung of LXR-KI mice. supplemental
Table S2 represents a partial list of genes whose expression was
induced in the lung of LXR-KI mice. These include the induc-
tion of Gsta2, Gsta4, Gstm1, Gstpl, Gpx1, Gpx3, catalase, Mtl,
and Mt2. The activation of antioxidant gene expression was
confirmed by real time PCR analysis (Fig. 34). The same pattern
of antioxidant gene regulation was observed in the lung of WT
mice treated with the LXR agonist TO1317 (Fig. 3B).

Activation of LXR Conferred Resistance to LPS-induced Lung
Injury—The induction of pulmonary antioxidant genes
prompted us to determine whether activation of LXR in the
lung confers resistance to injury caused by oxidative toxicants,
such as LPS. As shown in Fig. 44, intranasal instillation of LPS
into the lung of WT mice resulted in a dramatic increase in total
cell numbers in the BAL fluid as expected (26). In a sharp con-
trast, LPS-induced BAL cell number increase in LXR-KI mice
was reduced to ~25% of the LPS-treated WT mice (Fig. 4A4). A
decreased BAL cell number was also observed in WT mice
treated with the LXR agonist GW3965 (Fig. 4A4). A similar pat-
tern of the inhibitory effect of the LXR-KI allele and GW3965
was observed when neutrophil infiltration (Fig. 4B), BAL pro-
tein concentration (Fig. 4C), and MPO activity (Fig. 4D) were
measured in BAL fluid as the surrogate markers of lung injury.
The increased BAL protein concentration indicates pulmonary
microvascular leakage (37), whereas the MPO activity reflects
the infiltration of lung parenchymal phagocytes (28). Consist-
ent with the decreased BAL protein concentration, the lung wet
to dry weight ratio, an indicator of edema caused by capillary
leakage, was significantly lower in LPS-treated LXR-KI mice
compared with their WT counterparts (Fig. 4E). At the histo-
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FIGURE 3. Activation of LXR regulated the expression of antioxidant
genesin the lung. Gene expression at mRNA level was measured by real time
PCR analysis. A, the expression of antioxidant genes was increased in the lung
of LXR-KI mice compared with their WT littermates. B, the expression of anti-
oxidant genes in the lung of WT mice treated with vehicle or TO1317 (20
mg/kg, daily, intraperitoneally) for 3 days (n = 3 for each group). Gpx, gluta-
thione peroxidase; Cat, catalase; Mt, metallothioneins. ¥, p < 0.05, compared
with WT (A) or vehicle (B) control.
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logical level, hematoxylin and eosin staining of lung sections
showed that the neutrophil infiltration readily observed in WT
mice was markedly attenuated in LXR-KI and GW3965-treated
WT mice (Fig. 4F).

Activation of LXR Increased the Phospholipid Content in the
BAL Fluid—Lung surfactant, mostly composed of phospholip-
ids, reduces surface tension by forming a lipid monolayer at the
interface of liquid and air. As such, phospholipids play an
important role in protecting the lung from oxidative damage
and infection. Indeed, administration of surfactant has been
shown to be effective in relieving acute lung injury or acute
respiratory distress syndrome (38, 39). In LXR-KI mice, the
level of phospholipids in BAL fluid was significantly higher than
that in WT mice regardless of the LPS treatment (Fig. 5A).
ABCA1, ABCA3, and ABCGI are the major phospholipid
transporters in the lung. LXR-KI mice exhibited increased
mRNA expression of ABCA1 and ABCG1 (Fig. 5B), consistent
with the identities of these two transporters as LXR target genes
(21, 40). Treatment with LPS tended to reduce the expression of
phospholipid transporters regardless of genotypes, but the
expression of ABCA1 in LXR-KI mice remained significantly
higher than WT mice in the presence of LPS.

Activation of LXR Decreased LPS-induced Oxidative Stress
and Inhibited Pulmonary Inflammatory Response in Vivo and
in A549 Lung Cancer Cells—Oxidative stress, such as that
induced by LPS, plays an important role in the pathogenesis of
acute lunginjury (1, 41, 42). Therefore we went on to determine
whether activation of LXR relieves LPS-induced oxidative
stress. The formation of TBARS was used as an index for ROS
production (27). Treatment of WT mice with LPS significantly
increased the TBARS content as expected (Fig. 6A). In contrast,
the increased TBARS production was prevented in LPS-treated
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LXR-KI mice and GW3965-treated
WT mice (Fig. 6A4). The basal level
of TBARS in LXR-KI mice was not
affected (Fig. 6A). To determine the
mechanism by which LXR inhibited
oxidative stress, we measured the
activities of antioxidant enzymes
thatinclude GST, catalase, and SOD
in the mouse lung homogenates.
Activation of LXR increased GST
activity regardless of the LPS treat-
ment (Fig. 6B), which was consist-
ent with the induction of GST
mRNA expression in LXR-KI mice
and LXR agonist-treated W'T mice
(Fig. 3 and supplemental Table S1).
Treatment of WT mice with LPS
significantly decreased catalase ac-
tivity (Fig. 6C), and LPS remained
effective to reduce catalase activity
in LXR-KI mice and GW3965-
treated WT mice. The SOD activity
was modestly decreased in LPS-
treated WT mice, but the difference
did not reach statistical significance
(Fig. 6D). Interestingly, activation
of LXR decreased both the basal
and LPS-responsive SOD activities
(Fig. 6D).

LXRs are known for their anti-in-
flammatory function in the macro-
phages. As expected, the pulmonary
inflammatory responses were inhib-
ited in LPS-treated LXR-KI mice, as
evidenced by the reduced mRNA
expression of IL-1B8 and tumor
necrosis factor « in the lung (Fig.
6E). In cultured A549 cells, treat-
ment with GW3965 decreased the
mRNA expression of IL-6, IL-8, and
monocyte chemotactic protein-1
(Fig. 6F), which are cytokines
important for neutrophil recruit-
ment (43). Because A549 cells are
derived from type II lung epithelial
cells, our results suggest that LXRs
also have an anti-inflammatory
effect in nonmacrophages.

DISCUSSION

Oxidative stress plays an impor-
tant role in the pathogenesis of var-
ious pulmonary diseases. Much
work has been done to investigate
the protective role of antioxidant
enzymes, including GST, glutathi-
one peroxidase, metallothionein,
SOD, and catalase, in the lung. Our
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results show that LXR, a nuclear receptor previously known for
its role in cholesterol and lipid homeostasis, can affect the oxi-
dative stress response by regulating the expression of antioxi-
dant genes in the lung. Genetic (VP-LXR) or pharmacological
(LXR agonist) activation of LXR in mice alleviated LPS-induced
lung injury, which was associated with the activation of several
antioxidant genes, including Gsta2, Gsta4, Gstm1, Gstpl, Gpx1,
Gpx3, Mtl, and Mt2. The mechanism by which LXRs regulate
these antioxidant genes remains to be defined. To our knowl-
edge, no work has been published in this area. Our prelimi-
nary data suggested that GST M might be under the direct
transcriptional regulation of LXRs, but future studies are
necessary to further define the mechanism by which LXRs
regulate this GST isoform. Because LXRs are known to
inhibit inflammatory responses (21), we cannot exclude the
possibility that LXR-mediated regulation of cytokine expres-
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WT
+LPS

| LXR-KI mice and LXR agonist-
treated WT mice may have also
contributed to the protective effect.
Although LXR agonists have been
suggested to protect lung from LPS-
induced injury by inhibiting LPS-in-
duced cytokine production (42, 43),
the use of our newly created LXR-KI
mice has provided the first genetic
evidence that activation of LXRa
* was sufficient to confer resistance to
LPS-induced lung injury. The inhi-
bition of inflammatory response
in GW3965-treated A549 cells is
intriguing. LXRs are known for their
anti-inflammatory function in mac-
rophages, and at least some of the
inflammatory inhibitory effects of
LXRs are believed to be mediated
through LXR antagonism of NF-«B,
a positive regulator of inflammatory
genes (45, 46). Interestingly, it was
reported that the anti-inflammatory
activity of LXR agonist in the lung
was not mediated by the NF-«B/
AP-1 pathway (47). A549 cells are
derived from type II lung epithelial
cells. Our results suggest that
LXRs also have the anti-inflammatory effect in nonmacro-
phages. It remains to be determined whether the anti-in-
flammatory activity of LXR in A549 cells is achieved by antag-
onizing the NF-«kB/AP-1 pathway. Given the fact that the
LXR-KI is a whole body knock-in mouse model, we cannot
exclude the possibility that the effect of LXR-KI allele on tissues
outside the lung, such as the liver, may have also contributed to
the protective effect in the lung.

In addition to LXRs, several other nuclear receptors have also
been implicated in oxidative stress responses. Treatment of
alveolar macrophages with PPARy agonists resulted in the sup-
pression of LPS-induced cytokine production, inducible nitric-
oxide synthase expression, and oxidative burst (48, 49). PPARvy
activation has also been shown to decrease alveolar inflamma-
tion in vivo in a murine model of lung injury induced by fluo-
rescein isothiocyanate (50). In H4IIE rat hepatoma cells,

LXR-KI LXR-KI GW
+Saline +LPS +LPS

IL-8
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PPARvy-retinoid X receptor heterodimers induced Gsta2 gene
expression by transactivating the PPAR response element in the
Gsta2 gene promoter, as well as by inducing the expression of
Nrf2 and CCAAT-enhancer-binding protein 3, two other pos-
itive regulators of GSTs (51). Interestingly, LXRa, but not
LXRp, was functionally grouped with PPARYy based on their
similarities in the tissue distribution pattern (52). Both LXR«
and PPARvy play important roles in lipid metabolism and ath-
erosclerosis (53). Our results suggest that these two receptors
also share a similar function in preventing lung injury.

There are two LXR isoforms, LXRa and LXRB. They share
DNA-binding sites and many target genes. Most of the known
LXR agonists can activate both LXR isoforms. However, accu-
mulating evidence suggests that differences exist between these
two isoforms (54). Because of the current lack of isoform-spe-
cific agonists, the use of isoform-specific LXR knock-out or
transgenic mice represents an important strategy to under-
stand the isoform-specific function of LXRs. In our “gain-of-
function” LXR-KI mice, only LXRa« is constitutively activated,
which allows us to conclude that activation of LXRa alone is
sufficient to prevent LPS-induced lung injury. The future cre-
ation of VP-LXR knock-in mice will allow a direct comparison
of the function of LXRa and LXR in tissues including the lung.
As a gain-of-function model, LXR-KI mice are superior to the
fatty acid-binding protein-VP-LXRe transgenic mice, in which
VP-LXRa was targeted to the liver and intestine under the con-
trol of the fatty acid-binding protein gene promoter (14). How-
ever, dictated by the fatty acid-binding protein promoter, the
transgene was not targeted to tissues outside the hepato-intes-
tinal axis that are also known to express LXRa. In contrast,
LXR-KI mice normalize the tissue distribution patterns of VP-
LXRa to those of the endogenous LXRa. The current study has
demonstrated the utility of LXR-KI mice in studying the pul-
monary function of LXRa. It is conceivable that this novel
mouse model can also be used to examine the role of LXRa in
many other LXRa-expressing tissues.

In summary, the current study has established a novel role
of LXR in oxidative stress response and in preventing lung
injury. It is hoped that drug activation of LXR may represent
a novel therapeutic strategy for ROS detoxification and for
the prevention and treatment of lung diseases, such as acute
respiratory distress syndrome and chronic obstructive pul-
monary disease.
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