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© With emerging evidence connecting cholesterol dysregulation with disturbed pulmonary homeostasis,
. we are wondering if diet induced hypercholesterolemia would influence the susceptibility to chemical
. induced lung tumorigenesis in mice. Six to eight week-old male C57BL/6J mice were fed with either
. ahigh-cholesterol atherogenic diet (HCD) or matching normal diet (ND), respectively. Following 3
. weeks diet adapting, a multi-dose intraperitoneal injections of ethyl carbamate (urethane, 1 g/kg body
: weight) were established and lung tumorigenesis assessments were taken after 15 weeks latency
. period. Compared to the urethane treated ND-fed mice, the HCD-fed mice exhibited significantly
decreased lung tumor multiplicity and attenuated pulmonary inflammation, which including reduced
influx of leukocytes and down regulated tumor-promoting cyto-/chemokine profile in bronchoalveolar
lavage fluid, decreased TLR2/4 expression and NF-kB activation in the lung. As a sensor regulating
intracellular cholesterol homeostasis, nuclear receptor LXR-o was up-regulated significantly in the
urethane treated HCD-fed mice lungs compared to the ND-fed mice lungs, accompanied with decreased
. pulmonary free cholesterol content and suppressed tumor cell proliferation. These results suggested
. thatintrapulmonary cholesterol homeostasis, other than systematic cholesterol level, isimportant in
lung tumorigenesis, and LXR activation might partly contribute to the inhibitory role of atherogenic
diet on lung tumorigenesis.

Lung cancer is the most frequently diagnosed tumor and the most common cause of cancer mortality worldwide.
. The 2012 world cancer report (GLOBOCAN) shows that the world’s new cases of lung cancer has reached 1.8
© million, 1.59 million of deaths, ranking first in the malignant tumor"2, Although smoking cessation is fundamen-
- tal for lung cancer prevention, global statistics estimated that still 25% of lung cancer cases are not attributable
. to smoking®. Therefore, further studies are needed on the molecular pathways to modulate lung tumorigenesis/
. progression and on other strategies to prevent lung cancer.

Lipid metabolism disturbance has been connected to multiple cancer morbidity and mortality* >, but the
association between cholesterol metabolism and lung cancer risk remains unclear. Majority of the epidemiologic
studies documented lower total cholesterol levels in lung cancer patients, but the association was always inter-

preted as reverse causation, that is, undiagnosed cancer causing a reduction in cholesterol levels®. Still, there are
studies found an association between low cholesterol and elevated lung cancer incidence among men even after
excluding first 5-6 years of follow up and the prediagnostic cancer influence”®. Therefore, it has been difficult to
entirely rule out the plausible relationship between low cholesterol levels and high lung cancer risk.

Recently, emerging evidences connecting cholesterol dysregulation with disturbed pulmonary homeostasis
and chronic pulmonary inflammation were reported in several gene knockout mice. These genes are important in
regulating cellular cholesterol metabolism. ABCA1 and ABCG1 are members of the ATP-binding cassette (ABC)
family of transmembrane transporters involved in cellular cholesterol efflux’. Baldan’s study suggested that loss of
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Figure 1. Differences of whole serum total cholesterol level, body weight and fat mass among study groups. (A)
Schematic diagram of the experimental design for multiple urethane injections induced lung carcinogenesis
model in C57BL/6] mice. (B) Serum total cholesterol levels analyzed using biochemical autoanalyzer at
experimental week 13 and week 28 (n =5 per group). Column, mean; bar, SEM. (C) Body weights of mice
measured once a week (n =10 per group). Dots indicate weight mean per group. (D) Quantification of whole
body fat mass measured by NMR at experimental week 28 (n =3 per group). Column, mean; bar, SEM.

**P < 0.01 compared to ND fed mice with the same treatment. NMR: nuclear magnetic resonance; SEM:
standard error of mean.

ABCGT resulted in severe pulmonary lipidosis and accompanied progressive chronic inflammation in the lungs
of abcgl ™'~ mice!®. Lysosomal acid lipase (LAL) plays a central role in the hydrolyzation of cholesteryl ester (CE)
and triglycerides (TG) in the lysosomal of all cells'!. Our previous work discovered that lal~/~ mice presented
distinguishable lipidosis and progressive inflammation with abnormal recruitment of neutrophil and bronchoal-
veolar macrophages accumulation in the lung'® 12,

Since the link between cholesterol metabolism and lung cancer risk is undetermined and chronic inflamma-
tion and tumorigenesis is closely connected lately'*> ', it’s reasonable to speculate that the cholesterol metabolism
disturbance could influence the susceptibility to lung tumorigenesis in mice. In this study, a commonly used
high-cholesterol high-fat atherogenic diet induced hypercholesterolemia mouse model and a well-established
multi-dose ethyl carbamate (urethane) induced C57BL/6] mice lung cancer model were used to test if diet induced
hypercholesterolemia and disturbed lung integrity would influence the susceptibility to chemical induced lung
tumorigenesis and tumor progression. Interestingly, the results showed that, compared to normal diet feeding,
high-cholesterol high-fat diet feeding attenuated urethane induced lung inflammation and decreased multiplicity
of lung tumorigenesis. Known as cellular “cholesterol sensor” and widely involved in modulating cholesterol
metabolism, inflammation and cancer cell proliferation’®, liver X receptor (LXR) activation partly contributed
to the protection role of high cholesterol diet against urethane induced lung tumorigenesis in C57BL/6] mice.

Results

Influence of high cholesterol diet feeding on serum total cholesterol, whole body weight and
fat mass in C57BL/6J mice. The high-cholesterol high-fat diet (HCD) adopted in this study was also called
Paigen diet or atherogenic diet, which is widely used in the studies of atherosclerosis in C57BL/6] mice'®. As
expected, the HCD-fed mice developed significantly elevated serum total cholesterol compared to the matching
normal diet (ND)-fed mice (Fig. 1B). Atherosclerotic plaques were also presented in aortas of 16 weeks HCD-
fed mice (Supplemental Fig. 1). Consistent with previous studies!’, obesity was not a phenotype of these HCD-
fed mice, which showed modestly lower weight gain compared to ND-fed mice (Fig. 1C), despite the fact that
daily food energy intakes were similar in both groups (data not shown). Interestingly, even though the HCD-fed
mice had lower body weight, their body fat mass percentage was still higher than the ND-fed mice as shown by
nuclear magnetic resonance data (Fig. 1D). Enlarged and fatty liver were presented in the HCD-fed mice (data not
shown), indicating that lipid redistributions was presented during HCD feeding.

Decreased lung tumor multiplicity in the urethane treated HCD-fed C57BL/6J mice com-
pared to the ND-fed mice. It is known that mice with C57BL/6] background showed a strong resistance
to lung tumorigenesis. Thus, to induce high incidence of lung tumors in C57BL/6] mice, a multiple urethane
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Figure 2. Decreased urethane induced lung tumor multiplicity and burden in HCD-fed C57BL/6] mice
compared to ND-fed mice. Studies were carried out at experimental week 28, right after 15 weeks latency
period. (A) Representative photographs of lungs under a dissecting microscope. Arrows point to visible lung
tumors. (B,C) Tumor numbers and tumor diameters of urethane treated mice lungs (n =10 mice per group).
Dots indicate raw data points; lines, mean; bars, SEM. (D) Representative H&E staining of urethane treated
mice lung sections, showing epithelial cell hyperplasia (Left), AAH (Middle) and AD (Right). (E) Numbers
of different neoplastic lesion subtypes (AAH, AD) per mice (n=6 per group). Columns, mean; bar, SEM.

*P < 0.05, **P < 0.01 compared to ND-fed mice. AAH: atypical adenomatous hyperplasia; AD: adenoma.

intraperitoneal (i.p.) injection protocol was established recently®. In our study, ten-weekly i.p. injection of ure-
thane caused a 100% lung tumor incidence (number of mice with tumors/number of mice injected) in both
HCD-fed and ND-fed C57BL/6] mice. While surprisingly, the multiplicity (number of tumors/mouse) and mean
lung tumor diameters decreased significantly in the HCD-fed mice compared to the ND-fed mice (Fig. 2A~C).
An extensive morphologic grading of lung neoplastic lesions revealed that atypical adenomatous hyperplasia
(AAH), papillary and solid adenoma (AD) are the two main lesion types in these multidose urethane lung cancer
models (Fig. 2D). No adenocarcinomas (AC) were observed. Fewer AAH and adenoma developed in the lungs of
urethane treated HCD-fed mice compared to the ND-fed mice (Fig. 2E).

Attenuated lung inflammation and NF-kB activation in the urethane treated HCD-fed
C57BL/6J mice compared to the ND-fed mice. Urethane-induced lung tumorigenesis is intimately
associated with a lung inflammatory response'?, so we have reasons to question whether the protective impact of
HCD diet feeding would alter inflammatory parameters during the urethane-induced tumorigenesis in this study.
In the ND-fed mice, urethane treatment significantly increased BAL immune cell infiltration compared with the
normal saline treated controls (Fig. 3A). The urethane treated HCD-fed mice had significantly reduced influx of
macrophage, neutrophil and lymphocyte into the BALF compared to the urethane-treated ND-fed mice as shown
by Diff-Quik staining (Fig. 3A). Previous work demonstrated that dyslipidemia imparts opposing effects upon
intra- and extra- pulmonary host defense'”. Likewise, we found that circulation leukocyte numbers did increase
mostly in the urethane-treated HCD-fed mice while the BALF inflammatory cell infiltration is less (Fig. 3A).

Expression levels of cyto-/chemokines in BALF showed significantly difference between urethane treated
ND-fed mice and HCD-fed mice. Selected typical mediators involved in lung inflammation were presented in
Fig. 3B. BALF levels of several important pro-inflammatory cyto-/chemokines like IL-6, CCL11 (eotaxin-1) and
CCL17 (TARC) were significantly lower in BALF from the urethane treated HCD-fed mice compared to the
ND-fed mice?*22. Conversely, IL-4, IL-10 and IL-21, mediators with known anti-inflammatory and immune
surveillance functions®” %, were up-regulated in BALF from the urethane treated HCD-fed mice.

Toll-like receptors (TLRs) are a family of transmembrane receptors that play key roles in both innate and
adaptive immune responses and are involved in the development of such pathological conditions as infectious
diseases, tissue damage, metabolic diseases and cancer?. Since lipid metabolites would be served as the endoge-
nous ligands of TLRs, we are wondering if toll like receptor2/4 pathways were involved in the pulmonary inflam-
mation of urethane treated mice. Correlated to the BALF leukocyte recruitment tendency, urethane treatment
increased TLR2/4 expression in the ND-fed mice, while HCD feeding suppressed the urethane induced eleva-
tion of TLR2/4 expression (Fig. 3C). NF-kB, a central effector of inflammatory responses, has been identified as
an important promoter of tumorigenesis in FVB and BALB/c mice models of lung adenocarcinoma'. In this
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Figure 3. Attenuated lung inflammation and NF-kB activation in urethane treated HCD-fed C57BL/6]

mice compared to ND-fed mice. Studies were carried out at experimental week 13, right after the 10 times
consecutive saline or urethane injections. (A) Diff-Quik staining of BALF cells (left), BALF inflammatory cell
counting (upper right), and blood leukocyte counting (lower right). n = 3-5 mice per group. (B) Multiplex
antibody array quantification of selective inflammatory cyto-/chemokines in the BALF of urethane treated
HCD-fed or ND-fed C57BL/6] mice (n =3 mice per group). Cyto-/chemokines levels in BALF were corrected
for BALF protein concentration and presented as ng/g protein. (C) Western blotting for the expression of TLR2,
TLR4 and phosphorylated NF-&B p65 in the lungs. 3-actin and Lamin B1 were used as the internal cytoplasma
or nuclear protein control, respectively. Representative two mice results in each group and cropped gels/blots
were displayed in the photos. Densitometry quantification was analyzed among 3 to 5 mice per group using
Image J software. Columns, mean; bar, SEM. *P < 0.05; **P < 0.01. BALF: bronchoalveolar lavage fluid; MQ:
macrophages; PMN: polymorphonucleated cells; EC: epithelial cells; Lym: lymphocytes.

study, NF-xB activation did not increase after urethane treatment in the lungs of the ND-fed C57BL/6] mice as
reported’’, whereas the expression of phosphorylated NF-kB p65 subunit in nuclear extracts of lung parenchyma
significantly decreased in the urethane treated HCD-fed mice compared to the ND-fed mice (Fig. 3C).

Elevated LXR activation in the urethane treated HCD-fed C57BL/6J mice compared to the
ND-fed mice. As liver X receptors (LXRs) are reported to regulate cholesterol metabolism and inflamma-
tion simultaneously’®, and pulmonary cholesterol metabolites from sterol 27-hydroxylase (CYP27A1) pathway
could act as endogenous ligand for LXR*> %, we are wondering if LXR activation was involved in the protec-
tion role of HCD feeding in urethane induced lung tumorigenesis. Expectedly, the protein expression level of
27-hydroxylase and LXR-« increased significantly in steady-state HCD-fed mice compared to ND-fed mice,
and urethane treatment further elevated the LXR-« expression in HCD-fed mice (Fig. 4A). The elevated LXR-o
expression in HCD-fed urethane treated mice was also verified by the immunofluorescence localization of LXR-o
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Figure 4. Elevated LXR activation in urethane treated HCD-fed C57BL/6] mice compared to ND-fed mice.
(A) Western blotting for the expression of CYP27A1, LXR-o, ABCA1 and LDLR in the lung tissues collected
at experimental week 13. Representative two mice results in each group and cropped gels/blots were displayed
in the photos. Densitometry quantification was analyzed among 3 to 5 mice per group using Image J software.
B-actin was used as the internal cytoplasma protein control. (B) Localization of LXR- in the lung tissues
through immunofluorescence techniques. green: LXR-a, blue: nucleus. original magnification: x400. (C)
Concentration of free cholesterol in lung tissues collected at experimental week 13 were measured with
enzymatic assay (n=3-5 per group). (D) Immunohistochemistry study of lung proliferation status using
anti-PCNA antibody at experimental week 28. Dark brown color indicates the PCNA positive cells (original
magnification: x200; x400). The PCNA labeling index was the percentage of PCNA-positive cells among total
counted cells. n =5 mice per group. Columns, mean; bar, SEM. *P < 0.05; **P < 0.01.

expression in lung tissues (Fig. 4B). Two well-documented LXR target genes and readouts for LXR activation,
ATP-Binding Cassette transporter A1 (ABCAL1, a cellular cholesterol efflux mediator) protein expression levels
markedly increased, and low density lipoprotein receptor (LDLR, a cellular cholesterol influx mediator) protein
levels decreased in the urethane treated HCD-fed mice compared to the ND-fed mice (Fig. 4A). Consequently,
free cholesterol contents in the lung markedly decreased in the urethane treated HCD-fed mice compared to the
ND-fed mice (Fig. 4C).

LXR suppress the proliferation of a variety of human cancer cells in vitro, whose anti-proliferative effect has
also been confirmed in vivo by evaluating the growth of human prostate cancer xenografts?”> %% In this study,
attenuated lung tumor cell proliferations in the urethane treated HCD-fed mice compared to the ND-fed mice
were visualized via PCNA immunohistochemical staining (Fig. 4D).

Intranasal administration of T0901317 ameliorates urethane induced lung tumorigenesis. To
further test the protection role of LXR activation in lung tumorigenesis, we investigated the effect of synthetic
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Figure 5. Intranasal administration of LXR agonist T0901317 attenuates urethane induced lung carcinogenesis
in ND-fed C57BL/6] mice. (A) Tumor numbers in vehicle or T0901317 treated C57BL/6] mice lungs harvested
at experimental week 28 (n=6 per group). Dots indicate raw data points; lines, mean; bars, SEM. (B,C) Western
blotting for the expression of LXR-o, ABCA1, TLR2, TLR4 and phosphorylated NF-kB p65 in vehicle or
T0901317 treated C57BL/6] mice lung tissues collected at experimental week 13. 3-actin and Lamin B1 were
used as the internal cytoplasma or nuclear protein control, respectively. Representative two mice results in each
group and cropped gels/blots were displayed in the photos. Densitometry quantification was analyzed among 3
mice per group using Image J software.

LXR agonist T0901317 administration in the preset multidose urethane induced lung tumorigenesis model. The
ND-fed C57BL/6] mice were administrated 50 mg/kg T0901317 solution intranasal twice weekly during the
10-week period of urethane treatment, and DMSO treatment was used as the vehicle control. Consistent with
our hypothesis, the multiplicity of lung tumor decreased significantly in the LXR agonist-treated mice compared
to the vehicle control mice (Fig. 5A). Western blotting results showed that ABCA1 expression level remarkably
up-regulated in the lungs of T0901317 treated mice (Fig. 5B) and verified the activation of LXR pathway. TLR2
and NF-xkB expressions were attenuated as a consequence of LXR activation (Fig. 5C).

Discussion

Due to the discrepancy of epidemiological studies and lack of relevant mechanism elucidated, the relationship
between hypercholesterolemia and the risk of lung tumorigenesis is still not clear®. Given that oxysterols (the
oxidation products of cholesterol) possess pro-oxidative and pro-inflammatory properties which can contribute
to tumorigenesis®, it is surprising at first to find that high-cholesterol high-fat atherogenic diet feeding decreased
the multiplicity of urethane induced lung tumorigenesis in this study. Further experiments confirmed that
compared to ND-fed mice, urethane induced lung inflammation was also attenuated by HCD feeding, as the
influx of inflammatory cells into the BALF was reduced, tumor-promoting cyto-/chemokine profile in BALF was
down-regulated and TLR2/4 expression and NF-kB activation was also decreased. The protection role of the same
atherogenic diet was also observed in urethane treated BABL/c mice and endotracheal orthotopic transplantation
of A549 cell in nude mice model (data not shown).

Madenspacher JH et al. once used a similar high-cholesterol diet (HCD, 15.8 g% or 37.1kcal% fat, with 1.25%
cholesterol and 0.5% cholate added) to define whether diet induced hypercholesterolemia impacts responses
to bacteria in the airspace!’. They found that hypercholesterolemia imparts opposing effects upon intra- and
extra-pulmonary host defense. Compared with ND-fed mice, HCD-fed mice had significantly reduced influx of
leukocytes into the BALF following LPS inhalation, despite the relatively obvious circulating neutrophilia. The
results exactly consistent to what we obtained in this research (Fig. 3A right). The authors proposed that air-
space is a “privileged” site, which uniquely sensitive to hypercholesterolemia. In our study, we further elucidated
that even though hypercholesterolemia were presented in HCD-fed mice (Fig. 1B), the intrapulmonary choles-
terol contents decreased significantly in urethane treated HCD-fed mice compared to ND-fed mice (Fig. 4B).
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Therefore, intrapulmonary cholesterol homeostasis, other than systematic circulating cholesterol level, might play
a surprisingly important and perhaps unique role in lung immune response and tumorigenesis. This could also
partly explain why there are some contrasting effects of a high cholesterol diet upon growth of lung cancer and
other cancer types like breast cancer?.

Cholesterol is a substantial (approximately 8%) but not the most essential component of pulmonary sur-
factant. To keep a physiologically low concentration of cholesterol in the lung, the cholesterol is continuously
taken up by alveolar macrophages®!. It has been demonstrated that sterol 27-hydroxylase (CYP27A1)-mediated
reverse cholesterol transport is important in lung cholesterol homeostasis. CYP27A1 is a mitochondrial P450
enzyme able to further hydroxylate 27-OH cholesterol at the C-27 position, leading to the production of the
carboxylic acid- cholestenoic acid. Cholestenoic acid has stronger polarity than un-metabolized cholesterol and
is transported out of the cells more easily and independent of lipoprotein®. In the context of HCD induced hyper-
cholesterolemia, pulmonary CYP27A1 expression increased in the HCD fed mice compared to the ND fed mice
(Fig. 4A), suggesting a highly possibility that CYP27A1 mediated pulmonary cholesterol efflux might provide
considerable amounts of metabolites for the activation of LXRs.

LXRs are best known as nuclear oxysterol receptors and physiological regulators of lipid and cholesterol
metabolism?®. LXR-{3 is ubiquitously expressed at a moderate level in most physiological systems, whereas LXR-«v
expression is mostly restricted to metabolically active tissues like liver, adipose tissue and lung etc. Both LXRs are
regulators of multiple metabolic pathways, thus LXR activation may be highly beneficial as cellular cholesterol
homeostasis depends on the integrated activities of the cholesterol uptake, efflux and synthesis pathways. LXRs
induce expression of the E3 ubiquitin ligase IDOL (inducible degrader of LDLR) and the subsequent degradation
of low density lipoprotein receptor (LDLR), which limits LDL cholesterol uptake in peripheral tissue cells**. LXRs
also modulate ABCA1, transporter responsible for the export of intracellular cholesterol®. In this study, the ele-
vated CYP27A1 expression and LXR activation, together with modulated ABCA1 and LDLR protein expression
in the lung (Fig. 4A) might explain the phenotype of decreased intrapulmonary free cholesterol contents (Fig. 4B)
and less cell proliferation (Fig. 4C) in the urethane treated HCD-fed C57BL/6] mice compared to the ND-fed
mice.

Chronic inflammation is a characteristic phenotype of urethane induced lung tumorigenesis. LXRs were
identified as anti-inflammatory transcription factors by considerable evidences. The first study linking LXRs
to inflammatory responses was related to transcription nuclear factor NF-xB, which revealed that LXRs antag-
onized cytokine-mediated expression of pro-inflammatory genes as a consequence of transcriptional silencing
of NF-kB*. Further extensive studies indicated that post-translational modification (PTM) could promote the
transrepression function of LXR*. In this study, accompanied with LXR activation, down-regulation of TLR2/4
and NF-kB were simultaneously observed in the urethane treatment HCD-fed C57BL/6] mice compared to the
ND-fed controls. Further LXR agonist T0901317 intranasal treatment study in vivo verified that LXR activation
has a direct inhibitory effect on the expression of TLR2 and NF-kB (Fig. 5C).

Considering all the aforementioned evidences, we concluded that pulmonary LXR activation was accom-
panied by decreased pulmonary free cholesterol content, inhibited cancer cell proliferating, suppressed TLRs/
NF-kB pathway related lung inflammation in urethane treated HCD-fed C57BL/6] mice in this study. Further
LXR agonist T091317 ligand study verified that LXR activation could partly attenuate urethane induced lung
tumorigenesis in C57BL/6] mice. Even though ablation of Liver X receptors o and 3 was reported to lead periph-
eral squamous cell lung cancer spontaneously in mice most recently®, we are aware that no previous reports
have described a protection role of LXR activation against urethane induced lung cancer in vivo. Consistent with
other study published recently”’, the demonstrated ability of synthetic LXR ligand T0901317 to strengthen host
resistance in this established chemical induced lung cancer model supports further exploration of LXRs as targets
for lung cancer therapeutics.

In conclusion, atherogenic diet played a protection role on ethyl carbamate induced lung tumorigenesis in
mice, which partly attributed to pulmonary LXR activation. Considering intrapulmonary cholesterol homeosta-
sis, other than systematic cholesterol level, is most important in lung tumorigenesis, further studies exploring the
specific pulmonary cholesterol metabolism pathways are critical to elucidate the possible biological association
between lower cholesterol level and increased lung cancer risk in humans.

Given that the complex milieu during diet induced hypercholesterolemia, it is unlike that a single media-
tor is sufficient to interpret the protection role of HCD feeding in urethane induced lung tumorigenesis.
Further studies to elucidate the effect of other cholesterol sensors like farnesoid X receptor (FXR), peroxisome
proliferator-activated receptor-~ (PPAR-~) are needed in the future.

Methods

Animals. Wild type C57BL/6] male mice were purchased from and kept in the laboratory animal facility of
Chongqing Medical University. Mice were housed in a specific-pathogen free facility with a 12-hour light/12-
hour dark cycle and were allowed unlimited access to sterilized chow and water. All animal care and experi-
mental procedures were reviewed and approved by the Animal Care and Use Committee at Chongqing Medical
University and all methods were performed in accordance with the relevant guidelines and regulations.

The mice body weight were monitored weekly and whole body fat mass were assessed right before the final
end point (experimental week 28) using the quantitative nuclear magnetic resonance technique (Echo, MRI 3-in-
1, Echo Medical Systems, Houston, TX). Blood leukocyte count was analyzed using the automated cytometry
analyzer XE5000 (Sysmex Corporation, Shanghai, China). Serum total cholesterol levels were analyzed using a
biochemical autoanalyzer (Roche, Miras, Switzerland).

Experimental design.  Six to eight week-old male C57BL/6] mice were randomly allocated to two groups,
and placed on either a high-cholesterol high-fat diet (HCD) (20 g% or 40 kcal% fat, with 1.25% cholesterol, and
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0.5% cholate added [D12109¢; Research Diets Inc., New Brunswick, NJ]) or a matching normal diet (ND) (4g%
or 10kcal% fat, with no cholesterol or cholate added, D12102¢; Research Diets Inc.). The formula of the diets were
presented in Supplemental Table 1. Following 3 weeks diet adapting, mice in each group were further randomly
assigned to receive weekly intraperitoneal (i.p.) injections of either urethane (1 g/kg body weight in 100 ul saline)
or normal saline control for 10 consecutive weeks, respectively. Lung tumorigenesis assessments were taken after
15 weeks latency period as described by York E. Miller and colleagues (Fig. 1A)'8. Sets of mice (10-20 mice/
group/time point) were sacrificed at experimental week 13 (after 10 consecutive i.p. injections of urethane or
saline) or experimental week 28 (final end point) for further studies.

Lung tumor enumeration. Mice were anesthetized and the lungs were resected after trans-tracheal infla-
tion with 4% paraformaldehyde in phosphate-buffered saline (PBS). Surface lung tumor lesions were carefully
counted by three blinded readers, and the lesion diameter was measured with the aid of digital calipers under a
dissecting microscope, as described by Singh and colleagues®.

Histology and immunohistochemistry assay. The assay followed a procedure published previously'’.
Briefly, Excised mouse lungs were inflation-fixed in 4% neutral buffered paraformaldehyde overnight at 4°C
before proceeding to paraffin embedding. Five-pm-thick sections were mounted on glass slides and stained with
hematoxylin and eosin (H&E). The proportion of each type of lung lesions, including atypical adenomatous
hyperplasia (AAH), adenoma, and adenocarcinoma were evaluated on sections from each lung and results were
averaged per mouse®. For immunohistochemical (IHC) study, sections were incubated with goat anti-mouse
PCNA antibody (1:100; Epitomics, San Diego, CA) as the primary antibodies. Quantification of PCNA positive
staining was determined by counting 10 fields for each lung section at X400 amplify using the method described
by Kobayashi N et al.*, and the average positive count was expressed as a percentage.

Bronchoalveolar lavage and multiplex antibody array. Bronchoalveolar lavage was performed using
three aliquots of 1 mL sterile normal saline as previously described'!. Bronchoalveolar lavage fluids (BALF) were
centrifuged at 400 g for 10 minutes to separate cells from supernatants. Total cell numbers was determined using
a grid hemocytometer. Cell suspension was subjected to cytospin and stained with Diff-Quik stain kit (Yuanye,
Shanghai, China) for the assessment of BALF inflammatory cell types. The BALF supernatants were used in
multiplex antibody array for cyto-/chemokine measurements. 40 cytokines and chemokines were determined
via glass slide-based quantitative antibody arrays (Quantibody® Mouse Inflammation Array 1, Raybiotech Inc.,
Norcross, GA). Cyto-/chemokine levels were corrected for BALF protein concentration and presented as nano-
grams per gram of protein.

Isolation of proteins and western blot analysis. Before lung excision, the right ventricle was infused
with at least 20 ml of sterile 0.9% saline to remove any residual blood in the pulmonary vasculature. Lung tissues
were lysed using either nucleoprotein or cytoplasm protein extraction kit (KeyGEN BioTECH, Nanjing, China),
respectively. Protein extracts were analyzed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Bio-Rad, Hercules, CA). Primary antibodies used in the study were: Anti- phospho-NFxB p65 (Cell Signaling,
Boston, MA), anti-Lamin B1 (Bioworld, Louis Park, MN), anti-3-actin (Zhongshan, Beijing, China), anti-ABCA1
(Santa Cruz Biotechnology, CA), anti-TLR2/4, anti-CYP27A1, anti-LXR-« and anti-LDLR (Abcam, Hongkong,
China).

Immunofluorescence. Sliced lung tissue samples were heated at 60 °C for about 30 minutes, then depa-
raffinized with xylene and series of ethanol. Next, antigen retrieval of tissue samples was performed by incubating
tissues with pre-warmed citrate buffer (pH = 6.0), then cooled and washed with ddH20 and PBS. To inactivation
of endogenous peroxidase, antigen retrieved tissues were incubated with 3% hydrogen peroxide for 15 min, and
then washed with PBS three times. Subsequently, samples were then blocked with normal goat serum for 30 min.
Tissue slides were incubated with LXR-o antibodies (1:200 dilution, Abcam, Hongkong, China) overnight at
4°C. After washing three times with PBS, tissue slides were incubated with FITC-conjugated secondary anti-
body (1:200 dilution) and Hoechst 33258 for 30 min at 37 °C. Finally, tissue slides were washed with PBS three
times, mounted with anti-fluorescence quenching liquid. Images were obtained by using a CKX41 microscope
(Olympus). Fluorescence intensity of protein was analyzed by using Image J software (NIH, Bethesda, MD, USA).

Quantitative measurement of lung tissue cholesterol. Free cholesterol levels in lung tissues were
measured by an enzymatic assay described by Robinet P et al.*!. In brief, 1 mL hexane: isopropanol (3:2, v- v) was
added to the homogenized lung tissue for lipid extraction. After 1 min sonication, the lipid phase was collected
and dried in vacuum. Dried lipid phase was then dissolved in isopropanol: NP40 (9:1, v- v). Concentrations of
free cholesterol were analyzed using a standard curve and normalized by total protein from the lung tissues.

LXR ligand treatment. The same multidose urethane induced lung cancer model was applied in normal
diet fed wild type C57BL/6] mice. Simultaneously, the mice were intranasal administrated with either vehicle
(DMSO) or T0901317 (Purity > 98%, Cayman Chemicals Co., Ann Arbor, MI; 50 mg/kg body weight in 20 il
DMSO) twice a week for 10 consecutive weeks, respectively. Lung tumorigenesis assessments were taken after 15
weeks latency period.

Statistical analysis. Results are expressed as mean + SEM. To compare means between groups, Student’s t
test or two-way analysis of variance (ANOVA) with LSD post hoc tests were used. All P values were 2-tailed. P
values < 0.05 were considered significant. Statistical analyses were performed by using the Statistical Package for
the Social Sciences Software Version 11.0 (SPSS, Chicago, IL).

SCIENTIFICREPORTS|7:4723 | DOI:10.1038/541598-017-05053-1 8


http://1

www.nature.com/scientificreports/

References

1.

G W N

[=2)

10.
11.
12.

13.
14.

15.

16.
17.

18.
19.

20.
. Agarwal, M., He, C,, Siddiqui, J., Wei, J. T. & Macoska, J. A. CCL11 (eotaxin-1): a new diagnostic serum marker for prostate cancer.

22.
23.

24.
25.

26.
. Vedin, L. L., Lewandowski, S. A., Parini, P., Gustafsson, J. A. & Steffensen, K. R. The oxysterol receptor LXR inhibits proliferation of

28.
29.
30.
31.
32.
33.
34,

35.
36.

37.

38.
39.

40.

41.

Dela Cruz, C. S., Tanoue, L. T. & Matthay, R. A. Lung cancer: epidemiology, etiology, and prevention. Clin Chest Med. 32(4), 605-644
(2011).

. Torre, L. A. et al. Global Cancer statistics, 2012. CA Cancer ] Clin. 65(2), 87-108 (2015).

. Sun, S., Schiller, J. H. & Gazdar, A. F. Lung cancer in never smokers—-a different disease. Nature reviews Cancer. 7, 778-90 (2007).

. de Boussac, H. et al. LXR, prostate cancer and cholesterol: the Good, the Bad and the Ugly. Am J Cancer Res. 3(1), 58-69 (2013).

. Touvier, M. et al. Cholesterol and breast cancer risk: a systematic review and meta-analysis of prospective studies. Br ] Nutr. 114(3),

347-57 (2015).

. Jacobs, E. J. & Gapstur, S. M. Cholesterol and cancer: answers and new questions. Cancer Epidemiol Biomarkers Prev. 18(11), 2805-6 (2009).
. Schatzkin, A. et al. Serum cholesterol and cancer in the NHANES I epidemiologic followup study. National Health and Nutrtion

Examination Survey. Lancet. 2(8554), 298-301 (1987).

. Kitahara, C. M. et al. Total cholesterol and cancer risk in a large prospective study in Korea. J Clin Oncol. 29(12), 1592-8 (2011).
. Ye, D. et al. ATP-binding cassette transporters Al and G1, HDL metabolism, cholesterol efflux, and inflammation: important targets

for the treatment of atherosclerosis. Curr Drug Targets. 12, 647-60 (2011).

Baldan, A., Gomes, A. V., Ping, P. & Edwards, P. A. Loss of ABCGL results in chronic pulmonary inflammation. J Immunol. 180,
3560-8 (2008).

Lian, X, Yan, C,, Yang, L., Xu, Y. & Du, H. Lysosomal acid lipase deficiency causes respiratory inflammation and destruction in the
lung. Am ] Physiol Lung Cell Mol Physiol. 286, L801-7 (2004).

Lian, X. et al. Neutral lipids and peroxisome proliferator-activated receptor-{gamma} control pulmonary gene expression and
inflammation-triggered pathogenesis in lysosomal acid lipase knockout mice. Am J Pathol. 167, 813-21 (2005).

Balkwill, E. & Coussens, L. M. Cancer: an inflammatory link. Nature. 431, 405-6 (2004).

O’Callaghan, D. S., O’Donnell, D., O’Connell, F. & O’'Byrne, K. J. The role of inflammation in the pathogenesis of non-small cell lung
cancer. ] Thorac Oncol. 5,2024-36 (2010).

Jakobsson, T., Treuter, E., Gustafsson, J. A. & Steffensen, K. R. Liver X receptor biology and pharmacology: new pathways, challenges
and opportunities. Trends in pharmacological sciences 33, 394-404 (2012).

Getz, G. S. & Reardon, C. A. Diet and murine atherosclerosis. Arterioscler Thromb Vasc Biol. 26, 242-9 (2006).

Madenspacher, J. H. et al. Dyslipidemia induces opposing effects on intrapulmonary and extrapulmonary host defense through
divergent TLR response phenotypes. ] Immunol. 185, 1660-9 (2010).

Miller, Y. E. et al. Induction of a high incidence of lung tumors in C57BL/6 mice with multiple ethyl carbamate injections. Cancer
Lett. 198, 139-44 (2003).

Stathopoulos, G. T. et al. Epithelial NF-kappaB activation promotes urethane-induced lung carcinogenesis. Proc Natl Acad Sci USA
104, 18514-9 (2007).

Porta, C. et al. Cellular and molecular pathways linking inflammation and cancer. Immunobiology. 214, 761-77 (2009).

Prostate. 73, 573-81 (2013).

Olkhanud, P. B. et al. Breast cancer lung metastasis requires expression of chemokine receptor CCR4 and regulatory T cells. Cancer
Res. 69, 5996-6004 (2009).

Spolski, R. & Leonard, W. J. The Yin and Yang of interleukin-21 in allergy, autoimmunity and cancer. Curr Opin Immunol. 20,
295-301 (2008).

Chen, K. et al. Toll-like receptors in inflammation, infection and cancer. Int Immunopharmacol. 7, 1271-85 (2007).

Babiker, A. et al. Elimination of cholesterol as cholestenoic acid in human lung by sterol 27-hydroxylase: evidence that most of this
steroid in the circulation is of pulmonary origin. J Lipid Res. 40, 1417-25 (1999).

Song, C. & Liao, S. Cholestenoic acid is a naturally occurring ligand for liver X receptor alpha. Endocrinology. 141, 4180-4 (2000).

human breast cancer cells. Carcinogenesis. 30, 575-9 (2009).

Chuu, C. P. et al. Inhibition of tumor growth and progression of LNCaP prostate cancer cells in athymic mice by androgen and liver
X receptor agonist. Cancer Res. 66, 6482-6 (2006).

Jusakul, A., Yongvanit, P,, Loilome, W., Namwat, N. & Kuver, R. Mechanisms of oxysterol-induced carcinogenesis. Lipids Health Dis.
10, 44 (2011).

Pelton, K. et al. Hypercholesterolemia induces angiogenesis and accelerates growth of breast tumors in vivo. Am ] Pathol. 184,
2099-110 (2014).

Hayball, P. J. & Nicholas, T. E. The processing of exogenous cholesterol in the alveolar compartment of the rat lung. Lipids. 24,
957-961 (1989).

Babiker, A. et al. Elimination of cholesterol in macrophages and endothelial cells by the sterol 27-hydroxylase mechanism.
Comparison with high density lipoprotein-mediated reverse cholesterol transport. ] Biol Chem. 272, 26253-26261 (1997).

Joseph, S. B., Castrillo, A., Laffitte, B. A., Mangelsdorf, D. J. & Tontonoz, P. Reciprocal regulation of inflammation and lipid
metabolism by liver X receptors. Nat Med. 9, 213-9 (2003).

Zelcer, N., Hong, C., Boyadjian, R. & Tontonoz, P. LXR regulates cholesterol uptake through Idol-dependent ubiquitination of the
LDL receptor. Science. 325, 100-4 (2009).

Zelcer, N. & Tontonoz, P. Liver X receptors as integrators of metabolic and inflammatory signaling. J Clin Invest. 116, 60714 (2006).
Dai, Y. B. et al. Ablation of liver X receptor o and {3 leads to spontaneous peripheral squamous cell lung cancer in mice. Proc Natl
Acad Sci USA 113(27), 7614-9 (2016).

Wang, Q. et al. Activation of liver X receptor inhibits the development of pulmonary carcinomas induced by 3-methylcholanthrene
and butylated hydroxytoluene in BALB/c mice. Sci Rep. 6,27295 (2016).

Singh, R. P. et al. Effect of silibinin on the growth and progression of primary lung tumors in mice. ] Natl Cancer Inst. 98, 846-55 (2006).
Nikitin, A. Y. et al. Classification of proliferative pulmonary lesions of the mouse: recommendations of the mouse models of human
cancers consortium. Cancer Res. 64, 2307-16 (2004).

Kobayashi, N. et al. Effect of low-fat diet on development of prostate cancer and Akt phosphorylation in the Hi-Myc transgenic
mouse model. Cancer Res. 68, 306673 (2008).

Robinet, P., Wang, Z., Hazen, S. L. & Smith, J. D. A simple and sensitive enzymatic method for cholesterol quantification in
macrophages and foam cells. ] Lipid Res. 51, 3364-9 (2010).

Acknowledgements

We thank Dr. Xiufeng Ye for useful advice on morphologic grading of lung tumors, and thank Tingting Zhu,
Shuang Wang and Lian Zhang for taking care of the mice. This study was supported by the grant of the National
Natural Science Foundation of China (NSFC 81071907,X.Lian), the Natural Science Foundation of Chong Qing
(CSTC, 2011BB5128,X.Lian), the Program for New Century Excellent Talents in University, China (NCET-10-
0997,X.Lian), and NIEHS award P30 ES006096 (S.Ho).

SCIENTIFICREPORTS|7:4723 | DOI:10.1038/s41598-017-05053-1 9



www.nature.com/scientificreports/

Author Contributions
T.C, L.L., CX. performed the research; L.L., X. Lin, T.C. analyzed data and prepared the figures; T.C., Y.L., S.H.,
X. Lian wrote the main manuscript text; X.R., X. Lian designed the study. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05053-1

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:4723 | DOI:10.1038/541598-017-05053-1 10


http://dx.doi.org/10.1038/s41598-017-05053-1
http://creativecommons.org/licenses/by/4.0/

	Inhibition Role of Atherogenic Diet on Ethyl Carbamate Induced Lung Tumorigenesis in C57BL/6J Mice

	Results

	Influence of high cholesterol diet feeding on serum total cholesterol, whole body weight and fat mass in C57BL/6J mice. 
	Decreased lung tumor multiplicity in the urethane treated HCD-fed C57BL/6J mice compared to the ND-fed mice. 
	Attenuated lung inflammation and NF-κB activation in the urethane treated HCD-fed C57BL/6J mice compared to the ND-fed mice ...
	Elevated LXR activation in the urethane treated HCD-fed C57BL/6J mice compared to the ND-fed mice. 
	Intranasal administration of T0901317 ameliorates urethane induced lung tumorigenesis. 

	Discussion

	Methods

	Animals. 
	Experimental design. 
	Lung tumor enumeration. 
	Histology and immunohistochemistry assay. 
	Bronchoalveolar lavage and multiplex antibody array. 
	Isolation of proteins and western blot analysis. 
	Immunofluorescence. 
	Quantitative measurement of lung tissue cholesterol. 
	LXR ligand treatment. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Differences of whole serum total cholesterol level, body weight and fat mass among study groups.
	Figure 2 Decreased urethane induced lung tumor multiplicity and burden in HCD-fed C57BL/6J mice compared to ND-fed mice.
	Figure 3 Attenuated lung inflammation and NF-κB activation in urethane treated HCD-fed C57BL/6J mice compared to ND-fed mice.
	Figure 4 Elevated LXR activation in urethane treated HCD-fed C57BL/6J mice compared to ND-fed mice.
	Figure 5 Intranasal administration of LXR agonist T0901317 attenuates urethane induced lung carcinogenesis in ND-fed C57BL/6J mice.




