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Role of liver-X-receptors in airway remodeling
in mice with chronic allergic asthma
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Abstract. Liver X receptors (LXRs) exert anti-inflammatory
effects in animal models of certain respiratory diseases. In
the present study, a model of chronic airway remodeling was
established in wild-type and LXR-deficient mice. Ovalbumin
(OVA)-sensitized mice were chronically administered OVA
via inhalation for 8 weeks. Prior to each stimulation, certain
wild-type mice were treated with GW3965, which is a highly
selective LXR agonist. The influence of LXRs on airway
inflammation, airway hyperresponsiveness and airway remod-
eling was evaluated. LXRs were indicated to increase airway
inflammation and airway hyperresponsiveness, as well as
promote airway remodeling. These results suggest that inhib-
iting LXRs may be a potential method for the treatment of
allergic asthma.

Introduction

Asthma is a highly prevalent chronic airway disease, which
affects >300 million individuals worldwide (1). Its morbidity
and mortality rate are increasing gradually with the develop-
ment of the society. The symptoms include shortness of breath,
cough and chest tightness (2). To date, the pathological mecha-
nisms of asthma have remained to be fully elucidated. Studies
have indicated that the disease is an inflammatory disorder
of the conducting airways, which has a strong association
with allergic sensitization (3). It is classically recognized as
a typical type 2 T-helper cell (Th2) disease, with increased
immunoglobulin E (IgE) levels and eosinophilic inflammation
in the airways. Resulting from airway inflammation, airway
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remodeling leads to airway wall thickening and induces
increased airway smooth muscle mass, which generates asth-
matic symptoms (4). Chronic airway inflammation, airway
hyperresponsiveness and airway remodeling are the central
pathogenic processes of this disease (5).

Liver X receptors (LXRs) belong to the nuclear receptor
superfamily and occur in two forms, known as LXRa and
LXRp (6). Previous studies have established LXRs as the key
modulators of both lipid metabolism and inflammation (7-10).
When combined with natural ligands, such as oxysterols
ordesmosterol (11), or synthetic ligands, including GW3965 or
T0901317 (12), LXRs regulate the transcription of genes involved
in cholesterol efflux and macrophage-mediated inflammation.
The LXR ligand exertsinhibitory roles in lipopolysaccha-
ride-induced lung inflammatory responses and anti-proliferative
effects on airway smooth muscle (13-16). However, LXRs fail
to attenuate acute allergic airway inflammation and Th2 cyto-
kines in bronchoalveolar lavage fluid (BALF) (17). In chronic
allergic asthma, LXRs have the ability to reduce serum IgE.
Furthermore, the LXR agonist T0901317 is able to inhibit the
airway remodeling process (12,18,19). However, T0901317 is
not highly selective for LXRs and it isalso able to activate other
nuclear receptors, such as the Farnesoid X receptor (20,21). To
the best of our knowledge, there are currently no data regarding
chronic allergic asthma in LXR-deficient mice. Therefore,
it was necessary to performan in-depth study on this topic.
Thus, the present study used LXR-deficient mice and a highly
selective agonist of LXRs to investigate the role of LXRs in
allergen-induced chronic asthma.

Materials and methods

Mice and ethics statement. A total of 36C57BL/6 female mice
(age, 8 weeks; weight, 19+2g) were obtained from the Mice
Breeding Service Department of GemPharmatech. Animals
were given free access to sterilized tap water and a standard
rodent chow in a specific pathogen-free biosafety level 3
facility at a temperature of 22-24°C and a relative humidity
of 50-60%. An artificial 12 h light/dark cycle with suitable
ventilation was maintained in the animal room.

The present experiment was approved by The Institutional
Animal Care and Use Committee of Nanjing First Hospital
Affiliated to Nanjing Medical University Animal Center
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(Nanjing, China). Animal experiments were performed in
strict accordance with the provisions of the Guidance on
Feeding and Use of Experimental Animals by the Ministry
of Science and Technology of the P.R. China. All operations
were performed under anesthesia and all efforts were made to
minimize suffering.

Establishment of the mouse model and drug intervention.
Mice were randomly divided into six groups (n=6 mice/group)
as follows: Control group, ovalbumin (OVA) group, GW3965
group, LXRa” group, LXRB™ group and LXRa/p knockout
(KO) group. Certainwild-type mice received intervention with
the LXR agonist GW3965 (Cayman Chemical Company)
at 20 mg/kg by intraperitoneal injection. LXR-KOmice and
wild-type mice were used to establish a chronic asthma
model (18). Mice were intraperitoneally injected with 0.1 ml
sensitizing solution [0.1 mg OVA; 0.07 ml Imject™ Alum
Adjuvant (Beijing Biolead Biotechnology Co., Ltd.); 0.03 ml
PBS] on days 0, 7 and 14. The mice were stimulated with 1%
OVA solution using an ultrasonicnebulizer (402Al; Jiangsu
Yuyue Medical Equipment & Supply Co., Ltd.) from day 21
for 30 min each time, three times a week, for 8 consecutive
weeks. Mice treated with the LXR agonist were administered
an intraperitoneal injection of GW3965 at 20 mg/kg (10,22)
prior to each stimulation.

Airway physiology. Airway responsiveness was measured
24 h after the last OVA treatment using an AniRes 2005
Lung Function system (Bestlab). The mice were anes-
thetized with Nembutal (60 mg/kg; intraperitoneal). The
trachea was then surgically exposed and connected to a
computer-controlled ventilator using an intratracheal tube.
The respiration rate and the expiratory/inspiratory time
ratio were preset at 90/min, 1.5:1. Mice were stabilized for
5 min. Subsequently, various doses of acetylcholine chlo-
ridewere administeredby atomizing inhalation for 20 sec
at increasing concentrations, with intervals of 5 min from
10 to 200 pg/kg. The values of airway resistance were
recorded by the system after the administration of acetyl-
choline chloride (18).

Analysis of serum and BALF. After the airway physiology
analysis, blood was collected from the hearts of the mice.
The collected blood was left in a centrifuge tube at room
temperature for 2 h and was centrifuged at 4,000 x g for
10 min at 4°C. The supernatant was transferred into a clean
1.5-ml centrifuge tube and stored at -80°C. Mice were
sacrificed by cervical dislocation. When the spinal cord and
brain were severed, spontaneous respiration disappeared
and there was no response to external stimuli, indicating that
the mouse had died instantly. In order to obtain the BALF,
ice-cold PBS (0.5 ml) was infused into the lungs and with-
drawn thrice via tracheal cannulation (total volume, 1.5 ml).
The supernatant obtained from the BALF was stored at
-80°C for subsequent biochemical analysis. The levels of
IL-4 (cat. no. JM-02448M2), IL-5 (cat. no. IM-11729M2)
and IL-13 (cat. no. JM-02456M2) in the BALF and the level
of IgE (cat. no. IM-02339M2) (all Jiangsu Jingmei Biotech,
Co., Ltd.) in serum were quantified using ELISAs according
to the manufacturer's protocols.

The total cell count and differential cell type count in
BALF from the slides and the stains was performed using
Wright-Giemsa stain (Nanjing KeyGen Biotech Co., Ltd.)
were determined using an optical microscope (Olympus
Corporation). In total, =200 cells were counted for each mouse
and were identified as macrophages, eosinophils, lympho-
cytes and neutrophils according to standard pathological
morphology under x400 magnification.

Histology and Masson trichrome staining. After the BALF
samples were obtained, the left lung tissue was fixed in 10%
(v/v) neutral buffed formalin. The tissue was then embedded
in paraffin, sectioned at 5-ym thickness and subjected to H&E
or periodic acid-Schiff (PAS) staining to estimate inflam-
mation or mucus production, respectively. The numbers of
PAS-negative and PAS-positive epithelial cells (goblet cells)
in individual bronchioles were counted. In total, =10 random
bronchioles were counted in each slide.

The sections were then subjected to Masson trichrome
staining to evaluate collagen deposition according to the
standard protocol recommended by the manufacturer. All
histologic examinations were performed in a double-blinded
manner under x200 magnification.

Immunostaining for a-smooth muscle actin (a-SMA).
Immunohistochemistry was performedto detecta-SMA. The
paraffin slices were dewaxed inxylene followed by rehydration
and were then incubated in 3% H,0, at room temperature for
10 min to eliminate the activity of endogenous peroxidase.
Subsequently, the slices were rinsed with distilled water and
soaked twice in PBS for 5 min. These slices were blocked with
5% normal goat serum [Hangzhou Multisciences (Lianke)
Biotech, Co., Ltd.] in PBS at room temperature for 10 min,
after which the serum was removed but slices were not washed.
Next, the mouse anti-human a-SMA monoclonal antibody
(1:50 dilution; cat. no. GA085; Dako; Agilent Technologies,
Inc.) was added and the slices were incubated for 2 h at 37°C or
overnight at 4°C. Following rinsing three times with PBS for
5 min, a peroxidase-labeled goat anti-mouse polyclonal IgG
antibody (1:1,000 dilution; cat. no. AP124ASigma-Aldrich;
Merck KGaA) was added and the slices were incubated
at 37°C for 30 min. This was followed by rinsing with PBS
and staining with diaminobenzidine at -20°C for 5 min. (Santa
Cruz Biotechnology, Inc.). After washing, re-dyeingwith
hematoxylin at 37°C for 5 min and dehydration, the slides were
made transparent and sealed with neutral gum. Image Pro Plus
6.0 software (Media Cybernetics, Inc.) was used for analysis of
the immunostained sections. Results werepresented as the area
of a-SMA immunostaining per ym length of the basement
membrane of the bronchioles that had a 150-200 pm internal
diameter. In total, =10 bronchioles were randomly selected in
each of the slides.

Statistical analysis. Values are expressed as the
mean + standard error of the mean. Comparisons among the
different groups were performed by one-way ANOVA (with
nonparametric or mixed test) followed by Tukey's post-hoc
test for multiple comparisons (GraphPad Prism 8.0). Statistical
comparisons used SPSS 16.0 (SPSS, Inc.). P<0.05 was consid-
ered to indicate statistical significance.
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Figure 1. LXRs promote AHR in chronic asthmatic mice. LXRa/f KO mice displayed lower AHR, while the GW3965-treated mice displayed higher AHR
compared with the mice in the OVA group. "P<0.05 OVA group vs. control group; 'P<0.05 GW3965 group vs. OVA group; "P<0.05 LXRa/BKO group vs. OVA
group. AHR, airway hyperresponsiveness; LXR, liver X receptor; OVA, ovalbumin; RL, lung resistance; KO, knockout.

Results

LXRs increase airway hyperresponsiveness in the chronic
model of asthma. After the administration of the indicated
doses of aerosolized acetylcholine for 20 sec, at 24 h after
the last OVA challenge, lung resistance (RL) was recorded
(Fig. 1). There was no difference in basic airway resistance
between the groups. Administration of acetylcholine induced a
concentration-dependent increase in RL in each group. When
the stimulation dose reached 200 pg/kg, the airway resistance
was higher in the GW3965 group compared with that in the
OVA group (P<0.05). Furthermore, the airway resistance
was lower in the LXRo/ff KO group compared with that in
the OVA group (P<0.05). However, there was no decrease
in the RL of LXRa”" and LXRB™ mice compared with that in
the mice in the OVA group (data not shown).

Effect of LXRs on lung histology in the chronic model of
asthma. Rare inflammatory cells were observedaround the
airways in the control group. Furthermore, mice in the OVA
group presented with severe infiltration of inflammatory cells
around the respiratory tract and mice in the GW3965 group
presented with a marked increase in inflammatory cells around
the airways. In addition, LXRa™” mice and LXRB™ mice did
not exhibit anyreduced OVA-induced inflammation of the
airways. It was indicated that LXRa/p3 KO mice presented with
reduced inflammation of the airways compared with mice in
the OVA group (Fig. 2A-F).

Effect of LXRs on inflammatory cells in the BALF of the
chronic model of asthma. Following sensitization and treat-
ment challenges, the total number of leukocytes, as well as

macrophages, eosinophils, lymphocytes and neutrophils in
the BALF of the OVA group were significantly increased
compared with those in the control group. It was indicated that
treatment with GW3965 significantly enhanced the number
of eosinophils and lymphocytes in the BALF compared with
those in the OVA group. Furthermore, LXRo/f KO mice had
fewer total leukocytes, macrophages, lymphocytes and eosino-
phils as compared with mice in the OVA group. However,
there was no significant depression of inflammatory cells in
the BALF of LXRo™” mice and LXRfB" mice compared with
those in the OVA group (Fig. 3).

Effect of LXRs on IL-4, IL-5 and IL-13 levels in the BALF
and IgE levels in serum of the chronic model of asthma. The
levels of 1L-4, IL-5 and IL-13 in the BALF and the levels of
IgE in serum were quantified using ELISAs. The levels of
IL-4, IL-5 and IL-13 in the BALF were significantly higher
in the OVA group compared with those in the control group.
Furthermore, the levels of the inflammatory cytokines were
higher in the GW3965 group compared with those in the OVA
group. However, the levels of these inflammatory cytokines
were lower in the LXRa/p KO group compared with those in
the OVA group. Compared with the control group, the OVA,
GW3965 and LXR o/p KO groups had significantly higher IgE
levels. The IgE levels in the LXR o/f KO group were signifi-
cantly higher compared with those in the OVA group, while
the GW3965 group had significantly lower levels (Fig. 4A-D).

LXRs inhibit airway remodeling in chronic experimental
asthma. The level of airway metaplasia and mucus production
was assessed via PAS staining of lung tissues (Fig. SA-G). There
was a low number of PAS-positive goblet cells in the control
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Figure 2. LXR-deficient, chronic asthmatic mice display reduced airway inflammation. After the last OVA challenge, lung tissues were fixed, sectioned
and stained with H&E. The inflammatory cells around the airways and vessels were observed by pathologists (red arrows). Representative images for the
(A) Control group, (B) OVA group, (C) GW3965 group, (D) LXRa™ group, (E) LXRB™ group and (F) LXRa/p KO group (magnification, x200). LXR, liver
X receptor; OVA, ovalbumin; KO, knockout.
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Figure 3. LXR-deficient, chronic asthmatic mice have a reduced number of inflammatory cells in the BALF. Cells were isolated via centrifugation from
the BALF and were subjected to Wright-Giemsa staining. Cell numbers and cell differentiation were determined using a hemocytometer (=200 cells were
counted). "P<0.05 OVA group vs. control group; 'P<0.05 GW3965 group vs. OVA group; “P<0.05 LXR-deficient groups vs. OVA group. LXR, liver X receptor;
OVA, ovalbumin; BALF, bronchoalveolar lavage fluid; KO, knockout; GW, GW3965 group.
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Figure 4. Effect of LXRs on IL-4, IL-5 and IL-13 levels in the BALF and IgE levels in serum from a chronic mouse model of asthma. The levels of (A) IL-4,
(B) IL-5 and (C) IL-13 in the BALF and (D) the levels of IgE in serum were quantified using ELISA. "P<0.05 OVA group vs. control group; "P<0.05 GW3965
group vs. OVA group; “P<0.05 LXR-deficient groups vs. OVA group. LXR, liver X receptor; OVA, ovalbumin; IgE, immunoglobulin E; BALF, bronchoalveolar

lavage fluid; KO, knockout; GW, GW3965 group.

group, while the number of PAS-positive goblet cells was
markedly increased in the OVA group and further increased
in the GW3965 group. In addition, the number of PAS-positive
goblet cells was significantly lower in the LXRa/f KO group
compared with that in the OVA group.

The effect of the LXR agonist GW3965 on the area of
collagen deposition around the duct wall was determined
using Masson's trichrome staining analysis of lung tissues
(Fig. 6A-G). In the control group, collagen deposition around
the airways was minimal. The results demonstrated that
the collagen deposition around the airways of mice in the
OVA group was significantly increased compared with that
in the control group (P<0.05). In addition, compared with
that in the OVA group, the collagen deposition area was
increased in the GW3965 group (P<0.05), while this area was
decreased in the LXRa/p KO group (P<0.05).

The results further demonstrated that a-SMA expression
was increased in the peribronchiolar region of OVA-challenged
mice compared with that in control mice. In addition, admin-
istration of GW3965 markedly increased the area of the

a-SMA-stained smooth muscle layer compared with that in
the OVA group. However, the area of smooth muscle layer
stained with a-SMA was reduced in the LXRa/f3 KO group
as compared with that in the OVA group (Fig. 7A-G). These
results indicated that LXRs maypromote airway remodeling.

Discussion

The present study investigated the effect of LXRs on the
pathophysiology of asthma by establishing an LXR-deficient
mouse model of chronic allergic asthma. The influence of
LXRs on the pathophysiological process of chronic asthma
was comprehensively evaluated by detecting airway inflam-
mation, airway hyperreactivity and airway remodeling.

The synthetic agonist used in the present study was GW3965,
which is a highly LXR-specific ligand. GW3965 increased the
eosinophilic airway inflammation by inducing high secretory
levels of Th2 cytokines. A previous study reported that LXR
activation is able to directly increase the transcription of IL-5
by improving the promoter activity (23). However, to the best
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Figure 5. LXR-deficient, chronic asthmatic mice have a reduced number of PAS-positive epithelial cells. Lung tissue sections were subjected to PAS staining
to assess mucus production. The numbers of PAS-positive and PAS-negative epithelial cells were counted. Red was indicative of positive PAS staining (black
arrows). Representative images of the (A) Control group, (B) OVA group, (C) GW3965 group and (D) LXRa™ group, (E) LXRB™ group and (F) LXRa/B
KO group (magnification, x200). (G) Numbers of PAS-positive cells from each group. "P<0.05 OVA group vs. control group; 'P<0.05 GW3965 group vs. OVA
group; “P<0.05 LXR-deficient groups vs. OVA group. LXR, liver X receptor; OVA, ovalbumin; PAS, periodic acid-Schiff; KO, knockout.
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Figure 6. LXR-deficient, chronic asthmatic mice have a decreased area of collagen deposition around the duct wall. Masson's Trichrome staining was performed
to evaluate subepithelial deposition of collagen. Positive trichrome-stained areas (cyanstained) around the bronchioles and vessels (red stained) were outlined
and quantified using Image-Pro Plus 6.0. Representative images for the (A) Control group, (B) OVA group, (C) GW3965 group, (D) LXRa ™" group, (E) LXRB™"
group and (F) LXRa/B KO group (magnification, x200). Black arrowsindicate positive trichrome-stained areas around the bronchioles. (G) Fibrotic area
for each group. "P<0.05 OVA group vs. control group; P<0.05 GW3965 group vs. OVA group; "P<0.05 LXR-deficient groups vs. OVA group. LXR, liver X
receptor; OVA, ovalbumin; KO, knockout.

of our knowledge, there are no previous studies suggesting that  the production of IL-4 and IL-13 in the airways of model mice
LXRs are able to increase the transcription of IL-4 and IL-13.  with chronic asthma. These results indicated that LXRs may
The present study demonstrated that activation of LXRs led to  affect T-cell function by increasing the Th2 cytokine response.
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Figure 7. LXR-deficient, chronic asthmatic mice have a smaller area of a-SMA-stained smooth muscle layer. The area of a-SMA-stained smooth muscle layer
(brown stained) was examined using immunostaining analysis of lung tissues. Black arrows indicate theimmunostained areas around bronchioles and vessels.
Blue stain indicates smooth muscle cells. Representative images for the (A) Control group, (B) OVA group, (C) GW3965 group, (D) LXRa™" group, (E) LXRB™"
group and (F) LXRa/B KO group (magnification, x200). (G) Smooth muscle area for each group. "P<0.05 OVA group vs. control group; P<0.05 GW3965
group vs. OVA group; “P<0.05 LXR-deficient groups vs. OVA group. LXR, liver X receptor; OVA, ovalbumin; KO, knockout; a-SMA, a-smooth muscle actin.

An important feature of allergic asthma is the increase in IgE
levels in the serum. IgE-mediated type I allergy is the primary
mechanism of the asthma response and leads to airway hyper-
responsiveness (24), particularly when asthmatic patients are
exposedtoallergens. Allergens are captured by antigen-presenting
cells and are presented to T lymphocytes, which is a process that
requires a suitable Th2 cytokine environment to enable the B-cell
type conversion to a type that produces IgE (25-27).

Both IL-4 and IL-13 are able to transpose the mRNA of
B cells, thereby causing the transformation of B cells and the
production of IgG4 and IgE with the appropriate co-stimulus
signals. The production of IgE is largely dependent on T-cell
synthesis, while basophils and mast cells are able to express
CD40 ligand (CD40L), interact with B cells and regulate IgE
synthesis in the absence of endogenous IL-4 and IL-13 (28).
Therefore, basophils and mast cells are able to induce IgE
syngenesis without T cells, which is another important
pathway for IgE synthesis (29-31). It has been indicated that
LXR activation limits anti-CD40 and IL-4-induced differ-
entiation of B cells into IgE-secreting plasmablasts and this
may be associated with the reduced phosphorylation of INK
and the increased membrane expression of CD23 (25). In the
present study, an appropriate dose of LXR agonist was able to
effectively reduce serum IgE levels. On the basis that binding
to LXR agonists increased Th2 cytokines, it was suggested
that LXR agonists may inhibit IgE production by inhibiting
the non-T-cell-dependent pathways and this observation was
in line with previous studies (18,32).

Acetylcholine is a type of drug that causes bronchocon-
striction and increases airway resistance when inhaled. The
present study used different doses of acetylcholine to stimulate

the airways. The results demonstrated that LXRs were able to
increase airway hyperreactivity. This finding maybe explained
by the increase in airway inflammation caused by LXRs.

The specific manifestations of airway remodeling include
epithelial injury, hypertrophy of subepithelial fibrous mucous
glands, myofibroblast, smooth muscle cell proliferation and
angiogenesis (33). In the present study, when comparing the
LXR agonist group with the asthma group, the aforemen-
tioned changes were more obvious. It was identified that
airway remodeling was decreased in LXRa/f§ KO mice, which
indicated that LXRs promote airway remodeling during
chronic asthma. While LXRs were previously indicated
to exertanti-proliferative effects on airway smooth muscle
in vitro (16), the role of LXRs in mice with chronic asthma
appeared to be more complex.

LXRs serve a key role in lipid metabolism and exhibit
anti-inflammatory roles in a number of animal models,
including those of atherosclerosis and acute lung injury (34).
In the present study, it was observed that LXRs aggravated
antigen-induced eosinophilic airway inflammation in mice
with chronic asthma. However, asthma is a heterogeneous
disease with multiple phenotypes (1), and there are numerous
non-allergic asthmatic patients with neutrophilic airway
inflammation (1,35). It is suggested that LXRs may have favor-
able inhibitory effects on airway inflammation in non-allergic
asthma; however, further research is required.

In conclusion, the present study demonstrated that LXRs
promote airway remodeling in allergic chronic asthma and
this may be a promising target for allergic asthma treatment.
Inhibition of LXR overactivation mayreduce allergic airway
inflammation and airway hyperresponsiveness, as well as
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decrease airway remodeling. Therefore, inhibiting LXRs may
be a potential treatment for allergic asthma.
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