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ARTICLE INFO ABSTRACT

Airway remodeling is a key pathological lesion in chronic obstructive pulmonary disease (COPD), and it leads to
poorly reversible airway obstruction. Current pharmacological interventions are ineffective at controlling airway
remodeling. To address this issue, we queried the Connectivity Map (cMap) database to screen for drug can-
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Spmﬁbrate deli didates that had the potential to dilate the bronchus and inhibit airway smooth muscle (ASM) proliferation. We
ngsy remoceling identified ciprofibrate as a drug candidate. Ciprofibrate inhibited cigarette smoke extract-induced rat ASM cell

contraction and proliferation in vitro. We exposed Sprague-Dawley (SD) rats to clean air or cigarette smoke (CS)
and treated the rats with ciprofibrate. Ciprofibrate improved pulmonary function, inhibited airway hypercon-
traction, and ameliorated morphological small airway remodeling, including airway smooth muscle prolifera-
tion, in CS-exposed rats. Ciprofibrate also significantly reduced IL-1f, IL-12p70, IL-17A and IL-18 expression,
which are related to airway remodeling, in the sera of CS-exposed rats. These findings indicate that ciprofibrate
could attenuate airway remodeling in CS-exposed rats.

1. Introduction

Chronic obstructive pulmonary disease (COPD) remains a leading
cause of morbidity and mortality worldwide, and cigarette smoke is the
predominant risk factor for COPD. Airway remodeling is a key patho-
logical lesion in COPD, and it leads to poorly reversible airway ob-
struction (Barnes et al., 2015). The current therapy for airway re-
modeling in COPD is principally directed towards the amelioration of
bronchoconstriction and airway inflammation using bronchodilators
and glucocorticosteroids, respectively (Rabe and Watz, 2017). Notably,
patients with airway remodeling in COPD are poorly controlled with
the use of these drugs (Dekkers et al., 2013; Jones et al., 2016; Lahousse
et al., 2016). This poor response emphasizes the need for the devel-
opment of novel or repurposed drugs for airway remodeling in COPD
treatment.

Airway remodeling is an intractable issue in COPD, and it is char-
acterized by airway hypercontraction, airway smooth muscle (ASM)

proliferation and airway fibrosis (Jones et al., 2016). Bronchial dilation
and restraint of airway smooth muscle proliferation are important
treatment targets in airway remodeling of COPD (Rabe and Watz,
2017). Active protein kinase A catalytic subunit C-alpha (PKA-Ca)
catalysis of substrate phosphorylation mediates the functional antag-
onism of pro-contractile signaling in ASM (Pera and Penn, 2014). Cyclin
D1 is a critical regulator of cell cycle progression. Cigarette smoke ex-
tract (CSE) increases ASM cyclin D1 expression and induces ASM pro-
liferation in COPD (Pera et al., 2010; Xu et al., 2012). Therefore, the
upregulation of PKA-Ca (PRKACA) and the downregulation of cyclin
D1 (CCND1) may be potential therapeutic targets for airway re-
modeling in COPD and lead to bronchial dilation and the inhibition of
ASM proliferation.

Drug repurposing is a strategy to identify new uses for approved or
investigational drugs that are outside the scope of the original medical
indication (Pushpakom et al., 2018). The repurposing of ‘old’ drugs is
gradually becoming an attractive proposition because it involves the
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use of less risky compounds with potentially lower overall development
costs and shorter development timelines. Connectivity Map (cMap)
information can be used as a proxy phenotypic screen for a large
quantity of compounds, and it has been successfully applied for drug
repurposing predictions in many disease conditions (Lamb et al., 2006;
Qu and Rajpal, 2012). The cMap database exploits the transcriptome
and uses gene expression profiling as a common ‘language’ to connect
biology, chemistry and clinical conditions to discover disease-gene-drug
connections.

We used the cMap database to repurpose potential drug candidates
to attenuate CS-induced airway hypercontraction and ASM prolifera-
tion based on the upregulation of PRKACA and the downregulation of
CCND1. We used literature mining to identify drugs that relaxed
smooth muscles and inhibited cell proliferation and selected ciprofi-
brate as a drug candidate for further verification. Ciprofibrate, a per-
oxisome proliferator-activated receptor a (PPAR-a) agonist, is an ef-
fective treatment for three main types of atherogenic
hyperlipoproteinemia: type Ila hypercholesterolemia, type IIb com-
bined hyperlipidemia, and type IV hypertriglyceridemia in clinical (Li
et al.,, 2018; Turpin and Bruckert, 1996). Moreover, it also plays a
critical role in inhibiting vascular smooth muscle cell proliferation,
regulating vascular tone and the inflammatory response in cardiovas-
cular diseases (Li et al., 2018). PPAR-a has been shown to exert a potent
anti-inflammatory activity in lung inflammatory diseases including
acute lung injury, asthma and lung fibrosis (Banno et al., 2018; Belvisi
and Mitchell, 2009; Cuzzocrea, 2006). So far, no information is avail-
able on the role of PPAR-a activation in ASM contraction and pro-
liferation. It’s unclear whether ciprofibrate attenuated airway re-
modeling in COPD. We investigated the effect of ciprofibrate on CSE-
induced rat airway smooth muscle cell contraction and proliferation in
vitro and assessed the efficacy of ciprofibrate on debilitating airway
remodeling in CS-exposed rats. These findings may provide more direct
experimental evidence and new ideas for COPD drug development.

2. Materials and methods
2.1. Connectivity map (cMap) analysis

The cMap database is a publicly available resource of transcriptional
profiles induced by existing drugs. We used cMap to identify potential
compounds that could reverse airway remodeling through COPD-asso-
ciated genes. The database contains more than 7000 genome-wide
transcriptomes from cultured human cells treated with 1309 bioactive
compounds. PRKACA and CCND1 genes were mapped into Affymetrix
platform HG-U133A probe set IDs and used as input for cMap to query
compounds that upregulated PRKACA and downregulated CCND1. The
cut-off for the up/down regulation was a fold-change value of 2.0.

2.2. Primary rat airway smooth muscle cell (ASMC) culture

The trachea and main bronchi from Sprague-Dawley rats were
carefully dissected and rinsed in phosphate buffer saline (PBS). The
epithelium and serosa were carefully stripped using fine forceps and a
surgical blade and cut into 1-mm pieces in culture plate. Cells were
cultured in Dulbecco's Modified Essential Media (DMEM, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 20% fetal
bovine serum (FBS) and 100 g/mL penicillin and 100 IU/mL strepto-
mycin. Cells were grown at 37 °C in the presence of 5% CO,. Primary rat
ASMC emerged in approximately 7 days.

2.3. Cigarette smoke extract (CSE) preparation

CSE was prepared by bubbling smoke from five cigarettes (1R1;
Derby Cigarettes, tar =10mg, cotinine =0.9mg, CO = 12 mg per ci-
garette, Wuhu Cigarette Inc., Anhui, China) through 10 mL of FBS-free
DMEM supplemented with penicillin and streptomycin at a rate of
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5 min/cigarette (Pera et al., 2010; Xu et al., 2012). The smoked medium
was then sterile filtered through a 0.22 um filter. The obtained solution
represented 100% strength. The 100% CSE was freshly generated for
each experiment, and diluted to final working concentration and used
within 30 min. Cell viability was detected with different concentrations
of CSE (0%, 0.25%, 0.50%, 1%, 2%, 4%) by using Cell Counting Kit-8
(CCK-8; Dojindo, Japan) to determine the optimum experimental con-
centration.

2.4. Collagen gel contraction assay

The concentration of the rat ASMC suspension was adjusted to
3 x 10°/mL after trypsin digestion. A volume of 557 uL of the cell
suspension was mixed with 333 uL of rat tail collagen type I (3 mg/ml,
Thermo Fisher Scientific, Waltham, MA, USA), 100 uL of 10 x PBS and
10uL of 1M NaOH immediately (pH = 7.40). The resultant mixture
(7.5 x 10* cells per well in 500 pL) was added to each well of a 24-well
plate, and the formation of a collagen gel was induced via incubation at
37°C under 5% CO, for 30 min. Freshly prepared collagen matrices
were overlaid with DMEM containing 10% FBS and incubated for 48 h
to allow the mechanical load to develop. Gel surface images were
captured using a digital camera, and the contraction of the gel was
evaluated by measurement of the surface area using ImageJ software
(NIH, Bethesda, MD, USA). Data are expressed as the collagen con-
traction area percentage of the original gel size.

2.5. Western blotting

Total protein was extracted from rat ASMC using cold Radio
Immunoprecipitation Assay (RIPA) buffer. The protein concentration in
cell lysates was determined using a Pierce BCA protein assay kit (Pierce,
Rockford, IL, USA). Proteins (30 pg) were loaded onto a 10% Sodium
dodecyl sulfate (SDS) polyacrylamide gel and electrophoretically
transferred to nitrocellulose membranes (Pall, Port Washington, USA).
Membranes were incubated with antibodies according to the manu-
facturer’s protocol. Immunolabeled bands were visualized using the
SuperSignal West Pico chemiluminescence kit (Thermo Fisher
Scientific). Autoradiographs were quantitated by densitometry using
Image J software. Bands were normalized to GAPDH (1:20000, Abcam,
Cambridge, UK) expression. The primary antibody was a cyclin D1
rabbit mAb (1:2000, Abcam).

2.6. Animals and experimental protocol

The Ethics Committee of Peking University Health Science Center
approved all in vivo manipulations (permit No: LA2019004), and animal
experiments were performed in accordance with the committee’s an-
imal care. Thirty-two male Sprague-Dawley rats (7 weeks old) were
supplied by Beijing Vital River Laboratory and bred in-house. A CS-
induced airway remodeling and COPD-like changes model was pro-
duced as described previously (Zhou et al., 2014a,b). Thirty-two rats
were randomly divided into four groups for the challenge (n = 8 each):
exposure to clean air or cigarette smoke (CS) for 28 weeks. Whole-body
CS exposure involved use of the BUXCO animal CS-exposure system
(DSI, USA) that provided smoke generated from commercial cigarettes
(1R1; Derby Cigarettes, tar =10mg, cotinine =0.9mg, CO = 12mg
per cigarette, Wuhu Cigarette Inc., Anhui, China). The equivalent of 20
cigarettes’ inhalation was administered over 2h, followed by a 4-h re-
covery; this was repeated twice a day, 6 days/week. Rats were treated
with ciprofibrate (10 mg/kg, Selleck, USA) (Herbert et al., 1999; Tzeng
et al., 2015) or vehicle (1% carboxymethylcellulose sodium) once daily
for 4 weeks from the 25th week of exposure. Ciprofibrate was ad-
ministered 1 h before smoke exposure. All rats were euthanized after 28
weeks.
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2.7. Pulmonary function testing

Pulmonary function tests were performed using the AniRes 2005
lung function meter (Peking Biolab Tech Company, Beijing, China),
according to the manufacturer’s instructions (Yue et al., 2017). The
equipment was calibrated before use. Briefly, rats were anesthetized
with 1% sodium pentobarbital (0.4 mg/100 g, intraperitoneal injection)
prior to surgery. An endotracheal tube was inserted into the rats and
connected to the outlet of a ventilator. After 30 normal respiratory
cycles, the peak expiratory flow (PEF) and maximal mid-expiratory
flow curve (MMF) were examined and recorded.

2.8. Contractile function of isolated tracheal segment smooth muscle

Rats were euthanized with 1% sodium pentobarbital (0.4 mg/100 g,
intraperitoneal injection), and intact tracheae were quickly dissected
and cleaned of connective tissues. Isolated trachea with eight cartilage
rings was transferred to an organ bath containing a Krebs-Henseleit
buffer solution maintained at 37°C, as previously described (Guo et al.,
2014). Resting tension was adjusted stepwise to reach 0.5g, and the
tissue was stabilized for 1 h. Tracheal force contractions in response to
increasing logarithmic-graded doses of acetylcholine were recorded
using an isometric transducer connected to the PowerLab system
(ADInstruments, Australia).

2.9. Histopathological analysis

The left lung tissue was embedded in paraffin and processed for
standard hematoxylin-eosin and Masson-Goldner trichrome staining.
Images were viewed under a DM2500 optical microscope (Leica
Microsystems, Wetzlar, Germany) before any measurements, and a
pathologist who was blinded to treatment analyzed the tissue. The
pathological changes in the small airways were assessed using in-
flammation scores as described by Cosio et al. (1978). Three random
microscope fields in which the bronchiole diameters were < 200 pm
(shortest path/lumen diameter = 0.7) were used to measure the
bronchiole basement membrane perimeter (Pbm), airway wall area and
collagen area. Total bronchiole wall area and collagen area around
bronchioles were normalized to the Pbm (Reinhardt et al., 2005). The
wall area/total bronchiole area (MA%) was also calculated.

2.10. Immunohistochemistry

After paraformaldehyde fixation, 5-mm paraffin-embedded lung
tissues underwent immunohistochemical staining. The primary anti-
body for a-smooth muscle actin (a-SMA) was a mouse polyclonal anti-
a-SMA (1:10000, Boster Biological Technology, Beijing, China).
Sections were incubated at 4°C overnight and incubated with the sec-
ondary antibody horseradish peroxidase-conjugated goat anti-mouse
IgG (PV-6002; ZSGB-Bio, Beijing, China) for 30 min. Immunoreactivity
was visualized with a Diaminobenzidine Detection System kit (ZLI-
9018; ZSGB-Bio) for 45s, and sections were counterstained with
Mayer’s hematoxylin. Negative controls for nonspecific binding omitted
the primary antibody. The a-SMA staining area of the bronchioles was
normalized to the Pbm in airways less than 200 pm in diameter.

2.11. Cytokine detection

The concentrations of cytokines (IL-1f3, IL-12p70, IL-17A, IL-18, IL-
33 and TNFa) were determined using the LEGENDplex Multi-analyte
Flow Assay Kits (BioLegend, San Diego, CA, USA). The serum of rats
was collected, and 25 pL of the supernatant was used for the assays,
following the manufacturer’s instructions. The data were analyzed
using LEGENDplex Data Analysis Software (BioLegend).
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2.12. Statistical analysis

All statistical analyses were performed using Statistical Package for
the Social Sciences 18.0 software (Armonk, NY, USA). Data are pre-
sented as box-plots showing the medians and 25th and 75th percentiles
and whiskers showing the 10th and 90th percentiles or the means *+
standard error of the mean (SEM). In parametric data, ANOVA was used
to analyze the differences among groups if data were determined to be
normal distribution. For parametric data with unequal variances,
ANOVA with Games-Howell post-hoc test was used. For non-parametric
data, a Kruskal-Wallis ANOVA combined with post-hoc Dunn’s multiple
comparison test was performed when more than 2 groups were eval-
uated. Differences were considered significant at P < 0.05.

3. Results

3.1. The cMap-predicted drug candidate ciprofibrate attenuated airway
remodeling

We used the cMap database to repurpose potential drug candidates
that dilated the bronchus and inhibited airway smooth muscle pro-
liferation (Table S1). Mepenzolate bromide, fulvestrant and raloxifene
attenuate cigarette smoke-induced emphysema and airway remodeling
(Tam et al., 2016; Tanaka et al., 2013), which suggest that the cMap
predictions were reliable. Previous studies showed ciprofibrate relaxed
vascular smooth muscle and restrained hepatoblastoma cell line HepG2
proliferation (Clemencet et al., 2005; Mujumdar et al., 2002), which
were confirmed by literature mining. Therefore, we chose ciprofibrate
for further cellular experiments to verify its potential to dilate airway
smooth muscle cell (ASMC) and inhibit ASMC proliferation (Fig. 1A).

A collagen gel contraction assay was performed to determine whe-
ther ciprofibrate affected ASMC contractile function. Primary rat ASM
cell viability was more than 98% when stimulated with cigarette smoke
extract (CSE) not more than 1% (Fig. S1). CSE promoted ASMC con-
traction in a dose-dependent manner (***P < 0.001, Figure S2).
Ciprofibrate reduced CSE-induced ASMC contraction (**#P < 0.001,
Fig. 1B). We found that CSE promoted the expression of cyclin D1 in rat
ASMC in time-dependent and dose-dependent manners. (P < 0.01,
P < 0.001, Figure S3). Ciprofibrate significantly decreased CSE-in-
duced cyclin D1 expression in rat ASMC (P < 0.05, ***P < 0.001,
Fig. 1C). These data suggest that ciprofibrate inhibited CSE-induced
ASMC contraction and proliferation in vitro.

3.2. Ciprofibrate ameliorated lung function in cigarette smoke-exposed rats

Airway remodeling in COPD generally causes an irreversible loss of
lung function in COPD (Barnes et al., 2015). We established a long-term
CS-exposure rat model to induce airway remodeling and COPD-like
changes and evaluated the effects of ciprofibrate on pulmonary function
(Fig. 2A). Rats exposed to CS for 28 weeks without ciprofibrate showed
a significant decrease in the peak expiratory flow (PEF) and maximal
mid-expiratory flow curve (MMF) compared to the clean air-exposed
group without ciprofibrate (Fig. 2B and C). The PEF increased 3.40% in
the CS-exposed group treated with ciprofibrate compared to the CS-
exposed group without ciprofibrate (44.68 = 1.72ml/s vs.
43.21 * 1.60ml/s, respectively, P < 0.01, Fig. 2B), and the MMF
increased by 8.72% (39.41 + 0.62ml/L vs. 36.25 = 1.24ml/L, re-
spectively, **#P < 0.001, Fig. 2C). These results suggest that ciprofi-
brate reversed the CS-induced decline in lung function.

3.3. Ciprofibrate inhibited cigarette smoking-induced airway
hypercontraction

To determine whether ciprofibrate affected tracheal contractile
function, the response of isolated tracheal rings to acetylcholine (Ach)
was examined. The maximum contraction forces of isolated tracheal
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Fig. 1. Identification of ciprofibrate as the drug candidate to attenuate airway remodeling predicted by the Connectivity Map analysis.

(A) The paths show that ciprofibrate was identified as a drug candidate by the Connectivity Map analysis. (B) Rat airway smooth muscle cell (ASMC) were pre-
incubated with different concentrations of ciprofibrate (CIP; O uM, 2.5 uM, 5 uM, 10 uM, 20 uM, 40 uM, 80 uM) before stimulation with 0.5% cigarette smoke extract
(CSE) for 24 h. The percentage of gel area reduction compared to the original area was evaluated at 24h. n = 5. Data are mean = SEM. ***P < 0.001 and
###p < 0.001. (C) Rat ASMC were pre-treated with CIP (0 puM, 2.5uM, 5uM, 10 uM, 20 uM, 40 uM, 80 uM) for 2h followed by stimulation with 0.5% CSE for
another 24 h. Protein levels of cyclin D1 in rat ASMC were determined using Western blotting; n = 6. Data are mean = SEM. ***P < 0.001, *P < 0.05 and

###p < 0.001.

rings in response to 10~> M and 10~ * M Ach were significantly higher
in the CS-exposed group without ciprofibrate than the clean air-exposed
group without ciprofibrate (107> M Ach: 1.30 * 0.11g vs.
0.93 = 0.10g, **P < 0.01; 107* M Ach: 1.81 = 0.21g ws.
1.06 = 0.16g, ***P < 0.001, Fig. 3). Notably, ciprofibrate treatment
significantly inhibited the maximal contractile force of the isolated
tracheal rings in response to 10 ~° M and 10~ * M Ach in the CS-exposed
group (107° M Ach: 1.05 + 0.14g vs. 1.30 = 0.11g, *P < 0.05;
10"* M Ach: 1.32 + 0.22g vs. 1.81 = 0.21g, *#P < 0.01, Fig. 3).
The ECso of Ach was not different between the CS-exposed group
treated with ciprofibrate and the CS-exposed group without ciprofibrate
(6.06 = 1.05 x 107 M vs. 9.50 * 1.16 x 107 M, “P > 0.05). These
results indicate that ciprofibrate inhibited CS-induced airway hy-
percontraction.

3.4. Ciprofibrate attenuated cigarette smoking-induced morphological small
airway remodeling

The CS-exposed group without ciprofibrate exhibited airway con-
gestion, epithelial necrosis erosion, smooth muscle proliferation, nu-
merous inflammatory cells in the alveolar walls and spaces, small
airway fibrosis and massive disruption of lung structure (Table 1).
Chronic ciprofibrate administration improved a number of CS-induced
pathological alterations, such as airway occlusion and epithelial ne-
crosis erosion, and special improvements in airway smooth muscle
proliferation (1.2 * 0.3 vs. 2.3 = 0.3, #p < 0.05), inflammatory cell
infiltration (1.5 = 0.2 vs. 2.4 *= 0.2, **P < 0.01) and fibrosis
(0.7 = 0.1vs. 1.8 + 0.3, P < 0.01) (Table 1).

Increased airway wall thickness, the proliferation of ASM and
airway matrix deposition are prominent features of airway remodeling
in COPD (Jones et al., 2016). Ciprofibrate intervention in the CS-ex-
posed group reduced the bronchiole wall area/basement membrane
perimeter (45.25 + 2.59 pum?/um  vs. 62.38 * 2.74 pm?2/um,
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Fig. 2. Ciprofibrate reversed the cigarette smoking-induced decline in lung function.

(A) Thirty-two rats were randomly divided into four groups for the challenge (n = 8 each): exposure to clean air or cigarette smoke (CS) for 28 weeks and treated
with ciprofibrate (10 mg/kg) or vehicle (1% carboxymethylcellulose sodium) once daily for 4 weeks from the 25th week of exposure. All rats were euthanized after
28 weeks. (B) Peak expiratory flow (PEF) and (C) maximal mid-expiratory flow curve (MMF) were measured in all groups after 28 weeks. n = 8. Data are presented
as box-plots showing the medians and 25th and 75th percentiles and whiskers showing the 10th and 90th percentiles. **P < 0.01, ***P < 0.001, **P < 0.01 and

###p < 0.001.
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Fig. 3. Ciprofibrate significantly inhibited the maximal contractile of rat iso-
lated tracheal rings response to acetylcholine in cigarette smoke-exposed rats.
The contraction force changes of rat isolated tracheal rings response to acet-
ylcholine were measured in four groups. n = 8. Data are mean + SEM.
**P < 0.01 and ***P < 0.001 compared with the clean air-exposed group
without ciprofibrate; P < 0.05 and P < 0.01 compared with CS-exposed
group without ciprofibrate.

##p < 0.01, Fig. 4A-B) and the wall area/total bronchiole area (MA%,
58.62% + 2.68% vs. 77.63% + 2.84%, **P < 0.01, Fig. 4C) compared
to the CS-exposed group without ciprofibrate. Ciprofibrate intervention
also reduced the a-SMA staining area of bronchioles/basement mem-
brane perimeter (7.51 + 0.69 pm?/pm vs. 11.63 + 0.73 pm?/pm,

##p < 0.01, Fig. 4D-E). Masson staining in the CS-exposed group
without ciprofibrate demonstrated a more severe distortion of the lung
structure and larger collagen area compared to the clean air-exposed
group without ciprofibrate (5.43 = 0.38um?/um vs. 1.41 = 0.36
pum?/um, ***P < 0.001, Fig. 5). Ciprofibrate treatment in the CS-ex-
posed group decreased the collagen area around bronchioles compared
to the untreated CS-exposed group (3.75 + 0.65 pm?/um vs.
5.43 = 0.38um?/um, *P < 0.05, Fig. 5B). These results suggest that
ciprofibrate ameliorated morphological small airway remodeling, in-
cluding airway smooth muscle proliferation, in CS-exposed rats.

3.5. Ciprofibrate reduced serum cytokine levels in cigarette smoke-exposed
rats

COPD is not just a simple lung disease but a systemic disease that
exhibits extensive extrapulmonary damage. A wide variety of in-
flammatory mediators are increased in COPD, including IL-13, TNF-a,
IL-12p70, IL-17A, IL-18 and IL-33, which amplify the inflammatory
process and induce airway structural changes (Churg et al., 2009;
Hackett et al., 2014; Kang et al., 2012; Roos and Stampfli, 2017; Xia
et al., 2015). We examined the role of ciprofibrate in the CS-induced
systemic inflammatory response in rats. The levels of IL-1f, IL-12p70,
IL-17A, IL-18 and IL-33 in serum were significantly increased in the CS-
exposed group without ciprofibrate compared to the clean air-exposed
group without ciprofibrate (Fig. 6A-E). Notably, ciprofibrate treatment
reduced the concentrations of IL-1f, IL-12p70, IL-17A, IL-18 and IL-33
in the serum of CS-exposed groups (Fig. 6A-E). However, ciprofibrate
did not inhibit TNF-a expression in the serum of the CS-exposed group
without ciprofibrate. Notably, there was no difference in TNF-a
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Table 1
Pathological scores of rat lung tissue in four groups.
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Parameters Air + Vehicle Air + Ciprofibrate Cigarette Smoke + Vehicle Cigarette Smoke + Ciprofibrate
Airway occlusion 0.8 +0.1 0.5+ 0.2 1.5+01" 1.0 = 0.27
Epithelial necrosis erosion 0 0 1.4+02 0.8 +0.3"
Goblet cell metaplasia 0.4 =0.1 0.3 +0.1 0.4 =0.1 0.5=0.3
Squamous cell metaplasia 0 0 0 0
Inflammatory cell infiltration 1.2+0.2 1.3+0.3 24 +0.2 1.5+ 0.2""
Fibrosis 0 0 1.8+03" 0.7 £ 0.17%#
Smooth muscle proliferation 0.3+0.1 0.2+0.1 23+03" 1.2+ 0377
Pigmentation 0 0 0.5+0.1 0.4+0.2
Emphysema 0 0 20+03 1.5+02
Total score 2.7 £ 0.5 23 %07 123+ 1.6 7.6 187

Data are mean + SEM. n=8.
* P < 0.05.
** p < 0.01.
*** P < 0.001 compared with the clean air-exposed group without ciprofibrate.
# P < 0.05.
## P < 0.01 compared with cigarette smoke-exposed group without ciprofibrate.
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Fig. 4. Ciprofibrate attenuated bronchiole wall area and alpha-smooth muscle actin staining area of bronchioles following cigarette smoke exposure.

Representative photomicrographs of lung sections with (A) hematoxylin and eosin staining and (D) IHC staining of alpha-smooth muscle actin (a-SMA) in each
group. (B) The bronchiole wall area and (E) a-SMA staining area of bronchioles normalized to bronchiole basement membrane perimeter (Pbm) were quantified in
the four groups. (C) The wall area/total bronchiole area (MA%) was also measured in all groups. n = 8. Data are mean * SEM. *P < 0.05, **P < 0.01 and

##p < 0.01. Scale bar=50 pm.

expression in the sera of the CS-exposed group without ciprofibrate and
the clean air-exposed group without ciprofibrate (Fig. 6F). These results
show that ciprofibrate reduced the systemic inflammatory response in
CS-exposed rats.

4. Discussion

In this study, we used the cMap database to repurpose drug candi-
dates with the potential to attenuate the airway remodeling processes
associated with COPD. The integration of cMap analysis and literature
mining identified ciprofibrate as a drug candidate. The key findings
were that ciprofibrate improved cigarette smoke airway remodeling in

vitro and in vivo. We suggest ciprofibrate as a potential therapeutic drug
for airway remodeling in COPD. Our study provides a new strategy to
identify drugs for COPD treatment.

Previous studies have demonstrated that single-target drugs treat-
ment for COPD, such as infliximab (an anti-TNF a antibody), canaki-
numab (an anti-IL-1 antibody) and CNTO6785 (an IL-17A inhibitor),
do not benefit COPD patients (Lakshmi et al., 2017). Multiple me-
chanisms involve in pathological changes of COPD (Lakshmi et al.,
2017). Thus, multi-target drug therapy is an important strategy for
COPD treatment. cMap database has used for drug repurposing pre-
dictions. Intriguing prediction obtained from the cMap-based analysis is
to use the antiulcer drug, cimetidine, as a possible therapy in the
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Fig. 5. Ciprofibrate decreased collagen area around bronchioles by cigarette smoking.
(A) Representative photomicrographs of lung sections with Masson staining in each group. (B) Quantification of the collagen area around bronchioles normalized to

bronchiole basement membrane perimeter (Pbm) in all groups. n = 8. Data are mean

management of lung adenocarcinoma, with in vitro and in vivo proof-of-
concept validation (Qu and Rajpal, 2012). Geldanamycin, a heat shock
protein 90 inhibitor, has also been identified and hypothesized to be an
anti-mimetic of tobacco effect through cMap analysis using expression
profiles of human buccal biopsies from comparing smokers and non-
smokers (Qu and Rajpal, 2012). In our study, predicted ciprofibrate
attenuated airway remodeling, including airway smooth muscle pro-
liferation and airway hypercontraction in CS-exposed rats. Moreover,
ciprofibrate had anti-inflammatory properties in CS-exposed rats. In
general, these studies have lent confidence to the application of cMap in
identifying repurposing candidates. Ciprofibrate, as a multi-target drug
predicted by cMap-based analysis, provides a novel idea for the re-
purposing of ‘old’ drugs in COPD treatment.

Cigarette smoke contributes to or exacerbates COPD. Airway hy-
percontraction and ASM proliferation are key features of airway re-
modeling in COPD. To verify the prediction results, cellular experi-
ments were performed. Cigarette smoke extract (CSE) has a significant

+

SEM. *P < 0.05, **P < 0.01 and ***P < 0.001. Scale bar=>50 pym.

effect on airway abnormal contractility and proliferation (Chiba et al.,
2005; Sathish et al., 2013; Smelter et al., 2010; Wylam et al., 2015; Xu
et al., 2012). Our results were consistent with these findings and further
demonstrated that ciprofibrate inhibited CSE-induced contraction and
proliferation in ASMC. Ciprofibrate inhibits human leukemic cell line
HL-60 cells proliferation and affects c-Myb and cyclin D2 expression
(Laurora et al., 2003). In hepatoma cell line HepG2 cells, ciprofibrate
inhibits cell proliferation by decreasing phosphorylation of c-Myc
(Clemencet et al., 2005). Our study indicated that ciprofibrate inhibited
ASMC proliferation via restraining cyclin D1 expression. Collectively,
these findings suggest that ciprofibrate may have different mechanisms
in inhibiting cell proliferation in various cell systems. At present, there
are few studies on the inhibition of smooth muscle contraction by ci-
profibrate. PPAR-a activation relaxes smooth muscle cells through
various pathways in diverse models. Ciprofibrate inhibits homo-
cysteine-induced contraction of vascular smooth muscle cells and en-
dothelial cells. They may be related to the endothelial nitric oxide
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Fig. 6. Ciprofibrate reduced serum cytokine levels in cigarette smoke-exposed rats. (A) IL-1f3, (B) IL-12p70, (C) IL-17A, (D) IL-18, (E) IL-33 and (F) TNF-a levels in

sera of the four groups were measured using bead-based multi-analyte flow immunoassays. Data are presented as the mean

+

SEM with individual data points.

n=6.*P < 0.05, **P < 0.01, ***P < 0.001, “P < 0.05, **P < 0.01 and *#*#P < 0.001. ns means no significant difference.
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generation (Mujumdar et al., 2002). Clofibrate relaxes the longitudinal
smooth muscle of normal mouse distal colon by increasing myosin
light-chain phosphatase activity (Azuma et al., 2011). Fenofibrate re-
laxes thoracic aorta associated with its potency to reduce intracellular
calcium in cultured vascular smooth muscle cells (Liu et al., 2012). We
used RNA-sequencing to compare the transcriptomic perturbations
following ciprofibrate treatment in CS-exposed rats. Ciprofibrate may
upregulate the expression of PKA-Ca in rat ASMC. Then, the increase of
active PKA-Ca regulates ASMC contractility (Pera and Penn, 2014).
This assumption will be verified in our future work.

Previous studies have reported that the PPAR-a activation reduces
lipopolysaccharide-induced inflammation (Delayre-Orthez et al., 2005)
and acute lung injury (Cuzzocrea, 2006) in mice, which suggest that an
activator of PPAR-a may have a beneficial effect on the inflammatory
response associated with COPD. We previously reported the effective-
ness of long-term CS-exposure on inducing airway remodeling and
COPD-like changes based on the pathological and pulmonary function
changes that occurred in rat lungs (Zhou et al., 2014a,b). Airway re-
modeling was proposed as a mechanism that explains many clinical
features of persistent bronchial hypercontraction and impaired lung
function. The present study established a 28-week CS-exposure model
in rats to evaluate the therapeutic effects of chronic ciprofibrate treat-
ment. Surprisingly, ciprofibrate improved the CS-induced decline in
lung function, including PEF and MMF as representatives of small
airway resistance. Ciprofibrate also ameliorated pathological changes
in the lungs, especially the improvement in airway smooth muscle
proliferation and the alpha-smooth muscle actin staining area of
bronchioles induced by cigarette smoking. Therefore, ciprofibrate
treatment may attenuate the smooth muscle proliferation associated
with airway remodeling in CS-exposed rats.

COPD is a chronic progressive disease, and the structural changes
induced by continuous extrinsic factors result in ASM proliferation and
small airway fibrosis, which contribute to the reduced airway lumen,
particularly in the face of ongoing airway hypercontraction (Prakash,
2013). Recent works have shown that passive cigarette smoking in-
creased the contractility of isolated tracheal rings to Ach (Guo et al.,
2014). Our results are consistent with these findings and further show
that ciprofibrate treatment significantly inhibited the maximal con-
tractile force of the isolated tracheal rings in response to Ach in the CS-
exposed group. This result may be related to the inhibition of ASM
proliferation and contraction to regulate contractile tension in whole
isolated tracheal rings. Therefore, ciprofibrate may improve CS-induced
airway hypercontraction.

Systemic inflammatory responses are pivotal links in the patho-
genesis of COPD, and small airway remodeling is correlated with sys-
temic inflammation (Segal and Martinez, 2018). Ciprofibrate exhibits
anti-inflammatory properties (Xu et al., 2005). In this study, ciprofi-
brate inhibited inflammatory cytokine expression (IL-1f, IL-12p70, IL-
17A, IL-18 and IL-33) in the sera of the CS-exposed groups. IL-1f, IL-
12p70 and IL-17A play an important role in the pathogenesis of CS-
induced small airway remodeling (Churg et al., 2009; Hackett et al.,
2014; Roos and Stampfli, 2017). IL-18 induces airway remodeling
mediated by IL-17A-dependent mechanisms (Kang et al., 2012). IL-33
relates to airway and systemic inflammation in COPD (Xia et al., 2015).
Therefore, ciprofibrate attenuated airway smooth muscle proliferation
and small airway fibrosis by the attenuation of systemic inflammation
in CS-exposed rats. COPD is characterized by substantial patient-to-
patient heterogeneity. Individual patients with COPD vary in the de-
grees of chronic bronchitis, bronchiolitis and emphysema (Segal and
Martinez, 2018). COPD is a highly complex inflammatory disease in
which many cytokines and mediators are involved. Previous studies
have reported that the concentration of TNF-a in the serum of CS-ex-
posed Sprague-Dawley rats increases dramatically to the highest point
at the 4™ week. It shows a rapid decline from the 4 to the 24" week
and a marked increase after 36 weeks of CS exposure. The cytokines in
blood serum vary at different stages of CS exposure (Wang et al., 2018).
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No difference in the level of TNF-a in the serum between the clean air-
exposed group without ciprofibrate and the CS-exposed group without
ciprofibrate at the 28" week in our study may be related to the CS
exposure course. Taken together, ciprofibrate may attenuate in-
flammatory cytokine expression, including IL-1f, IL-12p70, IL-17A, IL-
18 and IL-33, which are related to airway remodeling, in the sera of CS-
exposed rats. The detailed regulatory mechanism and the biological
significance of these cytokines remain to be revealed in the future.

5. Conclusion

We used drug bioinformatics database the cMap to screen for mul-
titarget drugs, such as ciprofibrate, for airway remodeling treatment in
COPD. Our study extends our knowledge of the effects of ciprofibrate, a
PPAR-a agonist, on a CS-exposed rat model. Our research suggests that
ciprofibrate may inhibit CSE-induced rat ASMC contraction and cyclin
D1 expression in vitro and improve pathological airway smooth muscle
proliferation and hypercontraction in CS-exposed rats via the attenua-
tion of serum inflammatory cytokine levels, which are related to airway
remodeling, in vivo. The administration of ciprofibrate may benefit CS-
exposed airway remodeling. Overall, this study provides more direct
experimental evidence and a novel idea for COPD treatment.
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