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Deficiency of a7 Nicotinic Acetylcholine Receptor
Attenuates Bleomycin-Induced Lung Fibrosis in Mice
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o/ nicofinic acetylcholine receptor (a7 NAChR, coded by Chrna?) is indispensable in dampening proinflammatory responses.
However, whether a7 NAChR plays a role in regyulating bleomycin (BLM)-induced luny fibrosis is less investigated. Here, we chal-
lenyged wild-type and Chrna7’" mice with BLM infratracheally to elicit lung fibrosis. Taking advantage of this model, we measured
body weight loss, luny fibrogenic gyenes (Acta2, Collal, Fspl and Fstl1), histology, Masson’s trichrome staining, hydroxyproline
levels and expression of a-SMA af protein levels in the BLM-challenged luny to evaluate the severity of luny fibrosis. We also
pretreated human fibroblasts (MRCS cell line) and isolated mouse lung fibroblasts with GTS-21 (an a7 NAChR agonist) to study its
effects on TGF-p-stimulated profibrotic profiles. We found that lung Chrna? expression and CD4*CHAT" cells (choline acetylfrans-
ferase, an enzyme for local acetylcholine synthesis) were elevated 12-fold and 4.5-fold, respectively, in the early stage of luny
fibrosis. Deletion of Chrna7’ prevented body-weight loss and reduced luny fibrogenic yenes (Acta2, Collal, Fspl and FstT) and
Ary T (coding arginase 1). Deletion of Chrna’ attenuated lung arginase 1*1Ly6C* cells, Masson’s frichrome staining, hydroxyproline
levels and expression of a-SMA at protein levels in BLM-challenged mice. Mechanistically, activation of a7 nAChR in human fibro-
blasts increased TGF-p-induced phosphorylation of Smad2/3 and franscription of fibrogenic genes (Acfa2, Collal). In isolated
mouse luny fibroblasts, activation of a7 NAChR also enhanced TGF-p-induced tfranscription of fibrogenic genes; however,
deletion of Chrna7 diminished these effects. Taken toyether, deficiency of a7 NAChR could suppress the development of BLM-
induced luny fibrosis. Thus, a7 NAChR might be a novel therapeutic target for treating lung fibrosis.
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INTRODUCTION

Pulmonary fibrosis (PF) is an inter-
stitial lung disease characterized by the
destruction of pulmonary parenchyma
together with deposition of extracellu-
lar matrix (ECM) in the interstitial and
alveolar spaces (1-3). Mortality from PF
remains high, since its cause remains elu-
sive and its pathogenesis is incompletely
understood (4).

During the development of lung fi-
brosis, epithelial lesions might result in

aberrant wound healing activation (3),
which promotes a multitude of mediators:
transforming growth factor p (TGF-B) (5),
fibroblast-specific protein (FSP1) (6),
follistatin-related protein 1 (FSTL1) (7);
and signaling pathways: Sma and Mad
homolog (Smad) (8), wingless-type
MMTYV integration site family member
(Wnt-B-catenin) (9), phosphoinositide
3-kinase (PI3K-AKT) (10). Among these
events, TGF-B and its signaling play a
key role in regulating fibrogenesis by
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recruiting fibroblasts and inducing their
differentiation to collagen-producing a
smooth muscle actin (a-SMA)-expressing
myofibroblasts (11,12).

Mechanistically, TGF-p can activate
its receptor and promotes serine phos-
phorylation and formation of SMAD2/
SMAD3:SMAD4 heterodimer (13), which
translocates to the nucleus to initiate
transcription of profibrotic genes (Acta2,
Collal, Fsp1 and Fstl1) (14). Many fac-
tors (such as AKT1, protein-tyrosine
phosphatase 1B [PTP1B] and PTP1A)
can modify TGF-p signaling (including
its receptors and Smads), which affects
fibrogenesis (14-17). Whether nicotinic
acetylcholine receptor (.7 nAChR) is a
regulatory factor of TGF-f signaling is
not quite clear.

As we know, a7 nAChR can be
activated by acetylcholine, a neu-
rotransmitter of the vagus nerve, and
plays an indispensable role in the



cholinergic antiinflammatory pathway
(18). It has been reported that the vagus
nerve innervates the distal airway

of the lung, especially in the alveoli
(19,20). Activation of a7 nAChR could
attenuate acid aspiration, endotoxin

or Escherichia coli-induced acute lung
inflammation and injury (21,22). Vagus
nerve through a7 nAChR could mod-
ulate lung infection, inflammation and
immunity (23). The regulatory effect of
o7 nAChR on proinflammatory cells in
the above-mentioned models has been
well documented. Whether activation
of a7 nAChR can affect TGF-B signaling
and transcription of profibrotic genes
in fibroblasts, therefore regulating the
development of lung fibrosis, is less
investigated.

Studies have demonstrated that acetyl-
choline (ACh), a neurotransmitter of the
vagus nerve, can promote proliferation
of fibroblasts (24-26). Nicotine may di-
rectly interact with 07 nAChR to increase
collagen accumulation in the airway
and alveolar walls following nicotine
exposure in utero (27). Unilateral vagot-
omy was shown to attenuate deposition
of collagen by decreasing numbers of
fibrogenic cells and cytokines (TGF-
and IL-4) in a BLM-induced lung fibrosis
mouse model (16).

Therefore, in this study, we hypoth-
esized that activation of a7 nAChR
would enhance TGF-f signaling, which
facilitates BLM-induced fibrosis; con-
versely, deficiency of a7 nAChR would
lessen BLM-induced lung fibrosis. We
took advantage of fibroblast culture and
BLM-induced lung fibrosis mouse mod-
els to investigate (1) whether deletion
of Chrna 7 would reduce expression of
fibrogenic genes in the early stage of
the BLM-induced lung fibrosis mouse
model, (2) whether deletion of Chrna 7
would attenuate collagen deposition
(Masson'’s trichrome staining) in BLM-
induced lung fibrosis, and (3) whether
activation of a7 nAChR would regulate
TGE-B signaling and transcription of fi-
brogenic genes. The results of this study
will provide novel therapeutic targets for
combating lung fibrosis.

MATERIALS AND METHODS

Animals

a7 nAChR knockout mice (Chrna7~ /-
B6.129S7-Chrna7™ /], background
C57BL/6], stock no. 003232) were pur-
chased from Jackson Laboratory (Bar
Harbor, ME, USA) (21,22). Littermate
wild-type mice were used as controls.
The mice were housed in groups with
12 h dark/light cycles and with free ac-
cess to food and water. Eight- to 10-wk-
old male wild-type and Chrna7 /'~ mice
were used for the experiments. Anes-
thesia was induced with intraperitoneal
(ip) injection of pentobarbital sodium,
50 mg/kg. All animal studies were ap-
proved by the Committees on Animal
Research of the Institut Pasteur of Shang-
hai, Chinese Academy of Sciences, China.

Antibodies and Reagents

AChRa7 (H-302) (sc-5544), COL1A1
(D-13) (sc-25974), Smad2/3 (FL-425)
(sc-8332), a-actin (1A4) (sc-32251) and
arginase I (sc-20150) antibodies were
from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Anti-nicotinic acetylcho-
line receptor o 7 (ab24644), anti-PTP1B
(phospho S378) [EP1840Y] (ab76239),
anti-collagen I (ab34710) and anti-
choline acetyltransferase [EPR13024(B)]
(ab181023) antibodies were from ABCAM
(Cambridge, MA, USA). Phospho-Smad?2
(Ser465/467)/Smad3 (Ser423/425)
(D27F4) rabbit mAb (8828S) was from
Cell Signaling (Danvers, MA, USA). Fluo-
rescein isothiocyanate (FITC) or PE-CD4,
Ly6C and Ly6G antibodies were from
eBioscience (San Diego, CA, USA). Bleo-
mycin sulfate (51214) was from Selleck
Chemicals (Houston, TX, USA). GTS-21
dihydrochloride (DMBX-A) (ab120560)
was from ABCAM. Human and mouse
TGEF-B1 recombinant protein (14-8348-62
and 14-8342-62) was from eBioscience.
Human/mouse TGF-B1 enzyme-linked
immunosorbent assay (ELISA) kit
(88-8350-88) was from eBioscience.

Cell Lines and Culture
Human embryonic lung fibroblasts
(MRCS, a gift from Professor Zhikang

RESEARCH ARTICLE

Qian, Institut Pasteur Shanghai of
Chinese Academy of Sciences) and A549
cells (type II lung epithelial cells; ATCC,
Manassas, VA, USA) were maintained in
Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum
(FBS). In all, 2 x 10° cells were seeded
per well and cultured overnight or until
90% confluency in 12-well plate. The
cells were pretreated with GTS-21 30 min
prior to thTGF-B1 (5 ng/mL) stimula-
tion. The cells were collected at 24 h after
stimulation for qPCR or immunoblotting
analysis.

Packing of shRNA Pfpn1 and Lentiviral
Transfection

The small-interfering RNA oligonu-
cleotide was synthesized by Shanghai
ShengGong Biotechnology for gene si-
lencing of Ptpn1: human NM_002827.3,
scramble CAACAAGATGAAGAG-
CACCAA and shRNA Ptpnl CTGT-
GATCGAAGGTGCCAAAT. The shRNA
sequences were inserted into pLKO.1
plasmid between the EcoRI and Nhel
sites. The scrambled or Ptpn1-shRNA
pLKO.1 was cotransfected with vesicular
stomatitis virus (pseudotyping lentiviral
vector) in HEK-293T cells. Viruses were
harvested by centrifugation and filtration
48 h post-transfection.

BLM-Induced Lung Fibrosis

The BLM-induced lung fibrosis mouse
model was established as previously
described (28). The BLM was delivered
to the airspaces of the lung by the direct
visualized instillation method (29). We
chose a high dose of BLM at 3 mg/kg
and followed for 7 d, a middle dose at
1.5 mg/kg for 14 d and a low dose
at 0.5 mg/kg for 21 d to induce lung
fibrosis. These three conditions sepa-
rately represent early, developing and
advanced stages of BLM-induced lung
fibrosis.

Lung Histology, Masson'’s Trichrome
Staining and Histomorphometrical
Analysis

Hematoxylin and eosin (H&E) and
Masson'’s trichrome staining of lungs
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were conducted as described previously
(28,30,31). The severity of fibrosis in
H&E-stained lungs was quantified by
the Ashcroft scoring system (15,32): 0,
normal lung; 1, isolated alveolar septa
with gentle fibrotic changes; 2, fibrotic
changes of alveolar septa with knot-like
formation; 3, contiguous fibrotic walls of
alveolar septa; 4, single fibrotic masses;
5, confluent fibrotic masses; 6, large con-
tiguous fibrotic masses; 7, air bubbles; 8,
fibrous obliteration. The grades of pul-
monary fibrosis were analyzed by a pro-
fessional researcher of pathology, who
was blinded to groups.

For histomorphometrical analysis (33),
three randomly chosen regions per lung
sample were registered by a digitizing
camera applied to a light microscope
with a 10 x objective, each field corre-
sponding to a test area of 1.3 cm* Each
object, such as aerated lung area (H&E
staining, an indication of severity of
lung consolidation), blue-stained area
(trichrome staining, an index of mature
collagen deposition), and sum or mean
optical density of blue-stained area (an
indication of quantity of collagen deposi-
tion), was separately quantified by Image
Pro-Plus version 6.0 (Media Cybernetics,
Rockville, MD, USA). Segmentation of
objects, spatial calibration, threshold
selection, background subtraction and
other steps were preceded in each anal-
ysis. Values from three randomly cho-
sen regions for each mouse lung were
averaged.

Isolation of Mouse Lung Primary
Fibroblasts

The chests of the mice were opened
and the lung vascular beds were
flushed by injecting 5 mL of chilled
(4°C) PBS into the right ventricle. Lungs
were excised, minced and digested
in DMEM/F-12K (Gibco) collagenase
(Sigma) solution at 37°C for 1 h. Disso-
ciated cells were transferred to a 15 mL
conical tube and centrifuged for 10 min
(335 x g, 4°C). The red cells were lysed
by adding 2 mL of ACK lysing buffer
for 5 min at room temperature. The
cells were washed with 13 mL of cold

PBS/0.5% bovine serum albumin (BSA)
for 10 min (335 x g, 4°C). The cell pel-
lets were resuspended in 5 mL of cold
PBS/0.5% BSA and filtered with a 70
pm nylon mesh. The cells were plated
in tissue culture dishes with DMEM /F-
12K media with antibiotics/antimycotic
(Gibco) and cultured at 37°, 5% CO,.
After confluent, the cells were replated
in DMEM media supplemented with
15% FBS, nonessential acids, 100 units/
mL penicillin and 100 pg/mL strepto-
mycin.

Immunofluorescence of Collagen
1 Staining in Lung Primary Fibroblasts
and Confocal Microscopy

The cells were cultured on coverslips in
12-well plates. The cells were fixed by 2%
paraformaldehyde and permeabilized by
0.1% Triton X-100. To reduce nonspecific
binding, the cells were treated with block-
ing buffer (5% BSA in PBS) for 2 h.
The cells were incubated with rabbit anti-
collagen 1 (300 pL, 1:400, each coverslip)
antibody or control antibody. After
complete washing, the cells were
incubated with goat-anti-rabbit FITC-
labeled secondary antibody (300 uL,
1:500) for 60 min. To visualize nucleus,
the cells were counterstained with DAPIL.
The coverslips were sealed and desiccated
for 30 min before image analysis. Confocal
microscopy was carried out using an Olym-
pus FV-1200 laser scanning microscope.
Images in 1024 x 1024 format were acquired
in the DAPI and Alexa Fluor 488 channels,
and processed using the attached software.

Flow Cytometry Analysis

To determine a7 nAChR expression,
the human fibroblasts (MRC5) and
mouse lung primary fibroblasts were
harvested and stained with Fluor-633
a-BTX (Biotium, Hayward, CA, USA)
at0,0.25,0.5,1 and 2 ug/mL. In the
digested lung cells, fluorescent Ly6C,
CD4, arginase 1 and CHAT antibodies
were used to detect CD4"CHAT" and
arginase 1"Ly6C" cells. The bronchoal-
veolar lavage [BAL] cells were labeled
with anti-Ly6C and anti-Ly6G antibodies
to detect monocytes and neutrophils.
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Fluorescent cells were analyzed after
exclusion of debris and aggregates with
LSRFortessa (BD Biosciences, San Jose,
CA USA). Data were analyzed by Flowjo
7.6 (Tree Star Inc., Ashland, OR, USA).

Western Blotting Analysis

As previously described (21,22), de-
natured proteins were equally loaded
and run on a 10% gradient Bis-Tris gel
(Invitrogen, Carlsbad, CA, USA). The
proteins were resolved by electropho-
resis, transferred to a polyvinylidine
difluoride membrane, hybridized with
indicated primary antibodies and cor-
responding horseradish peroxidase-la-
beled secondary antibodies, and visu-
alized using a Western ECL Substrate
Kit. The optical density in the blotting
band was analyzed by Image ] software
(National Institutes of Health, Bethesda,
MD USA; https:/ /imagej.nih.gov/ij/).

Quantitative Real-time Polymerase
Chain Reaction

Total RNA was extracted from ho-
mogenized lungs or whole cells using
TRIzol reagent (Invitrogen) following
the manufacturer’s instructions. cDNA
was synthesized using a reverse tran-
scriptase kit (TaKaRa, Beijing, China),
followed by quantitative real-time
polymerase chain reaction (RT-PCR)
analysis (SYBR Green, TaKaRa). The
sequences of the used primers were as
follows:

Murine primers for animal experiments:

Acta2 (NM_007392.2) 5'-GTCCCAGA-
CATCAGGGAGTAA-3' (forward) and
5-TCGGATACTTCAGCGTCAGGA-3'
(reverse) (34);

Collal (NM_007742.3), 5-GCAA-
CAGTCGCTTCACCTACA-3' (forward)
and 5-CAATGTCCAAGGGAGCCACAT-3'
(reverse) (35);

Fspl, (NM_011311.2) 5'-AGGAGC-
TACTGACCAGGGAGCT-3' (forward)
and 5-TCATTGTCCCTGTTGCTGTCC-3'
(reverse) (36);

Fstl1 (NM_008047.5), 5'-TTATGAT-
GGGCACTGCAAAGAA-3' (forward)
and 5'-ACTGCCTTTAGAGAACCAG-
CC-3'(reverse) (7);



Cxcl2 (NM_009140.2), 5'-CGCTGT-
CAATGCCTGAAG-3' (forward) and
5'- GGCGTCACACTCAAGCTCT-3'
(reverse) (37);

Mcpl (NM_011333.3), 5'-GAAGGAAT-
GGGTCCAGACAT-3' (forward) and
5'- ACGGGTCAACTTCACATTCA-3’
(reverse) (38);

Argl (NM_007482.3), 5'-AGACCA-
CAGTCTGGCAGTTG-3' (forward)
and 5'- CCACCCAAATGACA-
CATAGG-3'(reverse) (39).

116 (NM_031168.1), 5'-GGCCTTC-
CCTACTTCACAAG-3' (forward) and
5'- ATTTCCACGATTTCCCAGAG-3'
(reverse)(40).

Homo sapiens primers for cell culture:

Ptpn1 (NM_002827.2), 5'-ACACAT-
GCGGTCACTTTTGG-3' (forward) and
5-CGAGTTTCTTGGGTTGTAAGGT-3'
(reverse);

Collal (NM_000088.3), 5'-ATCAAC-
CGGAGGAATTTCCGT-3' (forward) and
5- CACCAGGACGACCAGGTTTTC -3
(reverse);

Acta2 (NM_001141945.1), 5'-AAAAGA-
CAGCTACGTGGGTGA-3' (forward) and
5-GCCATGTTCTATCGGGTACTTC-3’
(reverse) (41);

Fspl (NM_002961.2), 5'-GATGAG-
CAACTTGGACAGCAA-3' (forward)
and 5'-CTGGGCTGCTTATCTGG-
GAAG-3' (reverse) (42);

Ftsl1 (NM_007085.4), 5'-GAGCAAT-
GCAAACCTCACAAG-3' (forward)
and 5'-CAGTGTCCATCGTAAT-
CAACCTG-3' (reverse).

The relative expression levels of cor-
responding genes were determined by
the 2*“T method (43), normalized by
GAPDH.

Measurement of Lung Hydroxyproline
The hydroxyproline in the supernatant

of lung homogenate was measured by

a hydroxyproline assay kit (Nanjing Ji-

ancheng Bioengineering Institute, Nanjing,

China). The experimental procedures were

according to the manufacturer’s instructions.

Statistical Analysis
Statistics were done with GraphPad
Prism software (GraphPad, San Diego,

CA, USA). Student f test was used
unless there were multiple compari-
sons, in which case we used one-way
analysis of variance (ANOVA) with
Bonferroni post hoc test or 2-way
ANOVA (significance level set at

P < 0.05). The results are shown as
mean + standard deviation.

RESULTS

Deficiency of a7 nAChR Prevents
Body-weight Loss and Reduces BAL
Leukocytes and Blood Monocytes in
the Early Stage of BLM-Induced Lung
Fibrosis

Development of lung fibrosis is
accompanied by infiltration of proin-
flammatory cells, such as monocytes
or macrophages (44). To test whether
deficiency of a7 nAChR affects in-
flammatory cells in the early stage of
BLM-induced lung fibrosis, we chal-
lenged Chrna7** and Chrna7” mice
with a high dose of BLM (3 mg/kg)
intratracheally. At 7 d, less body-weight
loss (an indicator of sickness) was
found in BLM-challenged Chrna7” mice
compared to BLM-challenged Chrna7**
mice (Figure 1A, initial body weights:
wild-type, 26.6 + 1.5 g; Chrna7”, 27.6 +
1.6 g). There was no difference in BAL
leukocytes and protein levels (indicators
of lung epithelial and vascular perme-
ability) (21) between BLM-challenged
Chrna7*"* and Chrna7”" mice in these two
groups (Figures 1B, C). Blood mono-
cytes and eosinophils were decreased
in BLM-challenged Chrna7” mice com-
pared to BLM-challenged Chrna7**
mice (Figures 1D, E), but there was no
difference in blood neutrophils, lympho-
cytes or hematocrit (an index of systemic
vascular leakage) (45) between these two
groups (Figures 1F-H).

Lung CD4*CHAT* Cells Were
Increased in the Early Stage of BLM-
Induced Lung Fibrosis

Since CHAT-expressed lympho-
cyte-derived ACh could regulate local in-
nate immune response (46), we analyzed
CD4'CHAT" cells in the digested lung
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in the early stage of BLM-induced lung
fibrosis by flow cytometry.

We found that CD4"CHAT" cells in the
lung increased 4.5-fold in BLM-chal-
lenged wild-type and Chrna7” mice at 7
d. Lung CD4"CHAT" cells did not differ
between BLM-challenged wild-type
and Chrna7”" mice (Figures 1I-]). This
finding suggests that CD4" T lympho-
cyte-derived ACh via 07 nAChR might
contribute to the early development of
BLM-induced lung fibrosis.

Deficiency of a7 nAChR Reduces

Lung Profibrotic Genes in the Early

Stage of BLM-Induced Lung Fibrosis
Using the same experimental setting

as in Figure 1 (Chrna7**

mice receiving
intratracheal saline were used as con-
trol), we sacrificed mice 7 d after intra-
tracheal saline or BLM. We found that
lung Chrna7 mRNA levels increased
12-fold in BLM-challenged Chrna7*/*
mice compared to saline-challenged
Chrna7*"* mice (Figure 2A), suggest-
ing that a7 nAChR is involved in

the early stage of BLM-induced lung
fibrosis. The lung mRNA levels of
fibrosis-related genes Acta2, Collal
and Fspl were increased in BLM-
challenged Chrna7** mice compared to
saline-challenged Chrna7**
however, lung Acta2, Collal

and Fspl mRNA were downregulated
in BLM-challenged Chrna7” mice
compared to BLM-challenged
Chrna7**mice (Figures 2B-D). These
findings suggest that a7 nAChR is

mice;

required for the transcription of profi-
brotic genes Acta2, Collal and Fsp1 in
the early stage of lung fibrogenesis.
We measured the inflammation-
related genes Cxcl2 (a chemokine for
neutrophils), Mcp1 (a chemokine for
monocytes) and Argl (an index of M2
macrophage activation) 7 d after BLM
challenge. Lung CxcI2 and Mcp1 were
increased in BLM-challenged wild-type
mice (Figures 2E-G) compared to
saline-treated wild-type mice, but
these genes were not different between
BLM-challenged wild-type and Chrna7
knockout mice (Figures 2E, F).
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Figure 1. Deficiency of a7 nNAChR affects body-weight loss, BAL and blood profiles, and lung CD4*CHAT" cells in the early stage of
BLM-induced lung fibrosis. (A) Effect of a7 nAChR on body weight loss during BLM-induced luny fibrosis. Chrna7*/* and Chrna7” mice
were infratracheally challenged with BLM (3 my/ky) and Chrna7*’* mice receiving intratracheal saline were used as control. Body
weight was followed for 7 d. "p < 0.05 for BLM-challenged Chrna7”” versus BLM-challenged Chrna7** mice. (B, C) Effect of a7 nAChR
on BAL profiles during BLM-induced luny fibrosis. Experimental protocol was the same as Figure 1A. At 7 d, mice were euthanized and
BAL was performed to measure (B) leukocytes and (C) proteins levels. The data were pooled from two independent experiments.

N = 6-15 in each group. ‘p < 0.05 for BLM-challenged Chrna7” versus BLM-challenged Chrna7*/* mice. (D-H) Effect of a7 nAChR

on blood profiles during BLM-induced luny fibrosis. Experimental protocol was the same as Figure TA. At 7 d, mice were euthanized
and peripheral blood was collected to measure (D) monocytes, (E) eosinophils, (F) neutrophils, (G) lymphocytes and (H) hematocrit.
N = 4. 'p < 0.05 for BLM-challenged Chrna7’ versus BLM-challengyed Chrna7** mice. (I-J) Effect of a7 nAChR on percentage of luny
acetylcholine-producing CD4* lymphocytes in the early stage of BLM-induced luny fibrosis. Experimental protocol was the same as
Figure 1A. At 7 d, mice were euthanized and lungs were removed and homogyenized for isolating cells. The cells were submitted to flow
cytometry to analyze CD4*CHAT" cells. The whole cell population of digested luny cells was used for analysis after excluding doublets
or dead cells. The percentage of CD4*CHAT* cells is shown. N = 4. “p < 0.01 for saline-challenged Chrna7/* versus BLM-challenged

Chrna7** mice. Data are mean + SD.

Lung Argl was elevated in BLM-
challenged wild-type mice, whereas
this gene was attenuated by deletion of
Chrna7. Deletion of Chrna7 did not af-
fect I11B, Tnfa, 114, 1133 or 1l6 at mRNA
levels in BLM-challenged lung (data not
shown). These findings suggest that a7
nAChR makes a greater contribution to
the regulation of fibrosis-related genes
and Arg1 than proinflammatory genes
in the early stage of BLM-induced lung
fibrosis.
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Deficiency of a7 nAChR Prevents
Body-weight Loss and Reduces
Lung Profibrotic Genes during the
Development of BLM-Induced Lung
Fibrosis

To further observe whether deletion
of Chrna7 affects the development of
BLM-induced lung fibrosis, we chal-
lenged the mice intratracheally with a
middle dose of 1.5 mg/kg BLM. Under
this dosage, mice survived after 14 d.
BLM-challenged Chrna7”" mice were

MOL MED 23:34-49, 2017

resistant to body-weight loss compared
to BLM-challenged Chrna7*"* mice
(Figure 3A; initial body weights: wild-
type, 25.3 = 1.4 g, Chrna7”’ 27.4 + 2.6 g).
Deletion of Chrna7 could reduce expres-
sion of lung profibrotic genes Collal, Fspl
and Fstl1 (7) (Figures 3C, D). We also
measured the inflammation-related genes
Cxcl2, Mcpl and Arg1 14 d after BLM
challenge. Lung Cxcl2, Mcp1 and Arg1
were increased in BLM-challenged
wild-type mice (Figures 3E-G).
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Figure 2. Effect a7 NAChR on expression of luny fibrogenic and proinflammatory genes

in the early staye of BLM-induced luny fibrosis. (A) a7 NAChR expression at mRNA levels
in the early staye of BLM-induced luny fibrosis. Chrna7** and Chrna7’ mice were intra-
fracheally challenged with BLM (3 my/kg) and Chrna7** mice receiving intratracheal
saline were used as control. The mice were killed at 7 d to measure Chrna? expression.
" < 0.001 for BLM-challenged Chrna7** versus saline-challenged Chrna7** mice. (B-D)
Effect of a7 NAChR luny fibrogenic genes in the early stage of BLM-induced lungy fibrosis.
Experimental protocol was the same as Figure 2A. The mice were killed at 7 d and the
lungs were homoyenized for extracting RNA to measure (B) Acta2, (C) Collal and (D)
Fspl by gPCR analysis. ~ p < 0.001 for Chrna7** + saline versus Chrna7** + BLM. ‘p < 0.05,
"p < 0.05 for BLM-challenged Chrna7” versus BLM-challengyed Chrna7** mice. (E-G) Effect
of a7 NAChR on luny inflasmmatory genes (Cxcl2, Mcp 1 and Argl) in the early stage of
BLM-induced luny fibrosis. Experimental protocol was the same as Figures 2B-D. The lunys
were homoyenized for extracting RNA to measure (E) Cxcl2, (F) Mcp1 and (G) Argl by
gPCR analysis. N = 3-8 in each group. " p < 0.001 for Chrna7*/* + saline versus Chra7*’* +
BLM."p < 0.05 for BLM-challenged Chrna7”" versus BLM-challenged Chrna7*/* mice. Data

are mean = SD.

Lung Cxcl2 and Mcpl were not different
between BLM-challenged wild-type and
Chrna7 knockout mice (Figures 3E, F).
But lung Arg1 showed a trend of re-
duction in BLM-challenged wild-type
mice compared to BLM-challenged
Chrna7 knockout mice (Figure 3G).
These findings confirm that a7 nAChR
plays an important role in regulating
fibrosis-related genes rather than

proinflammatory genes during BLM-in-
duced lung inflammation and fibrosis.

Deletion of Chrna7 Lessens Lung
Ashcroft Score and Consolidation
during the Development of BLM-
Induced Lung Fibrosis

Using the same experimental setting
as in Figure 3, we collected lungs to
examine histology. Using the Ashcroft

RESEARCH ARTICLE

scoring system, we qualitatively ana-
lyzed the severity of lung fibrotic lesions.
Representative microphotographs of
histology are shown in Figures 4A—C.
Large contiguous fibrotic masses, air
bubbles and fibrous obliteration were
found in the BLM-challenged wild-type
mice compared to BLM-challenged a7
nAChR knockout mice (Figures 4B, C).
Quantitatively, the Ashcroft score in the
BLM-challenged a7 nAChR knockout
mice was greater than in the BLM-
challenged wild-type mice (Figure 4D).
Aerated lung area was significantly
reduced in BLM-challenged wild-type
mice, but this change was reversed by
deletion of Chrna7 (Figure 4E), suggest-
ing that a7 nAChR contributes to lung
architecture destruction during the
development of lung fibrosis.

Under this experiment condition, we
also performed Masson's trichrome stain-
ing of the lung. Representative micro-
photographs are shown in Figures 4F-H.
With this staining technique, mature
collagen stains blue. Blue staining in the
lung, including alveolar septa or intersti-
tium and peribronchial connective tissue,
was more prominent in BLM-challenged
wild-type mice compared to BLM-
challenged a7 nAChR knockout mice
(Figures 4G, H). As seen by Image-Pro
Plus software analysis, blue-stained areas
(Figure 4I) and mean optical density of
blue-stained areas (Figure 4]) were sig-
nificantly increased in BLM-challenged
wild-type mice compared to BLM-
challenged a7 nAChR knockout mice.

Deletion of Chrna7 Attenuates Area
and Optical Density of Masson'’s
Trichrome Staining in BLM-Induced
Lung Fibrosis

We challenged Chrna7 “ and
Chrna7” mice with a low dose of BLM
(0.5 mg/kg) intratracheally. Chrna7**
mice received saline intratracheally as
controls. At 21 d, the lungs were col-
lected for Masson'’s trichrome staining.
As seen in Figure 4F-H, blue staining
in the lung, including alveolar septa or
interstitium and peribronchial connective
tissue, was increased in BLM-challenged

MOL MED 23:34-49, 2017 | SUN ET AL. | 39
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Figure 3. Effect of a7 nAChR on body-weight loss, lunyg fibrogenic and proinflammatory
genes during the development of BLM-induced luny fibrosis. (A) Effect a7 nAChR on
body-weight loss during the development of BLM-induced luny fibrosis. Chrna7** and
Chrna7”’” mice were intratracheally challenged with BLM (1.5 my/kg) and followed for 14
d. N = 18-20 in each yroup. ‘p < 0.05 for Chrna7** versus Chrna7’" mice receiving intra-
tfracheal BLM. Data are mean + SD. (B-D) Effect of a7 nAChR on luny fibrogenic genes
during the development of BLM-induced lung fibrosis. Experimental protocol was the
same as Figure 3A. The mice were euthanized at 7 d and the lunys were homogenized
for extracting RNA to measure (B) Collal, (C) Fsp1 and (D) FstlT by gPCR analysis. N = 3-6
in each yroup. 'p <0.05, “"p <0.01, “p < 0.001 in each yene comparison for Chrna7**
versus Chrna7”” mice receiving infratracheal BLM. (E-G) Effect of a7 nAChR on lung proin-
flalmmatory yenes during the development of BLM-induced luny fibrosis. Experimental
protocol was the same as Figures 2B-D. The lungs were homoyenized for extracting RNA
to measure (E) Cxcl2, (F) Mcp 1 and (G) Argl by gPCR analysis. N = 3-5 in each yroup.
b < 0.001 in each yene comparison for Chrna7*'* versus Chrna7” mice receiving intra-
fracheal BLM. Dafta are mean + SD.

wild-type mice compared to BLM-
challenged a7 nAChR knockout mice
(Figures 5A-C). Ashcroft scores were
significantly reduced in BLM-challenged
07 nAChR knockout mice compared

to BLM-challenged wild-type mice
(Figure 5D). Using Image-Pro Plus soft-
ware, we analyzed blue-stained areas
(Figure 5E) and mean optical density

in blue-stained areas (Figure 5F). Both

relative to BLM-challenged wild-type
lungs. These findings support that a7
nAChR contributes to collagen deposi-
tion in BLM-induced lung fibrosis.

Deletion of Chrna 7 Reduces Lung
Arginase1*Ly6C" Cells in the Early
Stage of Bleomycin-Induced Lung
Fibrosis

We challenged the mice with a low

parameters were reduced in BLM-
challenged 07 nAChR knockout lungs

dose of BLM (0.5 mg/kg) intratracheally
to test whether deficiency of 07 nAChR
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would affect BAL profiles and M2 mac-
rophage activation in the early phage of
BLM-induced lung fibrosis. BAL leuko-
cytes and protein levels were increased
7 d after BLM challenge, but deletion of
Chrna7 did not affect these parameters
(Figures 6A, B). Considering that alter-
native macrophage activation would
play an important role in mediating
lung fibrosis, we used flow cytometry

to analyze lung arginase 1" Ly6C" cells
(monocytes) from the digested lungs.
We found that these cells were increased
in BLM-challenged Chrna7** mice 7 d
after BLM challenge. Deletion of Chrna7
reduced lung arginase 1"Ly6C" cells,
suggesting that a7 nAChR mediates al-
ternative macrophage activation in the
early stage of BLM-induced lung fibrosis
(Figures 6C, D).

Deletion of Chrna 7 Attenuates
Lung Fibrosis but Does Not Affect
Inflasmmatory Mediators at Low Dose
Mice were challenged with the low
dose of BLM intratracheally and fol-
lowed for 21 d. BAL protein levels, total
cell counts, neutrophils and monocytes
were not different between BLM-
challenged Chrna7** and Chrna7” mice
(Figures 7A-E). Body-weight loss in
BLM-challenged Chrna7” mice was
reduced compared to BLM-challenged
Chrna7*"* mice (Figure 7F; initial body
weights: wild-type, 24.8 + 1.4 g. Chrna7™"
259 + 1.5 g). At 21 d, hydroxyproline
in the supernatant of lung homogenate
in BLM-challenged Chrna7** mice was
increased, whereas deletion of Chrna7
mice could significantly reduce this
change (Figure 7G). Lung TGF-p levels
in BLM-challenged Chrna7** mice were
elevated. There was no difference in lung
TGE-B levels between BLM-challenged
Chrna7*"* and Chrna7” mice (Figure 7H).
Expression of a-SMA at protein levels
was higher in BLM-challenged Chrna7**
mice than saline-challenged Chrna7*’*
mice; however, deficiency of a7 nAChR
significantly reduced o-SMA expression
(Figures 71, ]). Lung Acta2 mRNA levels
were reduced in BLM-challenged Chrna7”"
7+/+

mice compared to Chrna mice
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Figure 4. Qualitative and quantitative analysis of lunyg histology and Masson'’s trichrome
staining during BLM-induced lungy fibrosis. (A-C) Representative microphotographs of
luny histology. Chrna7** and Chrna7”" mice were intratracheally challenged with

BLM (1.5 my/ky) and euthanized at 14 d. Saline-challengyed Chrna7** mice were

used as control. The lunys were removed for H&E staining. (A) Chrna7** + saline,

(B) Chrna7** + BLM and (C) Chrna7’" + BLM. Objective maynification x 20, bar 50 um.

(D. BE) Qualitative and quantitative analysis of luny histology. (D) Qualitative analysis

of histology by Ashcroft scoring system. (E) Measurements of aerated luny area by Im-
aye-Pro Plus software. N = 3-4 in each group. p < 0.01 and ‘p < 0.05 in each compari-
son. Data are mean = SD. (F-H) Representative microphotoyraphs of Masson’s trichrome
staining. Chrma7** and Chrma7”” mice were intratracheally challenged with BLM (1.5 my/kg)
and euthanized at 14 d. Saline-challenyed Chrna7** mice were used as control.

The lunygs were removed for Masson’s frichrome staining. Green arrows indicate positive
peribronchial and interstitial staining. Objective magnification x 20, bar 50 um.

(F) Chma7** + saline, (&) Chrna7** + BLM and (H) Chrna7”" + BLM. (I, J) Quantitative
analysis of Masson’s trichrome staining. (I) Measurements of blue-stained area. (J) Meao-
surements of mean optical density of blue-stained area by Imayge-Pro Plus software. N = 5
in each group. ~p < 0.01 in compared groups. Data are mean * SD.

(Figure 7K); however, lung 116, Mcp1 and
Cxcl2 mRNA levels were not different
between BLM-challenged Chrna7*”* and
Chrna7”" mice (Figures 7L-N). These
findings suggest that a7 nAChR coupled
with TGF-p signaling contributes to the
pathogenesis of BLM-induced lung fi-
brosis.

Activation of a7 nAChR Promotes
Transcription of Fibrotic Genes by
Boosting TGF-f Signaling

The MRCS5 cell line has been used for
studying TGF- signaling and fibrosis
(47-51). The A549 cell line is frequently
used in research regarding alveolar type
II epithelial cells (52-55). Therefore,

we used these two cell lines to study
whether activation of 07 nAChR would
promote transcription of fibrotic genes
by boosting TGF-p signaling. Using
fluor633 a-BTX (a specific antagonist of
a7 nAChR) labeling, we found that fibro-
blasts expressed a7 nAChR (Figure 8A).
To investigate whether activation of a7
nAChR influences expression of Acta2
(an early marker of fibrogenesis), we
pretreated the fibroblasts or A549 cells
(expressing a7 nAChR) (56) with a7
nAChR agonist GTS-21 and then chal-
lenged these cells with BLM (10 uM).
The cells were harvested 24 h after BLM
to analyze Acta2 expression. In fibro-
blasts, BLM reduced Acta2 expression
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and pretreatment with GTS-21 brought
it back to baseline (Figure 8B). In A549
cells, BLM challenge increased Acta2
expression by more than three-fold, but
GTS-21 had no effect (Figure 8C). We
then used rhTGF-B1 to repeat the above
experiments. In A549 cells, rhTGF-B1
stimulation increased expression of
Acta2, but in combination with GTS-21
had no effect (Figure 8C). In lung fibro-
blasts, rhTGF-B1 stimulation upregulated
expression of Acta2, and this effect can
be boosted by combination with GTS-21
(Figures 8D, E).

We further studied whether activation
of a7 nAChR augments TGF-f signal-
ing. We collected GTS-21 pretreated
fibroblasts with or without rhTGF-p1
challenge for immunoblotting analy-
sis. TGF-B1 induced phosphorylation
of Samd2/3, and expression of a-SMA
was augmented by GTS-21 (Figure 8F).
Moreover, GTS-21 further augmented
rhTGF-B1-triggered phosphorylation of
PTP1B, a known contributor to fibrogen-
esis (57) (Figure 8F). These findings
suggest that activation of a7 nAChR
could enhance transcription of fibrogenic
genes by boosting TGF-f signaling.

Dose-dependent Effect of GTS-21 on
rhTGF-B1-Induced Fibrogenic Genes
and Signaling

We pretreated the fibroblasts with
different concentrations of GTS-21
(0, 6.25, 12.5 and 25 uM) 30 min prior
to rhTGF-B1 stimulation (5 ng/mL) to
confirm whether activation of a7 nAChR
could boost TGF-B1 signaling and tran-
scription of fibrogenic genes. At 24 h,
rhTGF-B1 stimulation increased expres-
sion of Acta2, Collal and Fstl1; addition
of GTS-21 (25 uM) further upregulated
these genes (Figures 9A-C). rhTGF-f1
alone did not increase Fspl mRNA, but in
combination with GTS-21 (25 uM) could
upregulate it (Figure 9D). At protein lev-
els, pretreatment with GTS-21 markedly
increased rhTGF-B1-triggered expression
of p-PTP1B, p-Samd2/3, collagen 1 and
0-SMA (Figure 9E). These findings sup-
port that a7 nAChR is an important reg-
ulator of TGF-p signaling in fibroblasts.
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Mean optical density in

Figure 5. Qualitative and quantitative analysis of Masson’s frichrome staining in estab-
lished BLM-induced luny fibrosis. (A-C) Representative microphotoyraphs of Masson’s
trichrome staining. Chrna7** and Chrna7’” mice were intratracheally challenged with
BLM (0.5 my/ky) and euthanized at 21 d. Saline-challengyed Chrna7** mice were used
as controls. (A) Chrna7** + saline, (B) Chrna7*’* + BLM and (C) Chrna7” + BLM. Red ar-
rows indicate positive peribronchial and interstitial staining. Objective magnification was
x 10. (D-F) Qualitative and quantitative analysis of Masson’s trichrome staining by Im-
age-Pro Plus software. (D) Analysis of severity of fibrotic lesions by Ashcroft scoring system.
(E) Measurements of tfrichrome staining positive area. (F) Measurements of mean optical
density in blue-stained area. N = 4-5 in each group. ~"p < 0.001 "p < 0.01, and ‘p < 0.05 in
each comparison. Data are mean + SD.
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Figure 6. Changes of BAL profiles and lung arginase 1* LyéC* cells at d 7 with low-

dose BLM challenge. (A, B) BAL leukocytes and protein levels at d 7 with low-dose BLM
challenge. Chrma7** and Chrna7”" mice were intratracheally challenged with BLM

(0.5 my/ky) and euthanized at d 7. Saline-challenged Chrna7** mice were used as
controls. N = 3-5. “p < 0.01 in compared groups. (C, D) Flow cytometry analysis of luny
arginase 1% Ly6C* cells at d 7 with low-dose BLM challenye. Chrna7*’* and Chrna7’" mice
were infratracheally challenged with BLM (0.5 my/ky) and euthanized at d 7 d. Saline-
challenged Chrna7** mice were used as controls. The luny cells were isolated by diges-
tion. The cells in the whole cell yate were analyzed by Flowjo software. The percentage
of arginase 1"Ly6C* cells is shown. N = 3-5. "p < 0.05 between compared groups.
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The Regulatory Effect of 7 nAChR on
TGF-B Signaling Depends on PTP1B

It has been reported that PTP1B de-
ficiency confers resistance to TGF-f
through Smad inhibition in hepatocytes
(57). We silenced Ptpnl by infecting the
fibroblasts with pLKO.1 shRNA-Ptpnl
lentivirus and repeated the experi-
ment (shown in Figures 8-9) to clarify
whether a7 nAChR regulates TGF-p sig-
naling via PTP1B. We found that Ptpnl
was efficiently silenced and rhTGF-p1
alone or combined with GTS-21 did not
alter Ptpnl expression (Figure 10A).
GTS-21 increased rhTGF-B1-triggered
expression of Collal and Acta2 ex-
pression in a dose-dependent manner
in the control group, and this change
could be abolished by silencing Ptpn1
(Figures 10B, C). At protein levels,
GTS-21 boosted rhTGF-p1-triggered
expression of p-PTP1B, p-Smad2/3,
a-SMA and collagen 1 dose-dependently;
however, silencing Ptpnl with pLKO.1
shRNA-Ptpn1 lentivirus in fibroblasts
abolished these effects (Figure 10D).
These findings suggest that a7 nAChR
regulates TGF- signaling and fibro-
genic gene transcription via PTP1B in
fibroblasts.

Deletion of Chrna7 Abolishes
TGF-B1-Induced Profibrotic Gene
Transcription in Isolated Mouse Lung
Primary Fibroblasts

Chrna7** and Chrna7” mouse lung
primary fibroblasts were isolated and
confirmed by collagen 1 positive staining
(Figure 11A). The cells were subjected
to fluor633-aBTX staining and flow
cytometry. About 61.4% of these cells
were a7 nAChR positive (Figure 11B).
In response to rmTGF-1 stimulation,
Fstll, Acta2 and Collal at mRNA levels
were increased. Pretreatment of the
mouse lung primary fibroblasts with
07 nAChR agonist GTS-21 at 25 uM
markedly boosted TGF-p-induced ex-
pression of Fstl1, Acta2 and Collal. The
enhanced effect of a7 nAChR agonist
GTS-21 on TGF-B-induced expression of
Fstl1, Acta2 and Collal was diminished
by deletion of Chrna7 (Figures 11C-F).
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Figure 7. Deficiency of a7 nAChR reduced lung fibrosis but did not change lung inflammatory parameters. (A-E) Changes of BAL
parameters and flow cytometry analysis of BAL monocytes and neutrophils. The mice were intratracheally challenyed with BLM

(0.5 my/ky) and euthanized at 21 d. BAL was collected to measure (A) protein levels and (B) cell counts. The BAL cells were also
labeled with fluorescent anti-LyéC and Ly6G antibodies. The whole cell population and percentage of LyéC'*"LyéG" neutrophils and
Ly6C"ly6G" monocytes was determined by flow cytometry. The number of neutrophils and monocytes in the BAL was calculated
by multiplying the percentage of these two cell populations by total BAL cell counts. N = 3-5 in each group. ~p < 0.01, tested by
two-way ANOVA. (F) Deficiency of a7 nAChR prevents body-weight loss during bleomycin-induced luny fibrosis. The mice were
intfratracheally challenged with BLM (0.5 my/ky) and body weight was followed for 21 d. N = 10-11 in each group. Data were
pooled from two independent experiments. ‘p < 0.05, tested by two-way ANOVA. (G) Measurements of lung hydroxyproline levels in
bleomycin-induced luny fibrosis. At 21 d after 0.5 myg/ky infratracheal challenge, the mice were euthanized and lungs were homoy-
enized. The supernatant of luny homoygenate was used to measure lung hydroxyproline levels. N = 4-5 in each group. "p < 0.01in
compared yroups. (H) Detection of lung TGF-B levels in bleomycin-induced luny fibrosis. At 21 d after 0.5 my/ky intratracheal chal-
lenye, the supernatant of luny homoyenate was used to measure TGF-B levels by ELISA. N = 4 in each ygroup. ‘p < 0.05 in compared
groups. (I, J) Western blotting analysis of a-SMA in bleomycin-induced luny fibrosis. At 21 d after 0.5 my/ky intratracheal challenye,
the supernatant of lung homoyenate was used to determine expression of a-SMA by western blotting. (H) Western blotting bands

in compared ygroups. (I) Ratio of expression of a-SMA to GAPDH analyzed by Imaye J software. N = 2-5 in each ygroup. ‘p < 0.05 in
compared yroups. Data are mean + SD. (K-N) Changes of lunyg profibrotic and inflasnmatory genes in bleomycin-induced lungy fi-
brosis. At 21 d after 0.5 my/kyg intratracheal challenge, lungs were removed and homoyenized for extracting RNA. Luny Acta2, ll6,
Mcp1 and Cxcl2 mRNA were detected by real-time PCR. N = 3-5 in each group. p < 0.05, “p < 0.01 in compared yroups. Data are
mean + SD.
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Figure 8. Activation of a7 nAChR enhances TGF- signaling. (A) Flow cytometry analysis of a7 NAChR expression in fibroblasts. The cells
were collected and stained with fluor-633 a-BTX at 0, 0.25, 0.5 and 1 pg/mL. (B, C) Effect of GTS-21 on Acta2 in BLM-challenged fibro-
blasts and luny epithelial cells. The cells were pretreated with GTS-21 and then stimulated with or without BLM (10 uM). (B) Chanyges of
Acta2 mRNA in fibroblasts at 24 h. (C) Acta2 mRNA expression in A549 cells at 24 h. "p < 0.05 for control and BLM-stimulated groups.

N = 3 in each ygroup. (D, E) Effect of GTS-21 on ActfaZ2 in rhTGF-B1-challenged lung epithelial cells and fibroblasts. (D) Changes of Acta2
MRNA in A549 cells at 24 h. (E) Changes of Acta2 mRNA in fibroblasts at 24 h. The cells were pretreated with GTS-21 (25, 50 uM) and
then stimulated with or without thTGF-1 (5 ng/mL). “p < 0.01 for thTGF-B1 versus thTGF-p1 + GTS-21 groups. N = 3 in each yroup. Data
are mean + SD. Experiments were repeated three times. (F) Immunoblotting analysis of activation of a7 nAChR on rhTGF-1-induced
fibrogenic signaling. The cells were pretreated with GTS-21 (25 uM) and then stimulated with or without rhTGF-81 (6 ng/mL). The cells
were harvested affer rhTGF-B1 stimulation for detecting p-PTP1B, p-Smad?2/3 and a-SMA. Experiments were repeated three times.

These findings further support that
activation of a7 nAChR contributes to
fibrogenesis in fibroblasts.

DISCUSSION

Vagotomy reduced BLM-induced lung
fibrosis (16), suggesting that acetylcho-
line acting on its receptor is required
for the development of lung fibrosis.
Here, for the first time we uncovered
the mechanism that activation of acetyl-
choline receptor-a7 nAChR upregulates
TGE-B signaling, enhances transcription
of profibrotic genes and promotes fibro-
genesis in human fibroblasts. Deficiency
of a7 nAChR dampened expression of
lung profibrotic genes or proteins in a
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BLM-induced lung fibrosis mouse model.
In isolated mouse lung primary fibro-
blasts, deletion of Chrna7 diminished
the TGF-B—upregulated transcription of
profibrotic genes. These findings support
that a7 nAChR is a key regulator of the
development of lung fibrosis.
BLM-induced lung fibrosis is the most
frequently used rodent model of lung
fibrosis, and produces inflammatory and
fibrotic events similar to those seen in
human pulmonary fibrosis (58). In this
study, to validate whether a7 nAChR had
a profibrotic effect during BLM-induced
lung fibrosis, we measured lung profi-
brotic genes and/or pathological parame-
ters at different doses and euthanized the

MOL MED 23:34-49, 2017

mice before death occurred. For example,
high dose 3 mg/kg, euthanized at 7 d;
middle dose 1.5 mg/kg, euthanized at

14 d; and low dose 0.5 mg/kg, eutha-
nized at 21 d. These three conditions sep-
arately represent early, developing and
advanced stages of BLM-induced lung
fibrosis. By analyzing the findings from
the different stages, the propagating role
of 07 nAChR in BLM-induced lung
fibrosis was proved.

It takes approximately 3 wks to es-
tablish a mouse model of BLM-induced
lung fibrosis (59,60). The mice challenged
with high-dose bleomycin usually died
after 7 d; therefore we had to euthanize
mice by 7 d. The first week is the early
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phase of BLM-induced lung fibrosis.
During this stage, upregulation of profi-
brotic genes is required to develop lung
fibrosis. We took this stage to detect the
difference in proinflammatory and pro-
fibrotic genes between BLM-challenged
wild-type and BLM-challenged o7
nAChR knockout mice. We found

that deficiency of a7 nAChR reduced
transcription of lung profibrotic genes
(Figures 2B-D) but did not influence
transcription of proinflammatory genes
in the lung (Figures 2E, F). This finding
indicates that inflammation was equiv-
alent in BLM-challenged wild-type and
a7 nAChR knockout mice, which could
explain why deficiency of a7 nAChR did
not affect BAL protein levels, an index of
lung epithelial and endothelial permea-
bility (Figure 1). We also found that lev-
els of lung proinflammatory genes were
comparable between BLM-challenged
wild-type and BLM-challenged o7

nAChR knockout mice at 14 d during
the development stage of lung fibrosis
(Figure 3). At 21 d, the advanced stage of
lung fibrosis, BAL cells and protein lev-
els were not different between these two
groups (Figures 6A, B), but the severity
of lung fibrosis in BLM-challenged a7
nAChR knockout mice was significantly
lower (Figures 7G-K).

M2 macrophage activation has
been implicated in the development
of pulmonary fibrosis (61-63). Ly6C™
monocytes facilitate the progression
of pulmonary fibrosis. Depletion of
Ly6Chi circulating monocytes reduced
pulmonary fibrosis (62). In our study,
we hypothesized that Ly6C arginasel”
cells were involved in alternative mac-
rophage activation and contributed to
lung fibrogenesis; therefore we analyzed
this cell population in the digested lung
cells and found that arginasel " Ly6C”
cells were significantly lower in the

BLM-challenged a7 nAChR-deficient
mice compared to BLM-challenged wild-
type mice (Figures 6C, D). The findings
support that a7 nAChR is implicated in
the alternative activation macrophage
and promotes lung fibrogenesis. The
composition and function of the cell pop-
ulation in BAL and digested lung cells
are different, which may explain why
lack of a7 nAChR did not affect the BAL
cell population (Figure 6A). In the lung,
arginase 1 can be expressed by distal air-
way epithelial cells and endothelial cells
besides alveolar macrophages (64-66).
This may explain why more than 90%
arginasel'Ly6C cells were present, but
their function is unknown.

In this study, the TGF-B1 ELISA set
was used to specifically measure mouse
TGF B1 protein levels in the supernatants
of lung homogenates. We have not estab-
lished a method to detect TGF-B1 activ-
ity. However, we did find that deficiency
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of a7 nAChR significantly reduced
transcription of profibrotic genes (Acta2,
Collal and Fspl) and a-SMA expression
at protein levels in BLM-challenged lung,
which could reflect that 07 nAChR influ-
enced the TGF-B1 signaling pathway in
BLM-induced lung fibrosis.

Both lung epithelial cells and fibro-
blasts are important for development of
pulmonary fibrosis (67). TGF- signaling
and transcription of fibrotic genes is
essential for fibrogenesis (68,69). Both
lung epithelial cells (21) and fibroblasts
(Figure 8A) express a7 nAChR. In lung
epithelial cells, BLM and TGF-B1 in-
duced Acta2 expression (Figures 8C, D),
but a7 nAChR activation did not affect
this change (Figures 8C, D). In lung
fibroblasts, BLM failed to trigger Acta2
expression (Figure 8B); however, TGF-B1
induced high levels of Acta2 expres-
sion, and o7 nAChR activation further
boosted it (Figures 8E, F). Therefore,
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in vivo, activation of a7 nAChR might
preferentially affect TGF-B1 signaling or
fibrogenesis in lung fibroblasts rather
than epithelial cells. In fact, lung TGF-
B1 levels were significantly increased

in both BLM-challenged wild-type and
a7 nAChR-deficient mice compared

to saline-treated mice (Figure 6G). The
findings further support that a7 nAChR
activation enhances TGF-B1 signaling
rather than the amount of TGF-B1.
Macrophages and monocytes are major
producers of proinflammatory cytokines,
but inflammatory responses were not
affected by a7 nAChR deficiency in this
study.

In this study, we found that activation
of a7 nAChR led to phosphorylation of
PTP1B (Figures 8F, 9E and 10D). So far,
the underlying mechanism of this event
has not been clarified; however, silenc-
ing Ptpnl abolished the upregulatory
effects of activation of a7 nAChR on
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TGE-B signaling (Figure 10D) and tran-
scription of profibrotic genes (Collal and
Acta2) (Figures 10B, C) in fibroblasts.
This finding indicates that PTP1B is a
key factor connecting activation of o7
nAChR to TGF-f signaling. It has been
reported that PTP1B participates in the
development of fibrosis in liver (70) by
activating hepatic stellate cells. PTP1B
deficiency confers resistance to TGF-
through Smad inhibition in hepatocytes
(57). Therefore, it would be worthwhile
to further investigate the relationship
among activation of a7 nAChR, PTP1B
and TGF-B signaling in lung fibroblasts
so that we can find novel therapeutic tar-
gets for combating lung fibrosis.

Besides PTP1B, PTP-a (coded by Ptpra)
has been reported to play a role in medi-
ating promotion of profibrotic signaling
pathways in fibroblasts through control
of cellular responsiveness to TGF-f (17).
Similar to Chrna7 null mice, Ptpra”
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mice were protected from pulmonary
fibrosis induced by intratracheal BLM,
with minimal alterations in the early
inflammatory response or production of
TGE-B (17). Whether PTP family mem-
bers share similar features in regulating
the development of fibrosis is worth
investigating.

CONCLUSION

Taken together, in the in vitro study,
activation of a7 nAChR increased TGF-
B-induced phosphorylation of Smad2/3
and transcription of fibrogenic genes in
fibroblasts. PTP1B is implicated in o7
nAChR-activation enhanced TGF-p sig-
naling and profibrotic gene transcription

RESEARCH ARTICLE

in fibroblasts. In the in vivo study, defi-
ciency of a7 nAChR lessened BLM-
induced lung fibrosis by suppressing tran-
scription of profibrotic genes, but did not
affect transcription of proinflammatory
genes. Therefore, a7 nAChR is a key regu-
lator of lung fibrogenesis via upregulation
of TGF-B signaling and transcription of
profibrotic factors in the fibroblasts.
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