International Journal of Chronic Obstructive Pulmonary Disease

Dove

ORIGINAL RESEARCH

Nucleotide-Oligomerizing Domain-1 Activation
Exaggerates Cigarette Smoke-Induced Chronic
Obstructive Pulmonary-Like Disease in Mice

Guangchao Han

Min Li

Junfeng Du

Yang Chen

Chen Xu

Department of Respiratory and Critical
Care Medicine, Cangzhou Central

Hospital, Cangzhou, 061000, Hebei,
People’s Republic of China

Correspondence: Guangchao Han
Department of Respiratory and Critical
Care Medicine, Cangzhou Central
Hospital, No. 16 Xinhua West Road,
Cangzhou, 061000, Hebei, People’s
Republic of China

Tel +86-15833371555

Email guangchao1020@ 126.com

Introduction: Chronic obstructive pulmonary disease (COPD) is a progressive condition
related to abnormal inflammatory responses. As an inflammatory driver, nucleotide-binding
oligomerizing domain-1 (NOD1) is highly expressed in pulmonary inflammatory cells;
however, the roles of NOD1 in COPD are unknown.

Methods: A COPD mouse model was established by lipopolysaccharides tracheal instilla-
tion plus cigarette smoke (CS) exposure. NOD1 activation was induced by C12-iE-DAP (iE)
treatment in both control and COPD mice. Inflammatory infiltration, pulmonary histological
damage and gene expression were measured to evaluate the lung function of treated mice.
Results: The results showed that NOD1 was up-regulated in COPD mice, which signifi-
cantly exaggerated CS-induced impairment of lung function, demonstrated by increased
airway resistance, functional residual capacity and pulmonary damages. Mechanistically,
NODI activation strongly activated the TLR4/NF-«B signaling pathway and then increased
inflammatory responses and promoted the secretion of inflammatory cytokines.
Discussion: This study demonstrates that NOD1 is an important risk factor in the progres-
sion of COPD; therefore, targeting NOD1 in lung tissues is a potential strategy for COPD
treatment.
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Introduction

Chronic obstructive pulmonary disease (COPD) is an incurable and debilitating
disease characterized by airflow limitation and persistent respiratory symptoms.' As
one of the most prevalent diseases, COPD is the fifth leading cause of death in the
world, and it is more common in adults over 40 years old.> COPD is highly related
to the exposure to toxic gases and particles that result in abnormalities in the
respiratory tract.” > Although multiple therapies have been developed, including
B2-agonists, corticosteroids and PDE, inhibitors, they cannot effectively attenuate
the progression of COPD and have some side effects.®” Therefore, there is an
urgent need for exploring the underlying pathological mechanism and developing
new drugs for COPD treatment.

COPD is characterized by progressively decreasing lung function and chronic
airflow limitation, which is related to uncontrollable inflammatory responses to
harmful particles and/or gases in the lungs and airways.®’ The harmful ingredients
of cigarette smoke (CS) activate the innate immune system and mediate the
inflammatory process.'”'" Therefore, inflammation has been thought to be the
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major determinant for the frequent occurrence of COPD
among patients.'> Many studies have shown that inhibiting
the inflammatory response can greatly attenuate the devel-
opment of CS-induced COPD."* "

Nucleotide-binding oligomerizing domain-1 (NOD1) is
a member of nucleotide-binding oligomerization domain-
like receptors (NLRs) family, which plays important roles
in recognizing abnormal or damaged host cells and micro-
organism components.'®'® NODI is highly expressed in
inflammatory cells, which activates the NF-kB signaling
and results in the secretion of inflammatory cytokines.'® '
Recent studies have reported that NOD1 activation could
cause tissue inflammation in the heart and aggravate car-
diac ischemia-reperfusion injury.'®**

NODI is widely expressed in lung tissues.”* Cardenas
et al demonstrated that NODI activation was able to activate
the inflammatory response of human alveolar
macrophages.'® Recently, Stefano et al reported that the
expression level of NODI1 was significantly increased in
bronchial mucosa in patients with moderate and severe
stable COPD compared to healthy controls.** In the
Japanese population, polymorphisms of the NOD gene
were associated with the severity and prevalence of
COPD.* In addition, the rs2075820 variant in NOD1 was
closely associated with high risk of childhood asthma, and
both the mRNA and protein levels of NOD1 were signifi-
cantly increased in asthma patients.”® The above studies
demonstrated the potential correlation between NOD1 and
COPD progression. However, little is known about the role
of NOD1 in COPD, or whether it is involved in the occur-
rence and development of the disease. Here, we established
the COPD mouse model by using CS exposure and lipopo-
lysaccharides (LPS) intratracheal instillation, and stimulated
NODI expression in the lung tissues through the agonist
treatment to investigate the regulatory role of NODI in CS-
induced COPD mice. We found that NOD1 activation exag-
gerated CS-induced COPD in mice and described the under-
lying molecular mechanism of NODI1 involvement in COPD

inflammatory responses.

Materials and Methods

Reagents

C12-iE-DAP (iE), the agonist of NODI1, was purchased
from InvivoGen (San Diego, USA) and dissolved in sterile
saline to make the stock solution. LPS was ordered from
Millipore Sigma (Burlington, USA) and dissolved in ster-
ile saline for the following animal treatment.

Animal and COPD Models

The 8-10 weeks old male C57BL/6J mice (18-20 g) were
obtained from Cyagen Biosciences (Suzhou, China) and
housed under 12/12 hours of light/dark cycles with free
access to food and water. This study was performed in
strict accordance with the NIH guidelines for the care and
use of laboratory animals (8th edition, NIH). All animal
studies were reviewed and approved by the Ethical
Committee of Cangzhou Central Hospital.

The COPD mouse model was established by tracheal
instillation of 50 puL LPS (7.5 pg) on day 1 and 14, and
exposed to CS circumstance for three months. Mice were
put in a closed organic glass chamber (80x60%50 cm) and
exposed under the smoke with 9 cigarettes per hour for 4
hours/day (6 days/week) except for the days of LPS tra-
cheal instillation, as described in previous studies.?’ " For
the iE dose testing, mice were divided into 4 groups, and
treated with vehicle, 50 pg, 150 pg and 200 pg iE intra-
gastrically for 14 days, respectively, following the protocol
published by Tukhvatulin et al.*' For the COPD and iE co-
treatment, there were four groups of mice, and 10 mice per
group: Control group, mice were exposed with normal air
plus saline gavage; iE group, mice were exposed with
normal air plus 150 pg iE gavage; COPD group, mice
were exposed with CS plus saline gavage; COPD+E
group, mice were exposed with CS plus 150 pg iE gavage.
After 2 months of CS exposure, we started the saline or iE
gavage, which was performed 30 min before CS exposure
and lasted for two weeks (day 61-74).

Lung Function Measurement

After three months of COPD or COPD-iE treatment, mice
were anesthetized by using pentobarbital sodium (50 mg/
kg). Then, mice were placed in a body chamber and
tracheotomized below the larynx, and then intubated with
a trachea cannula. Forced Pulmonary Maneuver System
(Buxco R.S., Wilmington, USA) was used to examine the
lung function parameters (total lung capacity, FEV20/
FVC, airway resistance and functional residual capacity)
following the protocol described by Gebel et al.*
Breathing frequency of the tested mice was maintained at
150 breaths per min during the analysis. The average
alveolar intercept represented the degree of emphysema,
which was quantified by the Mean Linear Intercept func-
tion of Image Pro Plus 6.0 software, following the protocol

. . . .2
described in previous studies.”®*
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Bronchoalveolar Lavage Fluid (BALF) Cell

Counting

Bronchoalveolar lavage (BAL) was performed to exam-
ine the cellular and acellular content in the lung lumen,
following the protocol established by Hoecke et al.** At
the end of experiment, mice were anesthetized, and BAL
fluid was isolated by inserting a catheter in the trachea,
through which 600 pL saline solution was instilled into
the bronchioles. The instilled fluid was gently retracted to
maximize BALF retrieval. BALF cells were collected and
(Weber
Hamilton, USA). H&E staining was used to determine

counted with a hemocytometer Scientific,

the cell classification.

qRT-PCR

Total RNA of lung tissues from the above treated mice was
extracted via Invitrogen Trizol (Carlsbad, USA) following
the protocol of manufacturer. 1 ug RNA was reversely tran-
scribed into cDNA by using the M-MLYV reverse transcrip-
tase (Promega, Madison, USA). The Bio-Rad qPCR Master
Mix (Hercules, USA) was used to conduct qRT-PCR on the
7500 Real-Time PCR system. GAPDH were used to normal-
ize the expression level of NODI and TLR4. The relative
expression levels of NOD! and TLR4 were calculated by

using the 27*“T method. Primers were listed below:
NODI: Forward: 5’-AGGAGGCCAACAGACGCC-3’,
Reverse: 5’-CTGACCTAGAGGGTATCG-3’; TLR4:

Forward: 5’-AGCTCCTGACCTTGGTCTTG-3’, Reverse:
5’- CGCAGGGGAACTCAATGAGG-3". GAPDH:
Forward: 5’-CATCACTGCCACCCAG AAG ACTG-3’,
Reverse: 5’-ATGCCAGTGAGCTTCCCGTTCAG-3".

Western Blot

Lung tissues were harvested and homogenized by using
LabGEN 125 Homogenizer (Cole-Parmer, Vernon Hills,
USA), and then lysed by the Beyotime RIPA buffer supple-
mented with fresh protease inhibitor cocktails (Promega,
Madison, USA). Total protein concentration was determined
by Pierce™ BCA Protein Assay Kit. Target proteins were
detected by Western blot as described previously.*® Primary
antibodies against NOD1 (ab217798, 1:1500 dilution),
TLR4 (ab22048, 1:1000 dilution) and total p65 (ab32536,
1:1500 dilution) were ordered from Abcam (Cambridge,
UK); p-p65 (#3033, 1:1000 dilution) and B-actin (#4970,
1:2000 dilution) were obtained from Cell Signaling
Technology, Inc. (Danvers, USA).

H&E Staining

The lung pathology of the treated mice was determined
by H&E staining. Paraffin-embedded lung tissues were
cut into 12 pm sections using the Leica RM2145 micro-
tome (Leica Biosystems Division of Leica, Buffalo
Grove, USA). H&E staining and pathological analysis
were performed as previously described.?” The scores of
inflammatory infiltrations were classified as follows:
score 0 is absent; score 1 is minimal, with a single-
layer clustering of inflammatory cells; score 2 is mod-
erate, with localized clustering of inflammatory cells;
and score 3 is abundant, with large clusters of inflam-

matory cells.

Immunohistochemistry

In order to detect the expression of NOD1 in the COPD
mouse model, immunohistochemistry was performed.
Primary antibody against of NOD1 (ab217798, 1:200 dilu-
tion) was purchased from Abcam (Cambridge, UK).
Paraffin section was performed as previously described.*®
Imaging was conducted by using a Zeiss LSM 710
Confocal microscope (Carl Zeiss, Jena, Germany) with
appropriate filter sets.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The concentrations of pulmonary inflammatory factors,
Ccl-2, Cxcl-10, IL-1p, and IFN-y, were detected by using
the commercial ELISA kits following the protocols pro-
vided by the manufacturers. Ccl-2 and IL-1B were mea-
sured by using the Mouse MCP-1/CCL2 ELISA Kit and
Mouse IL-1 B ELISA Kit (Millipore Sigma, Burlington,
USA), respectively. Cxcl-10 and IFN-y were detected by
using the Mouse IP-10 ELISA Kit (CXCL10) (ab260067)
and Mouse Interferon gamma ELISA Kit (IFNG)
(ab100689, Abcam, Cambridge, UK).

Statistical Analysis

GraphPad Prism 8.0 was used for all the statistical
analyses in this study. One-way analysis of variance
(ANOVA) followed by Dunn’s multiple comparisons
test (for multiple groups) and Student’s #-test methods
(for two groups) were used to analyze the differences
between groups. All the data were represented as mean
+ standard deviation (SD).
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Figure 1 NODI was up-regulated in the lungs of mice exposed to cigarette smoke (CS). RT-qPCR and Western blotting were used to analyze the mRNA (A) and proteins
expressions (B and C) of NOD in the lung tissues between the controls and CS exposed mice. Data shown are mean + SD. n = 3 for each group. **p < 0.01 and **p < 0.001

between the indicated groups. Unpaired t-test.

Results
NODI is Induced in the Lungs of Mice

Exposed to CS

To investigate the regulatory role of NOD1 in COPD, we
established the COPD mouse model through a combination
of CS exposure and LPS tracheal instillation. Gene expres-
sion analysis showed that NOD1 mRNA level was increased
by nearly 3-fold in COPD mice compared to control mice
(Figure 1A). We also detected the protein level of NODI by
performing Western blot, and the result showed that NOD1
protein was also significantly increased in COPD mice
(Figure 1B and C). Moreover, immunohistochemical data
showed that there was more NODI signal in the bronchial
mucosa of COPD mice than control mice (Figure S1). These
data indicated that NOD1 was up-regulated in the lung
tissues of COPD mice, which might be involved in the
occurrence and development of COPD.

iE Stimulates NOD in the Lung Tissues

iE is an agonist of NODI, which has been reported to
increase the expression level of NODI1 in vitro and in vivo.*'
Here, we investigated the NOD1 stimulation and dose-
dependent effects of iE (50, 150 and 200 pg per day) in
the lung tissues. As shown in Figures 2A, 2 weeks of iE
treatment could significantly stimulate the expression of
NODI in the lung tissues. Moreover, the NOD1 stimulation
effect of iE displayed a dose-dependent pattern (Figure 2A).
Similarly, iE treatment increased the protein expression level
of NODI1 in a dose-dependent manner (Figure 2B). In addi-
tion, upon iE treatment, the NOD1 signal was significantly
increased in the bronchial mucosa compared to that in con-
trol and COPD mice (Figure S1). There was no difference in
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Figure 2 iE stimulated NODI| in the lung tissues. Animals received i.p. 50, 150, 200
ng of iE/day, or vehicle. After 2 weeks of treatment, RT-qPCR and Western blotting
were used to analyze the mRNA (A) and proteins expressions (B) of NODI in
mouse lung tissues. Data shown are mean * SD. n = 3 from 6 mixed tissues for each
group. *p < 0.05, **p < 0.0, ***p < 0.001 and ns means no significance between the

indicated groups. One-way ANOVA followed Dunn’s multiple comparisons test.
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Figure 3 NODI activation exaggerated CS-induced lung function impairment. Lung function parameters including total lung capacity (A), FEV20/FVC (B), airway
resistance (C) and functional residual capacity (D) among different groups were calculated three months after CS inhalation. Data shown are mean + SD. n = 10 for each
group. *p < 0.05, *¥*p < 0.01, ***p < 0.001 and ns means no significance between the indicated groups. One-way ANOVA followed Dunn’s multiple comparisons test.

NODI1 stimulation at the doses of 150 and 200 pg, and
mouse body weight was comparable in control and iE trea-
ted groups (data not shown), indicating that the doses of iE
used in this study did not induce any systemic impairment
for the study period. Therefore, 150 pg per day was chosen
in the following treatment.

NODI Activation Exaggerates
CS-Induced Lung Function Impairment

and Pulmonary Histological Damage

Since iE treatment can increase the expression of NODI,
which was also up-regulated in COPD mice, we asked
whether iE treatment could exaggerate the CS-induced
COPD in mouse model. We performed two weeks of iE
treatment on control and COPD mice, and then examined
the lung functions using the Forced Pulmonary Maneuver
system. COPD mice showed higher total lung capacity than
control mice. Interestingly, COPDHE co-treatment could

further increase the total lung capacity over that of the
COPD group (Figure 3A). Similar promotional effects of
iE on COPD were observed in terms of airway resistance
and functional residual capacity (Figure 3C and D). In con-
trast, COPD decreased the FEV20/FVC in mice, and COPD
+iE co-treatment further reduced this ratio (Figure 3B). It is
worth noting that NOD1 activation exhibited a certain effect
on the lung function of normal mice, but there was no
significant difference (Control vs iE).

Next, we evaluated the pulmonary damage of COPD and
COPDHE treated mice by examining the inflammatory infil-
tration, average alveolar intercept and airway wall thickness
through H&E staining. Inflammatory score of COPD mice
was significantly higher than those of control mice, and COPD
+iE co-treatment could further increase the inflammatory
score in COPD mice over those of control mice (Figure 4A
and B). Similar promotional effects of iE treatment on COPD-
induced pulmonary damage were observed in the average
alveolar intercept and airway wall thickness of treated mice
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Figure 4 NODI activation exaggerated CS-induced pulmonary histological damage. Three months after CS inhalation, lung pathology was determined by H&E staining. The
representative images are shown in (A). Comparisons of inflammatory score (B), average alveolar intercept (C) and airway wall thickness (D). Data shown are mean * SD.
n = 6 for each group. *p < 0.05, **p < 0.01, ***p < 0.00] and ns means no significance between the indicated groups. One-way ANOVA followed Dunn’s multiple

comparisons test.

(Figure 4A, C, and D). All these results indicated that CS
exposure caused significant damage of lung function, further-
more, NODI activation by iE could further aggravate lung
function impairment and pulmonary damage in COPD mice.

NOD| Activation Facilitates CS-Induced
Inflammation in BALF and Pulmonary

Inflammatory Responses

We detected the effects of iE on COPD-induced inflam-
matory responses by counting the inflammation cells in
BALF and performing ELISA assays of inflammatory
factors in the lung tissues. As shown in Figure 5A,
both
increase the amount of inflammatory cells in BALF,

iE treatment and COPD could significantly

and COPD+iE co-treatment showed stronger promotion
than COPD alone. We further investigated different
types of inflammatory cells, including macrophages
(Figure 5B), neutrophils (Figure 5C) and lymphocytes

(Figure 5D), and found that the numbers of all these
inflammatory cells were significantly increased in the
BALF of COPD and iE treated mice, with COPD+E
co-treatment showing even more pronounced enhance-
ment in these inflammatory cells (Figures 5B-D).
ELISA assays showed that the iE-induced NOD1 acti-
vation and COPD could promote the inflammatory
response in the lung tissues significantly (Figure 6).
Moreover, the COPD and iE combined treatment was
able to further enhance the inflammatory response in
the lung tissues of the treated mice, as evidenced by
the induction of four inflammatory factors Ccl-2
(Figure 6A), Cxcl-10 (Figure 6B), IL-1B (Figure 6C)
and IFN-y (Figure 6D). These results indicated that
NODI1 activation led to significantly increased inflam-
matory cells in BALF and inflammatory responses in
normal mice,

which promoted the inflammatory

responses in COPD mice.
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Figure 5 NODI activation exaggerated CS-induced inflammation cells in BALF. Three months after CS inhalation. Counts of total cells (A), macrophages (B), neutrophils
(C) and lymphocytes (D) in BALF were compared. Data shown are mean % SD. n = 10 for each group. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA followed

Dunn’s multiple comparisons test.

NODI Activation Promotes the CS-
Induced Pulmonary TLR4/NF-«xB Signaling

NODI1 has been reported to be involved in the regulation
of TLR4/NF-kB signaling.’” We therefore detected the
expression of TLR4, which leads to the activation of the
NF-kB pathway and the production of inflammatory cyto-
kines, in lung tissues by using qRT-PCR. The result
showed that both iE-induced NODI activation and
COPD could significantly up-regulate the expression of
TLR4, and COPDHE co-treatment resulted in further
induction of TLR4 (Figure 7A). Next, we investigated
the activation of TLR4/NF-kB signaling through Western
blot. In line with the qRT-PCR data, the protein levels of
TLR4 and p-p65 were significantly elevated within the
lung tissues of iE and COPD mice, while the strongest
activation of TLR4/NF-«B signaling was observed in the
mice with COPD-+E co-treatment (Figure 7B-D). The
above data suggested that both NODI activation and
COPD could activate the TLR4/NF-«kB signaling in the

lungs of normal mice, furthermore, NOD1 activation could
aggravate the activation of TLR4/NF-kB signaling in
COPD mice.

Discussion

COPD is a progressive and lethal chronic lung disease,
which is characterized by declined pulmonary function
and chronic airflow limitation. Inflammation has been
thought to be the major determinant of multi-morbidities
in COPD patients.'? NODI is highly expressed in inflam-
matory cells, which can active multiple inflammation asso-
ciated with signaling pathways and result in inflammatory
cytokine secretion.'”® In this study, we investigated the
regulatory role of NOD1 in COPD, and found that the
expression level of NOD1 was significantly increased in
the lung tissues of COPD mice. Similar to COPD treat-
ment, NODI1 activation could facilitate inflammatory
responses and increase the number of macrophages, neu-
trophils and lymphocytes in BALF of mice. However,
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NODI1 activation alone could not induce pulmonary histo-
logical damage or lung function impairment. Interestingly,
NODI1 activation in COPD mice was able to elevate the
average alveolar intercept, increase airway wall thickness,
worsen inflammatory score and finally result in serious
lung function impairment. Mechanistically, NODI activa-
tion can strongly active the TLR4/NF-xB signaling path-
way, which then increased inflammatory responses and
promoted the secretion of inflammatory cytokines. Our
findings suggest that NODI is an important risk factor in
the progression of COPD; hence, targeting NOD1 and
inhibiting its expression in the lung tissues is a potential
strategy for COPD treatment.

The NLRs trigger the activation of numerous signaling
pathways and result in inflammation and apoptosis.'”>®
NODI1 is one of the important members of NLR family,
which can be stimulated by the meso-diaminopimelic acid
(DAP) containing peptidoglycan fragments.*® Activation of
NODI initiates multiple signaling pathways and induces the

secretion  of  pro-inflammatory = chemokines  and
cytokines.***! In the mouse heart, NODI activation could
induce cardiomyocyte apoptosis and cardiac fibrosis, leading
to cardiac dysfunction.'® Yang et al reported that DAP-
induced NOD1 activation contributed to the development
of myocardial ischemia/reperfusion damage through activa-
tion of NF-kB, MAPK and JNK signaling pathways.** In
this study, we found that NODI1 activation promoted the
secretion of pulmonary inflammatory chemokines and cyto-
kines, including Ccl-2, Cxcl-10, IL-1B and IFN-y. Moreover,
NOD1 was up-regulated in the lungs of COPD mice, the
activation of which could further exaggerate CS-induced
pulmonary inflammatory responses and lung function
impairment. Similarly, Juarez et al demonstrated that the
activation of NODI receptor was able to promote pro-
inflammatory response and autophagy in human alveolar
macrophages.*? On the other hand, the activation of NODI1
by agonist can induce inflammatory responses and autop-
hagy, which might also be involved in the progression of
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COPD.**** Roussel et al reported that pretreatment of air-
way epithelium cells with IL-17 and NOD1 agonist resulted
in a 10-fold increase of IL-8 production, which indicated the
importance of NOD1 as a major contributor of abnormal
inflammatory responses in the cystic fibrosis and CODP.**
NODI1 agonist, iE-DAP, can up-regulate the expression of
IL-6, IFN-y and TNF-qa in the mucosal epithelial cells.*®
These findings suggest that NOD1 is a risk factor for stimu-
lating inflammatory responses, which might contribute to the
pathogenic mechanism of NOD1 in COPD progression.
Serious pulmonary histological damage could be
induced by CS inhalation. In the current study, 3 months
of CS exposure could significantly increase the inflamma-
tory cell infiltration in BALF, promote the secretion of
pro-inflammatory chemokines and cytokines, and result
in obvious airway resistance, which was consistent with
previous studies.’**® Although NODI1 activation could
worsen most of the COPD-related phenotypes in COPD
mice, there was very weak effect on pulmonary damage

and lung function impairment. This observation indicates
that, as a risk factor, NODI1 might be involved in the
development rather than the initiation of COPD, which
could be addressed by using NODI1 agonist in animal
models to see whether it could further accelerate the pro-
gression of COPD-like lung disease in future studies. It
would also be interesting to address the regulatory
mechanism of NOD1 up-regulation in the lung tissues of
COPD mice.

Conclusion

NOD1 is up-regulated in the lung tissues of COPD mouse
model, which in turn exaggerates CS-induced chronic
obstructive pulmonary-like disease in COPD mice.
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