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L-Arginine, as an essential amino acid, s

is a potential substitute for treating COPD
via regulation of ROS/NLRP3/NF-kB signaling
pathway

Chunhua Ma'?", Kexi Liao®", Jing Wang*', Tao Li"" and Liangming Liu'"

Abstract

Backgrounds Chronic obstructive pulmonary disease (COPD) is a frequent and common disease in clinical respira-
tory medicine and its mechanism is unclear. The purpose of this study was to find the new biomarkers of COPD

and elucidate its role in the pathogenesis of COPD. Analysis of metabolites in plasma of COPD patients were per-
formed by ultra-high performance liquid chromatography (UPLC) and quadrupole time-of-flight mass spectrometry
(TOF-MS). The differential metabolites were analyzed and identified by multivariate analysis between COPD patients
and healthy people. The role and mechanisms of the differential biomarkers in COPD were verified with COPD rats,
arginosuccinate synthetase 1 (ASS-/) KO mice and bronchial epithelial cells (BECs). Meanwhile, whether the differential
biomarkers can be the potential treatment targets for COPD was also investigated. 85 differentials metabolites were
identified between COPD patients and healthy people by metabonomic.

Results (-Arginine (LA) was the most obvious differential metabolite among the 85 metabolites. Compare

with healthy people, the level of LA was markedly decreased in serum of COPD patients. It was found that LA had
protective effects on COPD with in vivo and in vitro experiments. Silencing Ass-1, which regulates LA metabolism,
and a-methy-pt-aspartic (NHLA), an Ass-1 inhibitor, canceled the protective effect of LA on COPD. The mechanism

of LA in COPD was related to the inhibition of ROS/NLRP3/NF-kB signaling pathway. It was also found that exogenous
LA significantly improved COPD via regulation of ROS/NLRP3/NF-kB signaling pathway. .-Arginine (LA) as a key meta-
bolic marker is identified in COPD patients and has a protective effect on COPD via regulation of ROS/NLRP3/NF-«kB
signaling pathway.

Conclusion LA may be a novel target for the treatment of COPD and also a potential substitute for treating COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
chronic inflammatory lung disease characterized by per-
sistent and progressive airflow restriction [1]. Long-term
exposure of respiratory tract to harmful particles such as
cigarette smoke will cause repeated inflammation dam-
age and tissue repair, which will lead to airway stenosis
and continuous airflow restriction [2, 3]. There are more
than 600 million COPD patients in the world at present
and with the aggravation of environmental pollution, the
morbidity will continuously increase, and it was once
predicted that COPD would become the third leading
cause of death in the world by 2020 [4]. At present, the
recommended drugs for COPD treatment include bron-
chodilators, glucocorticoids, f-adrenergic receptor ago-
nists, anticholinergic drugs, aminophylline and so on. But
these treatments are not satisfactory. The main reason is
that the pathogenesis of COPD is unclear. Therefore, it is
urgent to elucidate the new mechanism of COPD and so
as to find the new and more effective treatment approach
to treat COPD.

The development of metabonomics, genomics and pro-
teomics has produced effective new methods for diseases
[5]. Metabonomics mainly detects small molecular com-
pounds, including amino acids, lipids, fatty acids and car-
bohydrates, which are biochemical pathways related to
cell physiology, structure and signal transduction [6—10].
Metabonomics has been widely used in the prevention,
treatment, diagnosis and monitoring of many clinical
diseases, such as Alzheimer’s disease, coronary heart
disease and other diseases [11, 12]. For example, Luo
et al. used metabonomics to find the early biomarkers
of liver cancer [13]. Li et al. used metabonomics to find
the early biomarkers of colorectal cancer [14]. Because
of the advantages of metabonomics in finding biomark-
ers of many diseases, metabonomics technology has
been gradually applied to respiratory system diseases,
including COPD. Recently, there were some reports
about metabonomics in COPD such as the study of the
severity of COPD through multi-omics [15], untargeted
metabolomics of human plasma revealing lipid mark-
ers in COPD [16], predictive diagnosis of COPD using
serum metabolic biomarkers and least squares support
vector machines [17], direct relationship between plasma
metabolomics and clinical predictors of survival dif-
ference in patients with COPD [18]. The above reports
focus on the correlation between the differences in the
metabonomics of COPD and the diagnosis and predic-
tion. However, these reports were limited, they just used
it to search for the changes or function of metabolites,
did not investigate their in-depth mechanism. Therefore,
the aims of the present study included: (1) identified the
differential metabolites in COPD patients and healthy
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people by metabonomics analysis and searched for the
functional biomarkers. (2) verified the biological func-
tion and mechanism of the biomarkers in COPD in vivo
and in vitro with COPD rats, Ass-1 KO COPD mice and
bronchial epithelial cells (BEC). (3) proved whether the
biomarkers can be the potential treatment targets of
COPD.

Materials and methods

Ethical approval of the study protocol

All patient experiments were performed under the guid-
ance of the Helsinki Declaration and approved by the
Research Council of Affiliated Nanjing Hospital of Nan-
jing University of Chinese Medicine (KY2017019). All
animal experiments were approved by the Research
Council and Animal Care and Use Committee of Affili-
ated Nanjing Hospital of Nanjing University of Chinese
Medicine and Army Medical Center, Army Medical
University.

Reagents and kits

Cigarettes were purchased from China Tobacco Guang-
dong industrial Co., Ltd. (Guangdong, China). Inter-
leukin (IL)-6, IL-1p and tumor necrosis factor (TNF)-a
enzyme linked immunosorbent assay (ELISA) kits were
obtained from Elabscience (Wuhan, China). NLRP3,
ASC, IL-1pB, Caspase-1, p-NF-kB, NF-«B, p-IkBa, IxBa
and GAPDH antibodies were purchased from Cell Sign-
aling Technology. Methanol, formic acid and acetonitrile
were purchased from CNW Company. L-2-chlorophe-
nylalanine was purchased from Shanghai HengChuang
Biotechnology Co., Ltd., All chemicals and solvents are
analytically pure or chromatographic grade.

COPD patients and animals

COPD patients

221 patients with stable COPD admitted to the Affili-
ated Nanjing Hospital of Nanjing University of Chinese
Medicine from January 2017 to June 2019 were enrolled
as the research objects, all participants provided writ-
ten informed consent, and ethics approval was obtained
from Affiliated Nanjing Hospital of Nanjing University of
Chinese Medicine, including 150 males and 71 females.
The average age was (65.5 £ 12.3) years, ranging from 62
to 75 years old. The course of disease ranged from 7 to
12 years, with an average course of (10.3+3.5) years.60
healthy people were selected as control group. The
average age was (64.2+11.9) years, ranging from 61 to
73 years old.
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Inclusion criteria of COPD patients

Participants of COPD patients were included accord-
ing to the standards of the Global Initiative for Chronic
Obstructive Lung Disease. COPD was defined by the
GOLD standard of post-bronchodilator FEV1<80%
and FEV1/FVC<0.7, and by physician diagnosis; all
were >40 years old and had a previous history of smok-
ing. Healthy controls were adultsand >40 years old with
no history of cardiac or respiratory disease, and with nor-
mal lung function measured by spirometry (FEV1/FVC
ratio>0.7 and FEV1>80% predicted). Characteristics of
COPD can be seen in Table 1.

Exclusion criteria of COPD patients

Participants were excluded from the study due to any
antibiotic or oral corticosteroid use in the past 4 weeks, a
current smoker, had comorbid lung disease (e.g., asthma,
lung cancer, interstitial lung disease and bronchiectasis)
that interferes with the study outcomes, had other co-
morbidities with established altered microbiome (includ-
ing IBD, irritable bowel syndrome), or extreme dietary
habits that may significantly impact gut microbiome
composition.

Animals

The Sprague—Dawley (SD) rats were obtained from
Army Medical Center, Army Medical University. WT
mice (C57BL/6], stock No: 000663) and Ass-1 KO mice
(C57BL/6], Ass-1 ~'~/] stock No: 020289) were obtained

Table 1 Basic characteristics of COPD patients

Patient characteristics COPD

Number of patients (n) 221

Mean Age (years) 65.5+123

Gender (n)
(i) Women 71
(i) Men 150

Mean body mass index (BMI) (minimum-maximum) 284 (17.1-56.8)
(i) Normal weight (18.5-24.9 kg/mz) 21.5(18.3-24.5)
(i-ii) Normal weight (< 20 kg/m?) 184 (15 patients)
(i) Cachexia (< 18.5 kg/m?) 17.1 (3 patient)
(iii) Obese (= 25.0 kg/mz) 30.3 (25.2-56.3)

GOLD stages (n)

Stage | 42
Stage Il 125
Stage lll 34
Stage IV 20
Smoking history (n)

Current smoker 142
Never smoker 77
Ex-smoker 2
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from the Cyagen Biosciences Inc. and kept in the Ani-
mal Center of Army Medical Center, Army Medical
University.

COPD patient confirmation and acquisition of samples

CT analysis

COPD patients and healthy people were scanned with
Siemens Somatom E-motion 6 multi-slice spiral CT
machine in supine position from the tip of lung to the
joint lower edge of lung bottom. The scanning layer was
set to 1.25 mm, the voltage was set 120 kV, and the cur-
rent was set to 240-300 mA. The special workstation was
used to process the obtained images. Total emphysema
volume (the total emphysema volume, TEV) and the total
lung volume (TLV) were recorded. The emphysema index
(EI) was calculated according to the emphysema param-
eters, the formula was EI=TEV/TLV.

Pulmonary function

The changes of lung function indexes in two groups were
recorded: maximum expiratory flow (PEF), forced vital
capacity (FVC) and the percentage of forced expiratory
volume in the first second (FEV1%).

Serum collection and plasma collection

For the serum, 3 mL of peripheral venous blood was
taken in a non-anticoagulant tube under empty stom-
ach condition from COPD patients and healthy people.
The obtained blood was centrifuged at 168 g/min, 4 °C
for 10 min, and the serum was collected for IL-1f, IL-6
and TNF-a detection. For the plasma, 3 mL of periph-
eral venous blood was collected in an anticoagulant tube
under empty stomach condition from COPD patients
and healthy people. The obtained blood was centrifuged
at 168 g/min, 4 °C for 10 min, and the plasma was col-
lected for metabonomics analysis.

COPD model establishment in rats and Ass-1 KO mice

COPD animal model preparation

The mice model was established as previously described
[19], Except for control group, briefly, ten mice in COPD
group were exposed to 10 cigarettes (China Tobacco
Guangdong industrial Co., Ltd. (Guangdong, China),
12 mg of tar and 0.9 mg of nicotine) two times per day
with 30 min smoke-free intervals in a closed 0.75-m?
room, 5 days per week for up to 90 days. Mice tolerated
CS (cigarette smoking) exposure without evidence of
toxicity (carboxyhemoglobin levels~10% and no weight
loss). An optimal smoke: air ratio of 1:6 was obtained.
Ten mice in control group were exposed to air. The diet,
drinking water, environment and other factors of control
mice and CS mice were the same, so as to exclude the
influence of nutritional factors and environmental factors
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on metabonomic detection. Mice were divided into the
following groups: (1) WT mice, (2) KO mice, (3) WT
mice +CS, (4) KO mice+ CS. On the 91st day, mice were
tested for airway reaction, on the 92nd day, blood and tis-
sue samples were collected.

The CS-induced COPD rat model was established
as previous report [20]. Rats in the CS inhaled CS for
90 days using the BUXCO system (Data Sciences Inter-
national, New Brighton, NM, USA). The smoke was pro-
duced by Derby cigarettes (Wuhu Cigarettes, China).
Each cigarette contains 10 mg tar, 0.9 mg cotinine, and
12 mg carbon monoxide. Rats were treated with inhala-
tion of the equivalent of 20 cigarettes for 2 h, and then
allowed to rest for 4 h, which was repeated again on the
same day. Rats inhaled CS for sixdays/week. Sham rats
breathed air using the BUXCO animal CS-exposure sys-
tem for 90 days, then breathed air in a 20-L plastic cham-
ber for sevendays. Rats tolerated CS (cigarette smoking)
exposure without evidence of toxicity (carboxyhemo-
globin levels ~10% and no weight loss). The diet, drink-
ing water, environment and other factors of control rats
and CS rats were the same, so as to exclude the influence
of nutritional factors and environmental factors on meta-
bonomic detection. Rats were divided into the following
groups: (1) control rats, (2) CS rats. On the 91st day, mice
were tested for airway reaction, on the 92nd day, blood
and tissue samples were collected.

Alveolar lavage fluid (BALF) collection from COPD rats

and Ass-1 KO mice

COPD rats and Ass-I KO mice were anesthetized by
intraperitoneal injection of 10% chloral hydrate (35mg/
kg). The limbs and head of the rats and mice were fixed.
After disinfection, the chest cavity was opened to expose
the trachea of the animals, and a small T-shaped incision
was transversely and longitudinally cut at the lower end
of the trachea. The cannula was inserted along the inci-
sion, and then ligated and fixed. 2 mL of preheated nor-
mal saline (37 °C) was slowly injected into the lungs of
animals through inserted catheter, and then gently mas-
saged the chest of animals. After 30 s, the lavage fluid
was withdrawn and injected back into the lungs, and then
collected the BALF. The obtained BALF was used for the
detection of IL-1f, IL-6 and TNF-a.

Serum collection and analysis

COPD rats and Ass-I KO mice were anesthetized by
intraperitoneal injection of 10% chloral hydrate (35mg/
kg). Blood was obtained via common carotid artery in
COPD rats and via orbital vein in COPD Ass-1 KO mice.
The obtained blood was centrifuged at 168 g/min, 4 °C
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for 10 min, and the supernatant (serum) was collected for
IL-1pB, IL-6 and TNF-a and LA detection.

Lung tissues collection and analysis

After COPD rats and Ass-1 KO mice were sacrificed, the
left lung (because the two lung branches were ligated
when the alveolar lavage fluid (BALF) was collected, and
one lung (right lung) was used for alveolar lavage, the
other lung (left lung) was used for the detection of indi-
cators to avoid the impact of BALF on the detection of
indicators) was carefully removed on the crushed ice.
Part of it was used for pathological examination, includ-
ing HE staining and Masson staining, part of it was used
for detecting the reactive oxygen species (ROS), nitric
oxide (NO) and type I collagen (Collagen I).

Cigarette smoke extract-induced injury of bronchial
epithelial cells and analysis

Extraction and separation of bronchial epithelial cells (BECs)
According to previous report [21], health mice were
anaesthetized using 2% isoflurane inhalation and killed
by cervical dislocation. The bronchus was isolated from
lobes of lung, minced to small pieces and digested by
0.05% pronase (Sigma, MA, USA) in DMEM/F12 media
(Invitrogen, CA, USA) at 4 °C overnight. Digestion was
stopped by adding FBS (Gibco, CA, USA). The identifi-
cation method and process of BEC and the identification
results were shown in Additional file 1: Fig. S1.

Preparation of cigarette smoke extract (CSE)

The smoke produced by the complete combustion of 20
commercial cigarettes were fully mixed and dissolved
in 20 mL serum-free DMEM medium, and then filtered
with 0.22 pum filter membrane to obtain the DMEM
mother liquor containing CSE.

BECs culture

The isolated BECs were inoculated in serum-free com-
plete F12 medium in 1x 10°/60 mm plates, and cultured
in 5% CO, incubator at 37 °C. After 24 h, one culture
plate was taken and the culture solution was discarded,
the adherent cells were counted, and the adherent rate
was calculated. The other culture plates were continued
cultured to day 5 to harvest the cells. At day 3 the culture
medium needed to be changed one time.

Establishment of CSE-induced BECs injury model

BECs were cultured in DMED medium containing 10%
EBS in a cell incubator containing 5% CO, at 37 °C. BECs
were stimulated with CSE in a final concentration of 20%
for 48 h.
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Knockdown of Ass-1 in BECs

BECs were transfected with Ass-I siRNA (Shanghai
GenePharma, China) or negative control (NC) siRNA
(Shanghai GenePharma, China) as the method men-
tioned in the instructions. The sequences of Ass-1
siRNAs are listed in Additional file 2: Fig. S2. Lipo-
fectamine 2000 was used for transient siRNA trans-
fections (Invitrogen) according to the manufacturer’s
recommendation. A complex of 0.5 mL Opti-MEM
medium and 6 pL of Lipofectamine 2000 containing
50 nM Ass-1 siRNA or 50 nM NC were premixed per
well in a 6-well plate.

Ass-1 inhibitor experiment

BECs were inoculated in 6-well plate at the density of
1x10° cells/well, and cultured in constant temperature
incubator at 37 °C, BECs were stimulated with CSE in a
final concentration of 20% for 48 h and then incubated
with Ass-1 inhibitor NHLA with final concentration of
10, 25, 50 nM for 24 h.

Culture solution collection and analysis

Culture solution from CSE-stimulated BECs, Ass-I
knocked down BECs and Ass-I inhibitor treatment
BECs was centrifuged at 168 g /min, 4 °C for 10 min
and the supernatant was collected for IL-1p, IL-6 and
TNF-a detection.

BECs collection and analysis

CSE-stimulated BECs, Ass-1 silenced BECs and argin-
ase inhibitor treated BECs were collected. Part of the
cells was used to extract protein, and the protein con-
centration was determined by bicinchoninic acid assay
(BCA). The other part of cells was used to determine
the ROS and NO.

Protective effect of exogenous LA on COPD mice

and CSE-induced BECs

Establishment of COPD model and LA intervention in mice
The establishment method of COPD mouse model was
the same as that in item “COPD animal model prepa-
ration”. Mice were divided into the following groups:
(1) control mice, (2) COPD mice, (3) COPD mice+LA
(100 mg/kg). LA was dissolved with normal saline,
and administered by gavage immediately. ROS, NO,
cytokine, pathological changes, signal pathway pro-
teins was measured according to “Detection methods
of related variables” item.

Establishment of COPD model and LA intervention in BECs
The establishment method of COPD mouse model was
the same as that in item “Establishment of CSE-induced
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BECs injury model” The BECs were divided into the
following groups:(1) control, (2) CSE, (3) CSE+LA
(1 mol/L). BECs were stimulated with CSE in a final
concentration of 20% for 48 h and then incubated with
LA with final concentration of 1 mmol/L for 24 h. ROS,
NO, cytokine and signal pathway proteins detection
was measured according to “Detection methods of
related variables” item.

Detection methods of related variables

Plasma metabonomic of COPD patients

Before detection, the plasma sample was thawed at 4 °C.
100 pL of the sample was taken, 300 pL of acetonitrile
was added, and the mixture was centrifuged at 13,400¢
for 10 min and the supernatant was dried with nitrogen,
and the residue was dissolved in 100 pL of mobile phase
centrifuged at 6800xg for 10 min, and then filtrated with
a 0.22 pm filter membrane. 60 sera from 60 healthy peo-
ple were finally mixed into 8 samples for metabolomics
experiment, while 221 sera from 221 COPD patients were
finally mixed into 8 samples for metabolomics experi-
ment. The metabolites were detected by the chromato-
graphic column was Waters Acquity UPLC BEH C18
column (2.1 mmX100 mm, 1.7 pm). The mobile phase
was 0.1% formic acid (A) — 0.1% formic acid-acetonitrile
(B), the column temperature was 40 °C, and the injection
chamber temperature was 4 °C. The ladder degree elution
was set as 0—1 min, 98% A, 2%B; 1-5 min, 98% A — 93%
A, 2B%—-7%B; 5-12 min, 93% A — 65% A, 7%B — 35%B;
12-22 min, 65% A — 50% A, 35%B—-50%B; 22-36 min,
50% A, 50%B; the flow rate was 0.25 mL/min, the injec-
tion volume was 5 pL. The mass spectrometry adopted
electrospray ion source (ESI) with positive and nega-
tive ion scanning mode. The scanning range (m/z) was
50-1000, the capillary voltage was 3.0 kV, the ion source
temperature was 120 °C, the taper hole voltage was 35V,
the desolvention gas was high purity nitrogen, the desol-
vention temperature was 300 °C, the volume flow of des-
olvation gas was 600 L/min, the volume flow rate of cone
hole gas was 70 L/h, the collision gas argon and collision
energy were 6 V.

Cell viability

BECs were inoculated in 96-well plate at the density of
1x10* cells/well, and cultured in constant tempera-
ture incubator at 37 °C, BECs were stimulated with CSE
in a final concentration of 20% for 48 h. After the cul-
ture medium was discarded, 150 pL dimethyl sulfoxide
(DMSO) was added. The absorbance value of each well
was determined with a microplate spectrophotometer at
490 nm.
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Airway reactivity detection in COPD rats and Ass-7 KO mice
The airway reactivity of COPD rats and Ass-1 KO mice
were measured by invasive lung impedance method with
Buxco lung function detector. Briefly, the animals were
anesthetized by intraperitoneal injection of 4% chloral
hydrate at 0.1 mL/10 g, a proper endotracheal intuba-
tion was performed and the ventilator was used. The fre-
quency of ventilator was set to 120 times/min. The airway
resistance of rats and mice was obtained by measuring
the changes of airway airflow and pressure. Firstly, the
basic value of animal’s airway resistance was recorded for
1 min. Then, the changes of airway resistance were meas-
ured after atomization of 10 pL acetylcholine (Ach) for
twice application, each time lasted for 1 min, the record-
ing time lased for 3 min. The concentration of acetyl-
choline was at 0, 6.25, 12.5 and 25 mg/mL from low to
high. The changes of the resistance of lung (RL) and lung
dynamic compliance (Cdyn) of animals was calculated.

IL-1B, IL-6 and TNF-a detection in serum, BALF of COPD

patients, rats and KO mice and cell supernatant of BECs

Enzyme-linked immunosorbent assay (ELISA) was used
to detect the contents of IL-1f3, IL-6 and TNF-a in serum,
BALF of COPD patients, rats, KO mice and cell super-
natant of BECs. All the operation steps were strictly per-
formed in accordance with the instructions of ELISA kits.

ROS detection lung tissues of COPD rats, Ass-7 KO mice

and BECs

20 mg of lung tissue of COPD rats and COPD KO mice
were homogenized with 9 times of normal saline, and
then centrifuged at 4 °C for 13400 g for 10 min to prepare
single cell suspension for later use. Single cell suspension
of lung tissue and bronchial epithelial cells were inocu-
lated into 24-well plates. When the cell density reached
about 80%, 10 pmol/L DCFH-DA was added to each
well, and cultured at 37 °C for 30 min. Five fields were
randomly selected under fluorescence microscopy, and
the green fluorescence intensity was analyzed. The mean
fluorescence intensity (MFI) could indirectly reflect the
ROS level.

Determination of NO and Collagen | in lung tissue of COPD
rats, Ass-1 KO mice

100 mg lung tissue of COPD rats and Ass-1 KO mice
was homogenized in PBS buffer solution (pH=7.4) at
a ratio of 1: 5 under ice bath. The homogenate was cen-
trifuged at 4 °C for 13,400g for 10 min. The supernatant
was collected to detect the contents of NO and collagen
I according to instructions of corresponding reagent kits.
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HE staining of lung tissue of COPD rats and Ass-1 KO mice
After dehydration and paraffin embedding, the fixed
lung tissue of COPD rats and Ass-IKO mice was cut
into paraffin section with a thickness of 5 pm and
stained with hematoxylin and eosin (HE) and then
observed under a light microscopy (Nikon, Tokyo,
Japan) at 200 X magnification.

Masson staining of lung tissue of COPD rats and Ass-1 KO
mice

Lung tissue was fixed by 4% paraformaldehyde and
then subjected to routine operations such as dehydra-
tion, embedding and slicing. After obtaining slices, the
slices were subjected to Masson staining according to
the instructions of the kit. Finally, the slices were sealed
with neutral resin. After the slices were dried, they were
observed with microscope.

Immunohistochemistry staining

The expressions of p-NF-kBp65 and NLRP3 in lung tis-
sues of COPD rats and Ass-1 KO mice were evaluated
by immunohistochemistry. Briefly, the lung tissue was
fixed with 4% paraformaldehyde (PFA), embedded in
paraffin and then sectioned. The paraffin sections were
dewaxed in xylene and dehydrated ethanol, micro-
waved (15 min and 800W) in sodium citrate buffer
and washed with PBS. Endogenous peroxidase activity
was blocked by 3% hydrogen peroxide for 20 min. Each
sample was blocked with 5% goat serum for 20 min and
then treated overnight with p-NF-kB (1:200), NLRP3
(1:200) antibodies at 4 °C. On the next day, each sample
was washed three times with PBS before treated with
goat anti-rabbit IgG secondary antibody for 20 min.
They were then washed three times with PBS after-
wards. Next, samples were stained with 3-3'diamin-
obenzidine (DAB) and later stained with hematoxylin.
After dehydrated and dried, the sections were mounted
with neutral gum and observed with microscope.

Immunofluorescence staining

The levels of NLRP3 and p-NF-kB in BECs were evalu-
ated by immunofluorescence. Briefly, cultured BECs
were washed twice with PBS, fixed with 4% paraformal-
dehyde (PFA) for 30 min, and then permeabilized with
0.5% Triton X-100 in PBS for 5 min, blocked with 5%
BSA for 1 h. The cells were incubated with the primary
antibodies NLRP3 (1:500) and p-NF-kB (1:500) over-
night at 4 °C, washed three times with PBS and incu-
bated with goat anti-rabbit IgG secondary antibody,
Alexa Fluor® 488 conjugate (1:500) for 1 h. After three
times washing with PBS and the DAPI was done at
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room temperature for 5 min. Fluorescence images were
taken with fluorescence microscopy.

Western blotting

Cell lysate (containing 1% PMSF and 1% phosphoryl-
ated protease inhibitor) was added into the lung tissue of
COPD rats and Ass-I KO mice and BECs samples. The
lysate was centrifuged at 12 000 r/min for 15 min, and the
supernatant was collected to extract the total cell pro-
tein. After detecting the protein concentration by Bicin-
choninic Acid Assay (BCA) method, the protein sample
was mixed with 5xloading buffer at a ratio of 4:1, and
then boiled at 100 °C for 5 min. Protein samples were sep-
arated by SDS—polyacrylamide gel electrophoresis, and
then transferred to polyvinylidene fluoride membrane at
a constant current of 230 mA. The membrane was placed
in 5% skim milk powder, sealed at room temperature for
90 min, and diluted primary antibody was added and
incubated at 4 °C overnight. The primary antibody con-
centration was NLRP3 (1:1000), ASC (1:1000), Caspase-1
(1:1000), p-NF-kBp65 (1:1000), NF-kB (1:1000), p-IxBa
(1:1000), IxkBa (1:1000) and GAPDH (1:1000). After wash-
ing the membrane with 1xTBST, the second anti-goat
anti-rabbit IgG (diluted 1: 10,000) was added and incu-
bated for 1 h at room temperature. After washing the film
again, enhanced chemiluminescent (ECL) solution was
added and the gray value of the strip was analyzed with
Image Lab software.

Molecular docking

PDB database (http://www.rcsb.org/) was used to search
the protein structure of the target, and then PyMOL
software was used to remove water and phosphate from
the target. at the same time, AutoDuck Tools software
was used to hydrogenate and charge the receptor, and
the output was in recognizable Pdbqt format. AutoDuck
Vina software was used to connect the NLRP3 with LA.

Statistical analysis

SPSS 23.0 statistical software was used to analyze the
data, and the measurement data was expressed by
mean + SD. One-way variance analysis was used to com-
pare the mean of multiple samples, and P<0.05 indicated
that the difference was statistically significant.

Results

Differential metabolites identification

Confirmation of COPD patients

CT, as one of the important means of clinical diagnosis
of COPD, is helpful to make more reasonable treatment
plans [22]. Therefore, in this study, COPD patients were
all examined by CT. The image features of healthy peo-
ple were bilateral thoracic symmetry distribution, normal
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lung permeability, clear lung texture, no thickening and
disorder. While, COPD patients showed thickened lung
texture, disorder lung texture, twisted, thickened bron-
chial wall, increased lung volume, and increased lung
brightness (Fig. 1A-E and Additional file 1: Fig. S1).
These results further confirmed the diagnosis of COPD
for the enrolled patients.

The detection of pulmonary function is very important
for the diagnosis of COPD. The results showed that the
FVC, FEV1% and PEF in COPD patients were all signifi-
cantly decreased as compared with the healthy people
(Fig. IF-H).

Inflammatory reaction is an important feature of
COPD. In this study, serum cytokines in COPD patients
were examined. Compared with healthy people, the
contents of IL-1f, IL-6 and TNF-a in serum of COPD
patients were significantly increased (Fig. 11-K).

Plasma metabonomic of COPD patients

As shown in Additional file 1: Fig. S1, the plasma meta-
bolic fingerprints of COPD patients were obtained. The
results showed that these metabolites were mainly con-
centrated in fatty acids and amino acids, the molecular
weight of these metabolites were most less than 1000 kD.
The retention time of these metabolites was mainly con-
centrated in 0-10 min. The metabolites were analyzed
by principal component analysis (PCA), partial least
squares-discriminant analysis (PLS-DA), orthogonal par-
tial least squares-discriminant analysis (OPLS-DA) and
response ranking test of OPLS-DA model. As shown in
Additional file 3: Fig. S3. 85 differential metabolites were
identified in this study (Additional file 5: Table S1). Also,
the 85 differential metabolites were mainly fatty acids
and amino acids. In order to accurately know the con-
tent change of the 85 metabolites in COPD patients, we
quantitatively compared the 85 metabolites. As shown
in (Additional file 6: Table S2), as compared with the
healthy people, two-thirds of the 85 differential metabo-
lites were increased, and one-third of the 85 differential
metabolites were decreased, among which the content of
L-arginine (LA) was the most decreased one.

In order to further clarify the greater differential metab-
olites among the 85 differential metabolites, TOP50
analysis method was used to analyze the 85 metabolites
to obtain the TOP 50 metabolites according to variable
important in projection (VIP) value, which was calcu-
lated from their contents. As shown in Fig. 1P, for the
Top 50 differential metabolites, the hot spot analysis was
used according to VIP value. The results showed, among
them, LA had the largest difference. Results showed that
through metabolomics analysis and bioinformatics analy-
sis, we found LA was the largest changeable metabolite.
In addition, serum LA in patients with COPD decreased
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Fig. 1 Confirmation and metabonomics of COPD patients. Typical Computed Tomography (CT) of COPD patients (A) and healthy people (B).
Parameters of CT analysis of COPD patients: Total Emphysema Volume (TEV) (C), Total Lung Volume (TLV) (D) and Emphysemaindex (El) (E).
Pulmonary function parameters of COPD patients: Maximum Expiratory Flow (PEF) (F), Forced Vital Capacity (FVC) (G), the percentage of forced
expiratory volume in the first second (FEV1%) (H). Serum cytokine levels in COPD patients by Enzyme linked immunosorbent assay (ELISA):
interleukin-1B (IL-1B) (1), interleukin-6 (IL.-6) (J), tumor necrosis factor-a (TNF-a) (K). The Top 50 differential metabolites were identified and the results
are shown in the form of heat map: the red part represents metabolites with relatively high content, and the green part represents metabolites
with relatively low content (L). (n=211 for COPD patients and n=60 for healthy people). All data were presented as mean + SD. Compared

with healthy people: #P <0.01

significantly compared with healthy people (Additional
file 4: Fig. S4).

Verification of the role of LA in COPD

In COPD rats

RL was increased and Cdyn was decreased in COPD rats
Airway stenosis is one of the important pathological fea-
tures of COPD [23]. Therefore, the airway reactivity of

COPD rats was detected (Fig. 2A). As compared with
control rats, the level of RL in COPD rats was signifi-
cantly increased after Ach stimulation at 6.25, 12.5 and
25 mg/mL (Fig. 2B). While the level of Cdyn in COPD
rats was significantly decreased as compared with the
control rats after Ach stimulation at 6.25, 12.5 and
25 mg/mL (Fig. 2C).
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Fig. 2 Effects of L-arginine (LA) on COPD rats. Airway reaction (A). The percentage changes of the resistance of lung (RL) (B) and lung dynamic
compliance (Cdyn) (C) in control rats and COPD rats. Serum cytokines: The contents of interleukin-18 (IL-18) (D), interleukin-6 (IL-6) (E), tumor
necrosis factor-a (TNF-a) (F). BALF cytokines: the contents of Interleukin-1p (IL-10) (G), interleukin-6 (IL-6) (H), tumor necrosis factor-a (TNF-a) (1).
Reactive oxygen species (ROS) (J) levels and nitric oxide (NO) (K) content of lung in COPD rats. Pathological changes (HE staining) and Masson
staining of lung in COPD rats: HE staining of lung in COPD rats (x 200) (L), Masson staining of lung in COPD rats (x 200) (M), Collagen quantification
of Masson staining and collagen | contents of lung in COPD rats (N). (n=10). All data were presented as mean + SD. Compared with control rats:

P <0.01

IL-1B, IL-6 and TNF-a were increased in serum and BALF

in COPD rats

Inflammation is the critical mechanism for COPD
development, inflammatory mediators and destructive
enzymes released by inflammatory cells play important
role in the progressive destruction of the lung in COPD
[24]. The contents of IL-1f, IL-6 and TNF-a in serum and
BALF in COPD rats were detected in the present study.
The results showed that the concentration of IL-1p, IL-6
and TNF-« in serum and BALF of COPD rats was sig-
nificantly increased as compared with the control group
(Fig. 2D-I).

ROS was increased and NO was decreased in lung tissues
of COPD rats

It was reported that LA has inhibitory effect on ROS and
may reduce its production [25]. Meanwhile, LA, as an
essential amino acid can be catalyzed as several bioactive
molecules such as nitric oxide (NO), proline, creatine,
and polyamines by nitric oxide synthase (NOS), arginine
decarboxylase and arginase (ARG) [26]. ROS and NO
contents of lung tissues in COPD rats were detected. The
results showed that as compared with control rats, the
level of ROS in lung tissue in COPD rats was significantly

increased, the NO contents were significantly decreased
(Fig. 2, K).

CS stimulated lung histopathological changes in COPD rats
Pathological examination of COPD is an important
means to evaluate COPD diseases. Therefore, HE and
Masson staining were used to evaluate the lung pathol-
ogy of COPD rats. As for HE staining, the alveoli of
control rats were intact, while the alveolar structure of
COPD rats was incomplete. In addition, the lung bron-
chus of control rats was normal in shape, only a small
number of inflammatory cells infiltrated around it. While
in COPD rats, the lung bronchus had some lumen steno-
sis, and a large number of inflammatory cells infiltrated
around it (Fig. 2L).

Six regions of Masson staining images were randomly
selected under 100 times microscope, and the semi-
quantitative analysis of the deposition ratio of collagen
fibers was carried out by Image ] software. The results
showed that a small amount of collagen fibers was depos-
ited around the lung bronchus in the control rats, while
in COPD rats, there were more collagen fibers deposited
around the lung bronchus and collagen I contents was
increased (Fig. 2M, N).
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Fig. 3 Effects of t-arginine (LA) on KO COPD mice. Airway reaction (A). The percentage changes of the resistance of lung (RL) (B) and lung dynamic
compliance (Cdyn) (C) in WT and KO COPD mice. Serum cytokines: The contents of interleukin-1 (IL-1() (D), interleukin-6 (IL-6) (E), tumor necrosis
factor-a (TNF-a) (F). BALF cytokines: the contents of Interleukin-13 (IL-1B) (G), interleukin-6 (IL-6) (H), tumor necrosis factor-a (TNF-a) (I). Reactive
oxygen species (ROS) (J) and nitric oxide (NO) (K) contents in lung tissues. Pathological changes (HE staining) and Masson staining of lung in COPD
rats: HE staining of lung in COPD rats (x 200) (L), Masson staining of lung in COPD rats (x 200) (M), Collagen quantification of Masson staining

and collagen | contents of lung in COPD KO mice (N). (n=10). All data were presented as mean + SD. Compared with WT mice: P <0.01

In Ass-1 KO mice

Ass-1 KO increased RL and decreased Cdyn

In order to further verify the role of LA in COPD, WT
and Ass-1 KO mice were used in the present study. We
detected the LA change in the serum of Ass-1 KO mice
and the changes of airway reactivity. The results showed
that the concentration of LA in Ass-I KO mice serum
was significantly decreased as compared to WT mice
(Additional file 4: Fig. S4). For the RL, as compared with
WT mice, RL in COPD mice was significantly increased
after Ach stimulation at 12.5 and 25 mg/mL. As com-
pared with COPD mice, RL in Ass-1 KO COPD mice was
further increased after Ach stimulation at 6.25, 12.5 and

25 mg/mL. For the Cdyn, as compared with WT mice,
Cdyn in COPD mice was significantly decreased after
Ach stimulation at 6.25, 12.5 and 25 mg/mL. As com-
pared with COPD mice, Cdyn in Ass-1 KO COPD mice
was further decreased at Ach 6.25, 12.5 and 25 mg/mL
(Fig. 3A-C).

Ass-1KO increased IL-1B, IL-6 and TNF-a in serum and BALF

As the same as in COPD rats, the serum IL-1pB, IL-6 and
TNF-« in Ass-1 COPD mice were significantly increased
as compare with WT control mice. As compared with
WT COPD mice, the serum contents of IL-1B, IL-6 in
Ass-1 KO COPD mice was further increased. The change
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trend of IL-1P, IL-6 and TNF-a in BALF in WT COPD
and Ass-1 KO COPD mice were the same as in serum in
WT COPD and KO COPD mice (Fig. 3D-I).

Ass-1 KO increased ROS and decreased NO in lung tissue

In order to verify the effect of LA on ROS and NO,
the Ass-1 KO mice were used in the present study. The
results showed that the level of ROS in lung tissue in W'T
COPD mice was significantly increased as compared with
WT control mice. As compared with WT COPD mice,
the level of ROS in lung tissue in Ass-1 KO COPD mice
was further increased (Fig. 3], K). As compared with WT
control mice, the level of NO in lung tissue in WT COPD
mice was significantly decreased. As compared with W'T
COPD mice, the level of NO in lung tissue in Ass-1 KO
COPD mice was further decreased.

Ass-1 KO aggravated pathological changes of lung tissue

As for HE staining, the alveoli of WT control mice were
intact, and there were only few inflammatory cells infil-
trated in interstitial of lung. While, in WT COPD mice,
alveolar vacuolation and inflammatory cell infiltration
in lung bronchus appeared obvious. As compared with
WT COPD mice, in Ass-1 KO COPD mice, there were a
lot of vacuoles in alveoli and a lot of inflammatory cells
infiltration in bronchi (Fig. 3L).

As for Masson staining, the results showed that a
small amount of collagen fibers was deposited around
the lung bronchus in WT control mice. As compared
with the WT control group, more collagen fibers
were deposited around the lung bronchus in and col-
lagen I contents was increased WT COPD and Ass-1
KO COPD mice, Ass-1 KO COPD mice had the most
(Fig. 3M, N).

With BECS

CSE decreased cell viability of BECs

In order to further prove the role of LA in COPD, the pri-
mary bronchial epithelial cells (BECs) were used to estab-
lish an COPD cell model in vitro. Firstly, the cell vitality
was detected. The result showed that CSE significantly
decreased the cell viability of BECs as compare with the
control group. As compared with CSE group, silence of
Ass-1 further decreased the cell viability of BECs. Mean-
while, NHLA also significantly decreased the cell viability
of BECs (Fig. 4A).

CSE increased IL-1, IL-6 and TNF-a in BECs supernatant

In order to verify the role of LA in inflammatory response
of COPD. BECs and Ass-1 KO BECs were used in the
study. The results showed that as compared with the con-
trol group, CSE stimulation significantly increased the
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contents of IL-1p, IL-6 and TNF-a in BECs supernatant.
Silence of Ass-1 further increased the contents of IL-1f,
IL-6 and TNF-a in BECs. Meanwhile, Ass-1 inhibitor
NHLA also significantly increased the contents of IL-1f,
IL-6 and TNF-a in BECs supernatant (Fig. 4B-D).

CSE increased ROS and decreased NO in BECs

In order to verify the effect of LA on ROS and NO. BECs
and Ass-1 KO mice, BECs were used in the study. The
results showed that as compared with the control group,
CSE stimulation significantly increased the level of ROS
in BECs, silence of Ass-1 further increased the level
of ROS in BECs. Meanwhile, NHLA also significantly
increased the level of ROS in BEC cell. CSE stimulation
significantly decreased the level of NO in BECs as com-
pares with the control group, silence of Ass-1 further
decreased the level of NO in BECs. Meanwhile, NHLA
also significantly decreased the level of NO in BECs
(Fig. 4E, F).

The underline mechanism of LA in COPD

CSincreased NLRP3/NF-kB signaling pathway in lung

of COPD rats

In order to explore the mechanism of LA in COPD, we
observed the changes of ROS/NLRP3/NF-«B signaling
pathway with COPD rats, so as to preliminarily under-
stand the mechanism of LA in COPD. The results showed
that as compared with the control rats, the expression
levels of NLRP3, ASC, Caspase-1, IL-1B, p-NF-kBp65
and p-IkBa in the lung tissue of COPD rats were signifi-
cantly increased (Fig. 5A, B). Immunohistochemistry
results showed that the expression of NLRP3 and p-NF-
kBp65 in lung tissue of COPD rats were significantly
increased as compare with control rats (Fig. 5C-E).

Ass-1 KO increased NLRP3/NF-kB signaling pathway

in COPD mice

In order to elucidate the mechanism of LA protection in
COPD, the expression of LA mediated ROS/NLRP3/NF-«kB
signaling pathway were detected with Ass-1 KO mice in the
present study. The results showed that the expression of
NLRP3, ASC, Caspase-1, IL-1pB, p-NF-kBp65 and p-IkBa in
lung tissues of WT COPD mice was significantly increased
as compared with WT mice. The expression of NLRP3,
ASC, Caspase-1, IL-1p, p-NF-kBp65 and p-IkBa in lung
tissues of Ass-1 KO COPD mice was further increased as
compared with WT COPD mice (Fig. 6A, B). Immunohis-
tochemistry results also showed the expression of NLRP3
and p-NF-«kBp65 in lung tissues of WT COPD mice were
significantly increased as compared with WT control mice.
The expression of NLRP3 and p-NF-kBp65 in lung tissues
of Ass-1 KO COPD mice were further increased as com-
pared with WT COPD mice (Fig. 6C, D).
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Fig. 4 Effects of L-arginine (LA) on cigarette smoke extract (CSE)-induced primary bronchial epithelial cells (BEC) injury. Cell viability (A).
Interleukin-13 (IL-1B) (B), interleukin-6 (IL.-6) (C) and tumor necrosis factor-a (TNF-a) (D) in cell supernatant of CSE-induced BESs. Reactive oxygen
species (ROS) levels in CSE-induced BESs (E). Nitric oxide (NO) (F) content in CSE-induced BESs. (n=10). All the data were presented as mean + SD.

Compared with control: #P < 0.01

Silence of Ass-1 and Ass-1 inhibitor, NHLA increased NLRP3/
NF-kB signaling pathway in BECs

In order to further verify the role of ROS/NLRP3/NF-«B
signaling pathway in the protective effect of LA in COPD,
CSE induced BEC injury model and Ass-I silence BEC
model were used in the present study. The results showed
that CSE stimulation significantly increased the expression
of NLRP3, ASC, Caspase-1, IL-1B, p-NF-kBp65 and p-IkBa
in BECs as compared with the control group. Silence of Ass-
1 further increased the expression of NLRP3, ASC, Cas-
pase-1, IL-1P, p-NF-«kBp65 and p-IkBa in BECs as compare
with CSE group. Meanwhile, Ass-1 inhibitor, NHLA also
significantly increased the expression of NLRP3, ASC, Cas-
pase-1, IL-1B, p-NF-kBp65 and p-IkBa in BECs (Fig. 7A, B).
The immunofluorescence results showed that CSE stimu-
lation significantly increased the expression of NLRP3 and

p-NF-kBp65 in BECs as compared with the control group.
Silence of Ass-1 further increased the expression of NLRP3
and p-NF-kBp65 in BECs. Meanwhile, Ass-I inhibitor,
NHLA also significantly increased the levels of NLRP3 and
p-NF-kBp65 in BECs (Fig. 7C, D).

LA has strong binding affinity to NLRP3

The result showed that LA docked into the cavity of protein
NLRP3 with a reasonable fit. The binding energy of LA-
NLRP3 predicted by Autodock is—5.79 kcal/mol. In order
to confirm the direct binding of LA and NLRP3, the surface
plasmon on resonance technology (SPRT) was adopted.
LA exhibited strong binding affinity for NLRP3 with an
estimated equilibrium dissociation constant of 5.6 umol/L
(Fig. 7E). The result suggested that LA has direct action on
NLRP3.
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Fig.5 The changes of ROS/NLRP3/NF-kB signaling pathway in COPD rats. Western blot of ROS/NLRP3/NF-kB signaling pathway in lung tissue
in COPD rats (A), Quantification of ROS/NLRP3/NF-kB signaling pathway in COPD rats (B). The expression levels of NLRP3 and p-NF-kBp65 in lung
tissue in COPD rats by immunohistochemistry (x 200) (C). Quantification of NLRP3 (D) and p-NF-kBp65 (D) in lung tissue in COPD rats. (n=3). All

data were presented as mean + SD. Compared with control rats: #P < 0.01

The protective effects of exogenous LA (e-LA) on COPD
mice and CSE-treated BECs injury model

e-LA decreased ROS, IL-1, IL-6 and TNF-a and increased

the content of NO and increased NLRP3/NF-kB signaling
pathway in COPD mice

Compared with control mice, the levels of ROS, IL-1p,
IL-6 and TNF-a were increased and the content of NO
was decreased in COPD mice. Compared with COPD
mice, e-LA significantly increased the content of NO

and decreased the levels of ROS, IL-1f, IL-6 and TNF-a
(Fig. 8A-E). HE staining result showed that alveolar
vacuolation and inflammatory cell infiltration in lung
bronchus appeared obvious in COPD compared with
control mice, e-LA significantly restored the above
changes (Fig. 8F, G). In terms of mechanism, compared
with control mice, the levels of NLRP3, ASC, Cas-
pase-1, IL-1B, p-NF-kBp65 and p-IxBa were increased
in COPD mice. Compared with COPD mice, e-LA
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Fig. 6 Role of L-arginine (LA) mediated ROS/NLRP3/NF-kB signaling pathway in COPD mice. Western blot of ROS/NLRP3/NF-kB signaling pathway
in lung in COPD KO mice (A), Quantification of ROS/NLRP3/NF-kB signaling pathway in Ass-1 KO COPD mice (B). The expression levels of NLRP3
and p-NF-kBp65 in lung tissue in Ass-1 KO COPD mice by immunohistochemistry (x 200) (C). Quantification of NLRP3 and p-NF-kBp65 (D) of lung
tissue in KO COPD mice. (n=3). All data were presented as mean + SD. Compared with WT mice: #P <0.01

significantly decreased the levels of NLRP3, ASC, Cas-
pase-1, IL-1B, p-NF-kBp65 and p-IxBa (Fig. 8H, I).

e-LA decreased ROS, IL-1, IL-6 and TNF-a and increased,

the content of NO and increased NLRP3/NF-kB signaling
pathway in CSE-induced BECs

Compared with control, the cell viability was markedly
decreased in CSE-induced BECs group, e-LA signifi-
cantly increased the cell viability (Fig. 9A). Compared
with control, the levels of ROS, IL-1B, IL-6 and TNF-«
were increased and the content of NO was decreased
in CSE-induced BECs model. Compared with COPD
mice, e-LA significantly increased the content of NO
and decreased the levels of ROS, IL-1f, IL-6 and TNF-a
(Fig. 8B—E). In terms of mechanism, compared with con-
trol group, the levels of NLRP3, ASC, Caspase-1, IL-1f,
p-NF-kBp65 and p-IkBa were increased in CSE-induced
BECs model. Compared with CSE-induced BECs, e-LA
significantly decreased the levels of NLRP3, ASC, Cas-
pase-1, IL-1B, p-NF-kBp65 and p-IkBa (Fig. 8F-G).

Discussion

The key metabolite LA was identified and its biological
function and mechanisms in COPD were investigated
by in vivo and in vitro experiments. it was found that:
(1) 85 differential metabolites including LA were iden-
tified in COPD patient plasma. (2) LA is an important
biomarker in COPD, and as a signal molecule, LA has
protective effect on COPD in vivo and in vitro. (3) The
effects of LA for COPD are related to its inhibition of
ROS/NLRP3/NF-kB signaling pathway, silence of Ass-1I
and Ass-1 inhibitor, canceled the protective effect of LA
on COPD. (4) Exogenous LA also has protective effect,
and its mechanism is related to regulating ROS/NLRP 3/
NEF-k B signaling pathway.

COPD is a common respiratory system disease, which
has severe damage of airway and lung parenchyma. It is
believed that the COPD injury is manly related to inflam-
mation, imbalance of protease/anti-protease system and
excessive oxidative stress [27]. Because of its high disabil-
ity and death rate, it seriously affects people’s health and
the quality of life, so its prevention and treatment are par-
ticularly important. The treatments of COPD are mostly
limited to symptomatic treatment such as anti-phlegm,
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Fig. 7 Role of L-arginine (LA) mediated ROS/NLRP3/NF-kB signaling pathway in cigarette smoke extract (CSE)-induced primary bronchial

epithelial cell (BEC) injury and molecular docking of LA and NLRP3. Western blot of ROS/NLRP3/NF-kB signaling pathway in CES-induced BECs

(A), Quantification of ROS/NLRP3/NF-kB signaling pathway in CES-induced BECs (B). The expression levels of NLRP3 (C) and p-NF-kBp65 (D)

in CES-induced BECs by immunofluorescence (x 100). (n=3). Molecular docking result of LA and NLRP3 (E): The binding energy predicted

by Autodock is—5.79 kcal/mol for LA-NLRP3 (The binding energy predicted by Autodock < —6.00 is considered to be high degree of integration). All

data were presented as mean = SD. Compared with control: P <0.01

anti-cough and anti-asthma, the available treatment
drugs are mostly confined to glucocorticoids and antibi-
otics [28]. These treatment measures are not only non-
lasting, but also have great side effects. For example, for
some elderly patients, long-term application of p2 adren-
ergic receptor agonist and aerosol inhalation of anticho-
linergic drugs may lead to glaucoma. Long-term use of
glucocorticoids may cause immunosuppression. There-
fore, many researchers have long been devoted them-
selves to finding effective COPD treatment drugs, but
the results are not ideal. Therefore, in recent years, many
researchers are making great efforts to search for the new
targets of COPD.

Biomarkers have irreplaceable role in the development
of diseases and searching for their new treatment targets
[29]. Metabonomics technology is one of the beneficial
means to find biomarkers and new targets of diseases,
which can reveal the metabolites profile, and understand
the metabolites types and contents for variety of diseases.
Therefore, metabonomics has begun to be gradually

applied to the diagnosis and target discovery of various
diseases.

In recent years, there have been studies on the metabo-
lism of COPD by using metabonomic technology. For
example, Novotna et al. used HPLC-MS/MS method and
found 15 potential biomarkers in COPD patient plasma
[30]. Ubhi et al. used HPLC-MS/MS and found 13 differ-
ent metabolites in COPD patient urine, these substances
may be the symbolic metabolites of COPD patients [26].
Singh et al. used nuclear magnetic resonance (NMR)
technology to study the plasma metabonomic of COPD
patients and found abnormal metabolism mechanism
of various amino acids [31]. In addition to clinical stud-
ies, there were also animal metabonomic studies about
COPD. Li et al. used HPLC-MS/MS technology in
COPD rat model, and they found 10 potential markers
for COPD [32, 33]. These studies were involved in plasma
and urine metabonomic of COPD patients and plasma
metabonomic of COPD animals. The metabolites were
involved in amino acid metabolism, lipid metabolism,
carbohydrate metabolism and many other aspects. Our
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Fig. 8 The protective effects of exogenous LA (e-LA) on COPD mice. The effect of e-LA on NO (A), ROS (B), IL-13 (C), IL-6 (D) and TNF-a (E). HE
staining and pathological scores (F, G). Western blot of ROS/NLRP3/NF-kB signaling pathway in lung of COPD mice (H). Quantification of ROS/
NLRP3/NF-kB signaling pathway (I). (n=3). All data were presented as mean = SD. Compared with control: #P <0.01
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Fig. 9 The protective effects of exogenous LA (e-LA) on CSE-induced BECs. The effect of e-LA on cell viability (A), NO (B), ROS (C), IL-1B3 (D), IL-6
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pathway (H). (n=3). All data were presented as mean =+ SD. Compared with control: P <001
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present study used metabonomic technology to analyze
the plasma metabolites of COPD patients. 85 differential
metabolites were identified from the plasma of COPD
patients, these metabolites were mainly concentrated
in amino acids and fatty acids. Consistent with previ-
ous research results, in our experiment, the metabolites
are mainly concentrated in amino acid metabolism, lipid
metabolism. However, the involved amino acids and lipid
metabolites are different. It is suggested that the study
of different metabolites may have some guidance for the
selection of potential markers of COPD.

Previous studies mainly focused of the changes of
metabolites in COPD, but did not pay attention to the
role of metabolites in the prevention and treatment of
COPD. In the present study, after obtained the 85 dif-
ferential metabolites, we adopted the TOP50 analysis
and the hot spot analysis to find the largest changeable
(decreased most) metabolite among the 85 differential
metabolites was LA. It is worth mentioning that the pre-
vious literature reports that there was a certain contro-
versy between the concentration changes of plasma LA
of COPD compared with healthy people. Ruzsics et al.
reported that plasma LA was significantly increased
compared with healthy people [34]. While, Jonker et al.
reported that plasma LA was significantly decreased
compared with healthy people [35]. In our study, plasma
LA significantly decreased in COPD patients. We specu-
late that it may be related to the age and course of COPD.
It was previously reported that LA has a close relation-
ship with lung disease. L-Arginine/NO homeostasis has
been found to play a role in various conditions affecting
lung and lung diseases [such as asthma, chronic obstruc-
tive pulmonary disease (COPD), cystic fibrosis (CF), pul-
monary hypertension and bronchopulmonary dysplasia
[36]. There was a close relationship between arginase-2
and airway inflammation, and arginase-2 deficiency will
lead to airway inflammation [37]. In addition, some pre-
vious studies were consistent with our research. They
reported that LA was an important biomarker of COPD.
Istvan et al. reported that the level of LA was significantly
increased in patients with COPD [35]. Samuel et al. LA
ameliorates cigarette smoke-induced emphysema in mice
[38]. This study not only found that LA is an important
biomarker of COPD through metabolomics, but also
investigated the effect and mechanism of LA on COPD.
In this study, with Ass-1 KO mice, we found LA was sig-
nificantly decreased. Ass-1 is a rate-limiting enzyme for
synthesizing LA, its KO may reduce LA biosynthesis. LA
is the main substrate for endogenous NO. NO is a mul-
tifunctional molecule, which plays important role in the
physiological and pathological process of respiratory sys-
tem [39-41]. It has been reported that LA may reduce
ROS [42]. ROS may destroy the dynamic balance of cell
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oxidation and redox response and the function of endo-
plasmic reticulum. Excessive ROS may induce the imbal-
ance of endogenous protease/antiprotease to accelerate
the lung injury. Meanwhile, excessive ROS may lead to
DNA damage, lipid peroxidation and carbonylation of
protein in airway cells, which may lead to the aggravation
of COPD symptoms [43]. Therefore, we speculated that
LA may be an important biomarker of COPD and play a
protective effect in COPD via reducing ROS, inhibiting
inflammatory response and increasing NO production.
In order to testify this hypothesis, Ass-I KO mice, Ass-
1 silence BECs and Ass-1 inhibitor, NHLA were adopted
in the present study. It was found that Ass-1 KO, Ass-1
silence or Ass-1 inhibitor aggravated the COPD symp-
toms in COPD mice and increased CSE induced BECs
injury. The contents of ROS and IL-1f, IL-6, TNF-« in
serum and BALF of COPD mice or BECs supernatant
were increased, while the NO contents were decreased.
These results suggest that LA may participate in the
pathogenesis of COPD, LA is an important biomarker of
COPD. But the mechanism of LA in COPD is not clear.

As mentioned above, LA may produce NO and reduce
the production of ROS [44]. ROS is the main activation
pathway of NLRP3 inflammasome, which played impor-
tant role in the pathogenesis of COPD [45-47]. NF-kB
was the critical transcription factor of many inflam-
matory factors and also plays important role in COPD
[48]. We speculated that LA plays the protective effect
on COPD possibly via inhibition of ROS/NLRP3/NF-«xB
pathway and related signaling molecules. With Ass-1 KO
mice, Ass-Isilence BECs and Ass-1 inhibitor, via in vivo
and in vitro experiments, we testified the hypothesis and
proved that LA playing the protective effect on COPD
was via inhibition of ROS/NLRP3/NF-kB pathway.
The absence of LA aggravated the symptoms of COPD.
Additionally, molecule docking experiment showed LA
directly acted on NLRP3. The result suggests that LA
participation of the pathogenesis of COPD is except for
being related to inhibition of ROS/NLRP3/NF-kB path-
way, the direct action with NLRP3 was also an important
mechanism. Finally, we also tested the protective effect
of exogenous LA on COPD. The results shown exog-
enous LA also has protective effects on COPD, and its
mechanism was related to the regulation of xx signaling
pathway.

Conclusion

L-arginine is a key metabolic marker for COPD patients,
which plays important protective effect on COPD. The
mechanism is mainly related to ROS/NLRP3/NF-«xB
signaling pathway. It may be a novel therapeutic tar-
get for the treatment of COPD. However, this study has
some limitations: (1) For the mechanism study, we did
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not intervene other key molecules of the signal pathway
to prove the target of LA. (2) For COPD animal model,
we only used CS-induced COPD model while did not use
other COPD model to verify the efficacy of LA. (3) The
in-depth mechanisms of LA on COPD need to further be
studied.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-023-00994-9.

Additional File 1: Fig. S1 Typical CT imaging characteristics of COPD
patients.

Additional File 2: Fig. S2 Sequences of Ass-1 siRNAs.
Additional File 3: Fig. S3 OPLS-DA analysis.

Additional File 4: Fig. S4 LA detection in serum of COPD patients and KO
mice by ELISA.

Additional File 5: Table S1 Eighty-five differential metabolites identified
by UPLC-TOFMS between two groups.

Additional File 6: Table S2 Quantification of the Top50 different
metabolites.

Acknowledgements
We thank Dr. Kexi Liao for his efforts in revising our manuscript.

Author contributions

CM and JW done the experiment, KL participated in revising the article, LL and
TL analytical data and wrote the paper. All authors read an approved the final
manuscript.

Funding
This work was supported by was supported by the National Natural Science
Foundation (81473692, 81873320).

Data deposition and availability
The data used to support the findings of this study are available from the cor-
responding author upon request.

Declarations

Ethics approval and consent to participate

All animal experiments were approved by the Research Council and Animal
Care and Use Committee of Affiliated Nanjing Hospital of Nanjing University of
Chinese Medicine and Army Medical Center, Army Medical University.

Consent for publication
Not applicable.

Competing interests
All authors have no conflict of interest.

Author details

'State Key Laboratory of Trauma, Burns and Combined Injury, Shock

and Tranfusion Research, Department of Army Medical Center, Army Medical
University, Chongging 400042, People’s Republic of China. 2The Affiliated
Nanjing Hospital of Nanjing University of Chinese Medicine, Nanjing 210001,
China. *Institute of Hepatobiliary Surgery, First Affiliated Hospital, Army Medi-
cal University, Shapingba District, Gaotanyan Road 30, Chongging 400038,
China. *School of Biology and Food Engineering, Institute of Pharmaceutical
Biotechnology, Suzhou University, Anhui, China.

Received: 5 April 2022 Accepted: 20 February 2023
Published online: 18 August 2023

Page 19 of 20

References

1.

2.

22.

23.

24.

25.

26.

27.

Guidelines for Diagnosis and Treatment of Chronic Obstructive Pulmo-
nary Disease (Revised Edition 2013). Chin J Front Med. 2014,2:67-80.
Vestbo J, et al. Global strategy for the diagnosis, management, and
prevention of chronic obstructive pulmonary disease: GOLD executive
summary. Am J Respir Crit Care Med. 2013;187:347-65.

Alonsoab JL. Comorbidities in chronic obstructive pulmonary disease.
Arch Bronconeumologia (English Edition). 2016;11:547-8.

Eisner MD, et al. An official American Thoracic Society public policy state-
ment: Novel risk factors and the global burden of chronic obstructive
pulmonary disease. Am J Respir Crit Care Med. 2010;182:693-718.
Lindberg A, et al. Seven-year cumulative incidence of COPD in an age-
stratified general population sample. Chest. 2006;129:879-85.

Lokke A, et al. Developing COPD: a 25 year follow up study of the general
population. Thorax. 2006;61:935-9.

Ko FW, Hui DS. Air pollution and chronic obstructive pulmonary disease.
Respirology. 2017;17:395-401.

Gooptu B, Ekeowa Ul, Lomas DA. Mechanisms of emphysema in alphal-
antitrypsin deficiency: molecular and cellular insights. Eur Respir J.
2009;34:475-88.

Bailey WC, Tashkin DP. Pharmacologic therapy: novel approaches

for chronic obstructive pulmonary disease. Proc Am Thorac Soc.
2007;4:543-8.

Xin Z. Progress in diagnosis and drug treatment of acute exacerba-

tion of chronic obstructive pulmonary disease. J Clin Pulmon Med.
2007;4:319-20.

. Wilkins JM, Trushina E. Application of Metabolomics in Alzheimer’s Dis-

ease. Front Neurol. 2018;12:719.

Wu GS, Li HK, Zhang WD. Metabolomics and its application in the treat-
ment of coronary heart disease with traditional Chinese medicine. Chin J
Nat Med. 2019;17:321-30.

Luo P, et al. Large-scale, multicenter serum metabolite biomarker
identification study for the early detection of hepatocellular carcinoma.
Hepatology. 2018,67:662-75.

Li J, et al. Tyrosine and glutamine-leucine are metabolic markers of early-
stage colorectal cancers. Gastroenterology. 2019;157:257-9.

Zhao P, et al. Integration of transcriptomics, proteomics, metabolomics
and systems pharmacology data to reveal the therapeutic mechanism
underlying Chinese herbal Bufei Yishen formula for the treatment of
chronic obstructive pulmonary disease. Mol Med Rep. 2018;17:5247-57.
Ghosh N, et al. Transcriptomics, proteomics and metabolomics driven
biomarker discovery in COPD: an update. Expert Rev Mol Diagn.
2016;16:897-913.

Gillenwater LA, et al. multi-omics subtyping pipeline for chronic obstruc-
tive pulmonary disease. PLoS ONE. 2021;16:20255337.

Zheng H, et al. Predictive diagnosis of chronic obstructive pulmonary
disease using serum metabolic biomarkers and least-squares support
vector machine. J Clin Lab Anal. 2021;35:e23641.

Duan MG, et al. Infiltration of IL-17-producing t cells and treg cells

in a mouse model of smoke-induced emphysema. Inflammation.
2016;39:1334-44.

Ke Q et al. Ciprofibrate attenuates airway remodeling in CIGARETTE
SMOKE-exposed rats. Respir Physiol Neurobiol. 2019;271: 103290.

. Cong LH, et al. IL-17A-producing T cells exacerbate fine particulate

matter-induced lung inflammation and fibrosis by inhibiting PI3K/Akt/
mTOR-mediated autophagy. J Cell Mol Med. 2020,2020(24):8532-44.
Park J, et al. Subtyping COPD by Using Visual and Quantitative CT Imag-
ing Features. Chest. 2020;157:47-60.

Sanchez-Guerrero J, et al. Upper airway obstruction assessment: Peak
inspiratory flow and clinical COPD Questionnaire. Clin Otolaryngo.
2018;43:1303-11.

Eapen MS, et al. Airway inflammation in chronic obstructive pulmonary
disease (COPD): a true paradox. Expert Rev Respir Med. 2017;11:827-39.
Tsuboi T, Maeda M, Hayashi T. Administration of L-arginine plus L-citrulline
or L-citrulline alone successfully retarded endothelial senescence. PLoS
ONE. 2018;13(2):e0192252.

Liao SY, et al. L-Arginine supplementation in severe asthma. JCl Insight.
2020;5:e137777.

McGuinness AJ, Sapey E. Oxidative Stress in COPD: Sources, Markers, and
Potential Mechanisms. J Clin Med. 2017;15:21.


https://doi.org/10.1186/s13578-023-00994-9
https://doi.org/10.1186/s13578-023-00994-9

Ma et al. Cell & Bioscience

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

(2023) 13:152

Vogelmeier CF, et al. Global Strategy for the Diagnosis, Management,
and Prevention of Chronic Obstructive Lung Disease 2017 Report. GOLD
Executive Summary. Am J Respir Crit Care Med. 2017;195:557-82.

Celli BR, et al. Serum biomarkers and outcomes in patients with moderate
COPD: a substudy of the randomised SUMMIT trial. MJ Open Respir Res.
2019;6:000431.

Novotna B, et al. A pilot data analysis of a metabolomic HPLC-MS/MS
study of patients with COPD. Adv Clin Exp Med. 2018;27:531-9.

Ubhi BK, et al. Targeted metabolomics identifies perturbations in amino
acid metabolism that sub-classify patients with COPD. Mol Biosyst.
2012;12:3125-33.

Singh B, et al. Metabolomic profiling of doxycycline treatment in chronic
obstructive pulmonary disease. J Pharm Biomed Ana. 2017;132:103-8.

Li J, et al. Metabolomics study on model rats of chronic obstruc-

tive pulmonary disease treated with Bu-Fei Jian-Pi. Mol Med Rep.
2015;11:1324-33.

Istvan R, et al. L-Arginine Pathway in COPD Patients with Acute Exacerba-
tion: A New Potential Biomarker. COPD. 2016;13:139-45.

Renate J, et al. Alterations in whole-body arginine metabolism in chronic
obstructive pulmonary disease. Am J Clin Nutr. 2016;103:1458-64.
Jeremy AS, et al. Arginine Therapy for Lung Diseases. Front Pharmacal.
2021;12:627503.

Kewal A, et al. Arginine metabolic control of airway inflammation. JCI
Insight. 2020;5(2):e127801.

Samuel SV, et al. L-NAME and L-arginine differentially ameliorate
cigarette smoke-induced emphysema in mice. Pulm Pharmacol Ther.
2011;24:587-94.

Wu J, Luo Y, Mao M. Protective effect of L- arginine on acute lung injury in
experimental rats. Sichuan Animal. 2010,29:297-9.

SunY, Huang Z, Li Z. Dynamic changes of plasma endothelin and nitric
oxide in rats with traumatic shock and experimental study on the thera-
peutic effect of L- arginine. Chinese Medical Department. 2003;28:793-5.
Paulson NB, et al. The arginine decarboxylase pathways of host and
pathogen interact to impact inflammatory pathways in the lung. PLoS
ONE. 2014,9:e111441.

Ramachandran J, Peluffo RD. Threshold levels of extracellular I-arginine
that trigger NOS-mediated ROS/RNS production in cardiac ventricular
myocytes. Am J Physiol Cell Physiol. 2017,312:C144-54.

McGuinness AJ, Sapey E. Oxidative Stress in COPD: Sources, Markers, and
Potential Mechanisms. J Clin Med. 2017;6:21.

Trisha D, Robert PH, Dhananjay K. Protective effect of arginine on
oxidative stress in transgenic sickle mouse models. Free Radic Biol Med.
2016;41:1771-80.

Peng Z, et al. Melatonin attenuates airway inflammation via SIRT1
dependent inhibition of NLRP3 inflammasome and IL-1beta in rats with
COPD. Int Immunopharmacol. 2018;62:23-8.

CaoY, et al. The anti-inflammatory effect of BML-111 on COPD may be
mediated by regulating NLRP3 inflammasome activation and ROS pro-
duction. Prostaglandins Other Lipid Mediat. 2018;138:23-30.

Kim K, et al. Inflammatory mediators ATP and S100A12 activate the
NLRP3 inflammasome to induce MUC5AC production in airway epithelial
cells. Biochem Biophys Res Commun. 2018;503:657-64.

Yuan J, et al. Curcumin Attenuates Airway Inflammation and Airway
Remolding by Inhibiting NF-kappaB Signaling and COX-2 in Cigarette
Smoke-Induced COPD Mice. Inflammation. 2018;41:1804-14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 20 of 20

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	l-Arginine, as an essential amino acid, is a potential substitute for treating COPD via regulation of ROSNLRP3NF-κB signaling pathway
	Abstract 
	Backgrounds 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Ethical approval of the study protocol
	Reagents and kits
	COPD patients and animals
	COPD patients
	Inclusion criteria of COPD patients
	Exclusion criteria of COPD patients

	Animals
	COPD patient confirmation and acquisition of samples
	CT analysis
	Pulmonary function
	Serum collection and plasma collection

	COPD model establishment in rats and Ass-1 KO mice
	COPD animal model preparation
	Alveolar lavage fluid (BALF) collection from COPD rats and Ass-1 KO mice

	Serum collection and analysis
	Lung tissues collection and analysis
	Cigarette smoke extract-induced injury of bronchial epithelial cells and analysis
	Extraction and separation of bronchial epithelial cells (BECs)
	Preparation of cigarette smoke extract (CSE)
	BECs culture
	Establishment of CSE-induced BECs injury model
	Knockdown of Ass-1 in BECs
	Ass-1 inhibitor experiment

	Culture solution collection and analysis
	BECs collection and analysis
	Protective effect of exogenous LA on COPD mice and CSE-induced BECs
	Establishment of COPD model and LA intervention in mice
	Establishment of COPD model and LA intervention in BECs

	Detection methods of related variables
	Plasma metabonomic of COPD patients

	Cell viability
	Airway reactivity detection in COPD rats and Ass-1 KO mice
	IL-1β, IL-6 and TNF-α detection in serum, BALF of COPD patients, rats and KO mice and cell supernatant of BECs
	ROS detection lung tissues of COPD rats, Ass-1 KO mice and BECs
	Determination of NO and Collagen I in lung tissue of COPD rats, Ass-1 KO mice
	HE staining of lung tissue of COPD rats and Ass-1 KO mice
	Masson staining of lung tissue of COPD rats and Ass-1 KO mice
	Immunohistochemistry staining
	Immunofluorescence staining
	Western blotting
	Molecular docking
	Statistical analysis

	Results
	Differential metabolites identification
	Confirmation of COPD patients

	Plasma metabonomic of COPD patients

	Verification of the role of LA in COPD
	In COPD rats
	RL was increased and Cdyn was decreased in COPD rats

	IL-1β, IL-6 and TNF-α were increased in serum and BALF in COPD rats
	ROS was increased and NO was decreased in lung tissues of COPD rats
	CS stimulated lung histopathological changes in COPD rats
	In Ass-1 KO mice
	Ass-1 KO increased RL and decreased Cdyn
	Ass-1 KO increased IL-1β, IL-6 and TNF-α in serum and BALF
	Ass-1 KO increased ROS and decreased NO in lung tissue
	Ass-1 KO aggravated pathological changes of lung tissue

	With BECS
	CSE decreased cell viability of BECs
	CSE increased IL-1β, IL-6 and TNF-α in BECs supernatant
	CSE increased ROS and decreased NO in BECs

	The underline mechanism of LA in COPD
	CS increased NLRP3NF-κB signaling pathway in lung of COPD rats

	Ass-1 KO increased NLRP3NF-κB signaling pathway in COPD mice
	Silence of Ass-1 and Ass-1 inhibitor, NHLA increased NLRP3NF-κB signaling pathway in BECs

	LA has strong binding affinity to NLRP3
	The protective effects of exogenous LA (e-LA) on COPD mice and CSE-treated BECs injury model
	e-LA decreased ROS, IL-1β, IL-6 and TNF-α and increased the content of NO and increased NLRP3NF-κB signaling pathway in COPD mice
	e-LA decreased ROS, IL-1β, IL-6 and TNF-α and increased, the content of NO and increased NLRP3NF-κB signaling pathway in CSE-induced BECs


	Discussion
	Conclusion
	Anchor 79
	Acknowledgements
	References


