International Journal of Chronic Obstructive Pulmonary Disease downloaded from https://www.dovepress.com/

For personal use only.

International Journal of COPD

3

Dove

ORIGINAL RESEARCH

Nucleosides isolated from Ophiocordyceps

sinensis inhibit cigarette smoke extract-induced
inflammation via the SIRT |-nuclear factor-xB/p65
pathway in RAW264.7 macrophages and in

COPD mice

Xiao Sun'
Zhonghua Dong'
Nan Li'

Xiuli Feng'

Yan Liu'

Ang Li'
Xiaosong Zhu'
Chunyan Li'
Zhongxi Zhao'?3

'School of Pharmaceutical Sciences,
Shandong University, Jinan, People’s
Republic of China; 2Shandong
Engineering and Technology Research
Center for Jujube Food and Drug,
Jinan, People’s Republic of China;
3Shandong Provincial Key Laboratory
of Mucosal and Transdermal Drug
Delivery Technologies, Shandong
Academy of Pharmaceutical Sciences,
Jinan, People’s Republic of China

Correspondence: Zhongxi Zhao
School of Pharmaceutical Sciences,
Shandong University, 44 West Wenhua
Road, Jinan 250012, People’s Republic
of China

Tel +86 531 8838 2187

Email zxzhao@sdu.edu.cn

This article was published in the following Dove Press journal:
International Journal of COPD

Background: Ophiocordyceps sinensis (C. sinensis) extracts have been found to have a
therapeutic effect on patients with chronic obstructive pulmonary disease (COPD). Silent
information regulator 1 (SIRT1) plays an important role in the regulation of inflammatory
mediators and correlates with lung function and COPD exacerbations. The objective of this
work was to explore the anti-inflammatory effect and preliminary pathways of nucleosides from
cultured C. sinensis on RAW264.7 macrophages and COPD mice.

Materials and methods: The nucleosides were extracted from cultured C. sinensis powder
and further purified by macroporous resin D101 and glucan G10 columns. Inflammation and
oxidative stress models in RAW264.7 macrophages and in mice were established by injection
of cigarette smoke extract (CSE). We then examined how the isolated nucleosides regulated
the production of the associated inflammatory mediators in vitro and in vivo by enzyme-linked
immunosorbent assay, reverse transcription polymerase chain reaction, and Western blot.
Results: The nucleosides inhibited inflammatory mediator expression of tumor necrosis
factor-0, interleukin-6, interleukin-1p, and nitric oxide in both the CSE-stimulated RAW264.7
macrophages and mice. Moreover, the nucleosides elevated SIRT1 activation and suppressed
nuclear factor-kB (NF-xB)/p65 activation in vitro and in vivo. Nucleoside treatment significantly
decreased the levels of the inflammatory mediators in the bronchoalveolar lavage fluid (BALF)
and serum of the CSE-induced mice. The nucleosides also altered the recruitment of inflammatory
cells in BALF and improved characteristic features of the lungs in the CSE-induced mice.
Conclusion: These results show that the nucleosides suppressed COPD inflammation through
the SIRT1-NF-xB/p65 pathway, suggesting that the nucleosides may be partly responsible for
the therapeutic effects of cultured C. sinensis on COPD patients.

Keywords: Ophiocordyceps sinensis, nucleosides, COPD, anti-inflammatory, SIRT1,
NF-«xB/p65

Introduction

Chronic obstructive pulmonary disease (COPD) is an incurable but preventable
respiratory disease that is expected to become the third most common cause of death
worldwide by 2020." The strongest and most common risk factor for COPD is expo-
sure to cigarette smoke, which leads to the major pathologies of COPD, including
emphysema (alveolar wall destruction with airspace enlargement), inflammation,
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protease/anti-protease imbalance, apoptosis, and oxidative
stress.*¢ Cigarette smoke also activates resident cells in the
lung (particularly epithelial cells and alveolar macrophages)
to generate chemotactic molecules that recruit additional
inflammatory cells (neutrophils, monocytes, and lympho-
cytes) into the lung, which in turn perpetuates inflammation
and oxidative stress in the lung.” Inflammatory cells play an
important role in inflammation by production of inflammatory
mediators, such as nitric oxide (NO), tumor necrosis factor-o
(TNF-), interleukin-6 (IL-6), and interleukin-1f (IL-10).
Collectively, these events lead to a vicious cycle of persistent
inflammation accompanied by chronic oxidative stress, which
leads to disturbances in the protease/anti-protease balance
and defects in tissue-repairing mechanisms in the lung cells,
and contributes to the severity and progression of COPD.

Mechanistic studies show that silent information regulator
1 (SIRT1) is involved in the pathogenesis of COPD, with
decreased levels in bronchial epithelial cells (Beas-2B) and
mouse lungs exposed to cigarette smoke extract (CSE), as
well as in the lungs and blood cells of COPD patients.*!
SIRT1 belongs to the class III histone/protein deacetylases,
which possess anti-inflammatory, anti-aging/senescence
properties.”!! SIRT 1-mediated protection in response to CSE-
induced lung inflammatory response and injury is linked to
the activation of nuclear factor-xB (NF-kB)/p65.>!"1> NF-kB/
p65 represents an essential family of transcription factors,
which are involved in regulating the expression of numerous
genes in the immune response, such as TNF-q., IL-6, and
IL-1B.%" Therefore, increasing SIRT1 and decreasing
NF-xB/p65 activation have potential applications in anti-
inflammatory effects of COPD.

The current main pharmacotherapies in COPD include
inhaled corticosteroid, long-acting [3,-adrenoceptor agonists
(LABAsS), long-acting muscarinic antagonists, and phospho-
diesterase 4 (PDE4) inhibitors.!*!* Drugs such as antitus-
sives, mucolytics, and bronchodilators that are used only to
relieve the symptoms of bronchitis do not affect or reverse
the pathological progress of COPD. PDE4 inhibitors such as
roflumilast can only treat COPD inflammation. All of these
first-line COPD medicines have been shown to have severe
side effects in addition to their limited efficacy. Therefore,
novel drugs with multi-targeted properties are needed to
effectively combat the complex pathological course of COPD
and eventually lead to a complete cure.

Medicinal plants are traditionally the most widely used
medications for treating various human diseases throughout
the world. In terms of COPD treatment, various plants have
been used in many countries for thousands of years.!>!¢
Among the many medicinal plants used in COPD therapy,

medicinal mushrooms such as Ophiocordyceps sinensis
(formerly known as Cordyceps sinensis [C. sinensis]) have
shown some promising clinical results for COPD treatment.
Ophiocordyceps sinensis, or Dong Chong Xia Cao (winter
worm and summer grass) in Chinese, is a mushroom that
grows on caterpillars, and has been used as a traditional
Chinese medicine. Cultured C. sinensis has also been widely
used in medicinal preparations to solve the problems with
availability and heavy metal contamination related to the
natural species. Ophiocordyceps sinensis has been shown to
possess various therapeutic functions, including anti-cancer,
anti-diabetic, anti-inflammatory, immunomodulatory, and
anti-oxidant effects.'”'” Numerous studies have shown that
the C. sinensis extracts have a therapeutic effect on patients
with COPD, including improvement of symptoms, quantity
of life, and lung function.?*?! A mechanistic study suggests
that the C. sinensis extract inhibits the senescence induced by
CSE in human bronchial epithelial cells via the ROS/PI3K/
AKT/mTOR signaling pathway.?

However, the precise active ingredients in C. sinensis and
their therapeutic mechanisms responsible for COPD treat-
ment are not clear. A number of studies on the active ingre-
dients and underlying mechanism of C. sinensis for COPD
therapy have been initiated in our laboratory. Ophiocordyceps
sinensis is rich in nucleosides, polysaccharides, sterols, pro-
teins, amino acids, and polypeptides.?’ The nucleosides are
recognized as the main bioactive components in C. sinensis,
and are used as chemical markers for quality control of
C. sinensis.**** The objective of this work was to explore
the anti-inflammatory effect and preliminary pathways of
nucleosides from cultured C. sinensis on RAW264.7 mac-
rophages and COPD mice stimulated by CSE. Inflammatory
mediators such as TNF-q, IL-6, IL-1[3, and inducible nitric
oxide synthase (iNOS) in the CSE-stimulated RAW264.7
macrophages and mice were measured to explore the anti-
inflammatory effects of the isolated nucleosides on COPD.
In addition, the SIRT1-NF-xB/p65-dependent inflammation
cascades in CSE-induced RAW264.7 cells and Balb/c mice
were determined. The current study may provide valuable
information on the determination of the structure—efficacy
relationship and further optimization of more effective rem-
edies with few side effects based on C. sinensis.

Materials and methods

Chemicals

Dried cultured C. sinensis powder was a gift from Hangzhou
Zhongmei East China Pharmaceutical Co. (Hangzhou, People’s
Republic of China). All of the nucleoside standards were pur-
chased from Aladdin Regents Co. (Shanghai, People’s Republic
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of China). Dulbecco’s Modified Eagle Medium and fetal bovine
serum (FBS) were purchased from Biological Industries (Beit
Haemek, Israel). Penicillin and streptomycin were purchased
from Solarbio Biotechnology (Beijing, People’s Republic of
China). NO, mouse TNF-o, and mouse IL-6 and IL-13 enzyme-
linked immunosorbent assay (ELISA) kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, People’s
Republic of China). Anti-GAPDH, anti-SIRT1, anti-NF-kB/
P65, and anti-iNOS antibodies were obtained from Cell Signal-
ing Technology (Danvers, MA, USA). Secondary antibodies
were provided by ZSGB-BIO (Beijing, People’s Republic of
China). All other chemicals were of analytical grade.

Preparation of the nucleosides

The dried cultured C. sinensis powder was mixed with dis-
tilled water (1:10 ratio of raw material to water, w/v) in a coni-
cal flask (500 mL) and ultrasound-assisted (ultrasonic power
100 W) extracted three times for 1 hour. Then, the merged
suspension was centrifuged at 1,000 rpm, concentrated using a
rotary evaporator, and freeze-dried (Alpha 1-2 LDplus; Christ,
Osterode am Harz, Germany). The sample was redissolved
in double-distilled water and purified with macroporous resin
D101 and glucan G10 columns sequentially. The nucleosides
were eluted with water at a flow speed of 1.0 mL/min, and the
elute was collected with 10 mL in each tube. The nucleosides
were determined by high-performance liquid chromatography
(HPLC) and liquid chromatography—mass spectrometry.
Finally, the nucleoside fraction was collected based on main
peaks, freeze-dried, and stored at —20°C until used.

Separation and identification of the

nucleosides in C. sinensis by HPLC

Analysis of the chemical composition of nucleosides was
performed on an Agilent 1260 HPLC system equipped with
a diode array (Agilent Technologies, Palo Alto, CA, USA).
Separation was carried out using a Gemini-NX C12 column
(4.6x150 mm, 5 um; Phenomenex, Torrance, CA, USA), and
the injection volume was 10 L. The mobile phase consisted
of solvents A (0.1% formic acid in water) and B (methanol)
with gradient elution as follows: 0—19 minutes (5% B);
19-20 minutes (5%—15% B); 20—30 minutes (15% B). The
flow rate was set at 0.4 mL/min and peaks of nucleosides
were monitored at 260 nm.

Preparation of aqueous CSE

CSE was prepared as previously reported, with some
modifications.!? In brief, three cigarettes (Taishan Brand,
Shandong, People’s Republic of China) were burned
and the smoke was collected by a vessel containing

phosphate-buffered saline (10 mL) using a vacuum pump.
This 100% CSE was adjusted to a pH of 7.4 and was ster-
ile filtered through a 0.22 wm filter. The CSE was freshly
prepared for each experiment and diluted with the culture
medium containing 1% FBS immediately before use.

RAW264.7 cell culture

RAW264.7 cells, which were purchased from the Shanghai
Institute of Cell Biology, Chinese Academy of Sciences
(Shanghai, People’s Republic of China), were cultured in
Dulbecco’s Modified Eagle Medium supplemented with 100
U/mL of penicillin G, 100 pg/mL of streptomycin, and 10%
(v/v) inactivated FBS. RAW264.7 cells were grown at 37°C
in a humidified 5% CO, incubator.

Determination of NO, TNF-q, IL-6, and

IL-1 secretion

RAW264.7 cells (1x10° cells/well) were pre-incubated in
12-well plates for 24 hours at 37°C in a humidified incubator at
5% CO,. After cells had been cultured with or without 10% CSE
in the absence or presence of nucleosides (25 and 50 pg/mL)
for 24 hours, levels of NO, TNF-q, IL-6, and IL-1f in the
culture supernatants were measured by an ELISA kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, People’s Republic
of China) according to the manufacturer’s instructions.

RNA extraction and relative
quantification using real-time polymerase
chain reaction (PCR)

Total RNA was extracted using an RNAEasy kit according
to the manufacturer’s instructions (Bioecon Biotec Co.,
Shanghai, People’s Republic of China). RNA purity was
Heons0 OF RNA samples. cDNA
was synthesized through reverse transcription using M-MLV

checked by measuring the OD

reverse transcriptase and oligo(dT) primer. The gene expres-
sion levels of SIRT1, TNF-o., IL-6, IL-1p, and iNOS were
detected by real-time PCR. PCR amplification was per-
formed in a 96-well plate in triplicate. Each reaction well
consisted of 10 uL of 2x SYBR Green PCR Master mix,
0.5 puL forward and reverse primers, and 1 UL of template
c¢DNA to obtain a final volume of 20 puL. The PCR analysis
was performed using a Mastercycler ep realplex apparatus
(Eppendorf, Germany). After an initial denaturation step for
3 minutes at 95°C, the conditions for cycling were 39 cycles
of 30 seconds at 95°C, 30 seconds at 60°C, and 15 seconds at
72°C. The primer sets for SIRT1, TNF-o, IL-6, IL-1j3, iNOS,
and GAPDH were purchased from Dingguo Changsheng
Biotechnology Co. (Beijing, People’s Republic of China)
and are listed in Table 1.
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Table | Primer sets

Mouse Forward primer Reverse primer

SIRTI CAGACCCTCAAGCCATGTTTGATA TTGGATTCCTGCAACCTGCTC
TNF-a CAACGCCCTCCTGGCCAACG TCGGGGCAGCCTTGTCCCTT
IL-1B GACAGTGATGAGAATGACCTG TGGAAGGTCCACGGGAAAGAC
iNOS AGCAACTACTGCTGGTGGTG TCTTCAGAGTCTGCCCATTG
GAPDH AATGTGTCCGTCGTGGATCT CATCGAAGGTGGAAGAGTGG

The relative expression level of each target gene was
normalized against the GAPDH control using the 2744
method and further compared with its own control. All sam-
ples were studied in independent triplicate experiments.

Experimental protocols

Male Balb/c mice weighing 18-22 g were purchased from
Jinan Pengyue Experimental Animal Breeding Co. (Jinan,
People’s Republic of China). The mice were housed in
a temperature-controlled room (25°C£2°C) with relative
humidity of 40%—70% on a 12-hour light/dark cycle, and had
free access to a standard commercial diet and water. All animal
care and experimental protocols were approved by the Animal
Care and Use Committee of Shandong University, and were
performed in accordance with the committee’s animal care and
use guidelines. After acclimatization to laboratory conditions
for 1 week, the mice were randomly divided into five groups
(n=7) as follows: control group (C), model group (M), positive
group (P, budesonide, 2 mg/kg), nucleosides (20 mg/kg), and
nucleosides (40 mg/kg). The mice, except those in the control
group, were injected intraperitoneally with CSE (0.3 mL)
on days 0, 7, and 14. All the drugs were suspended in 0.5%
carboxy methyl cellulose (CMC) (w/v) and administered
orally (10 mL/kg) daily for 21 days. The control mice received
0.5% CMC only. All mice were killed on day 21.

Lung histological examination

The lung tissues were fixed with 4% formaldehyde phosphate
buffer overnight, then dehydrated, paraffin embedded, sliced
into 4 pm sections, and stained with H&E. The slides were
observed under a morphometric microscope (Nikon, Japan)
at 100x magnification to evaluate the morphological changes
in the lungs.

Serum collection

The whole blood was collected using a retro-orbital method.
The blood was centrifuged at 3,500 rpm for 10 minutes, and
serum was obtained for analysis of NO, TNF-qa, and IL-1[3
using commercial kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, People’s Republic of China).

Analysis of bronchoalveolar lavage fluid
(BALF)

The lungs were lavaged via a cannula inserted into the
trachea and then instilled with 2x1 mL aliquots of saline.
All aliquots were collected and centrifuged at 2,000 rpm
for 10 minutes at 4°C. The supernatants were obtained and
stored at —80°C for further analysis of NO, TNF-o, and
IL-1B using commercial kits (Nanjing Jiancheng Bioen-
gineering Institute, Nanjing, People’s Republic of China).
The cells were resuspended in a PBS solution (100 pL)
and counted using a hemocytometer. The cell differential
was determined from an aliquot of the cell suspension by
centrifugation on a slide and Wright—-Giemsa (Solarbio
Biotechnology, Beijing, People’s Republic of China) stain.
Differential cell counts were calculated based on morpho-
logical criteria.

Western blot analysis

The RAW264.7 cells and lung tissues were homogenized
in radioimmunoprecipitation assay lysis buffer, and then
total proteins were extracted and determined using a bicin-
choninic acid assay kit (Beyotime Institute of Biotechnology,
Beijing, People’s Republic of China). Equal quantities
of proteins were separated on 8%—12% sodium dodecyl
sulfate—polyacrylamide gels and transferred on to polyvi-
nylidene fluoride membranes (Millipore Corp., Bedford, MA,
USA). Membranes were incubated with primary antibodies
overnight at 4°C, followed by incubation with horseradish
peroxidase (HRP)-conjugated anti-rabbit or anti-mouse
antibodies for 1 hour at room temperature. The optical densi-
ties were measured using an enhanced chemiluminescence
detector. The relative optical densities of the bands were
quantified using AlphaView SA software. All Western blot
analyses were carried out at least three times.

Immunohistochemistry for the

expression of SIRT| and NF-kB/p65
The expression of SIRT1 and NF-xB/p65 in the lung
tissues of mice was determined by immunohistochemistry.
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In brief, the lung tissue slice embedded with paraffin was
deparaffinized and rehydrated. The antigen was retrieved
using sodium citrate and with heat-induced retrieval.
After blocking with goat serum, SIRT1 and NF-xB/p65
antibodies were separately applied overnight at 4°C. Then
HRP-conjugated anti-rabbit antibody was applied, and the
expression of SIRT1 and NF-xB/p65 was finally visualized
using a 3,3’-diaminobenzidine detection kit. Images of SIRT1
and NF-xB/p65 were obtained and photographed under a
microscope (Olympus Corporation, Tokyo, Japan).

Statistical analysis

Statistical analysis of the control and treatment samples was
performed with either a Student’s 7-test or an analysis of
variance for multiple comparisons using Prism version 5.0
(GraphPad Software, La Jolla, CA, USA). Data are presented
as mean = SEM. Values of P<<0.05 were considered statisti-
cally significant.

Results

Identification of the nucleoside fraction
by HPLC

The major compounds in the nucleosides were detected and
identified by HPLC with a diode array detector. Figure 1
shows the typical HPLC chromatograms of the isolated nucle-
osides. Ten major compounds were initially identified by
comparing the retention time and ultraviolet spectra of the
sample peaks with corresponding standards. The retention
times of the ten nucleosides and their concentrations in
C. sinensis are shown in Table 2.

Nucleosides suppress CSE-induced NO
production and expression of iINOS in
RAW264.7 cells

The non-lethal concentrations of 25 and 50 pg/mL were
determined by measuring the RAW264.7 cell viability and
used in the subsequent experiments. A concentrated CSE
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Figure | Typical chromatograms of (A) nucleoside standards and (B) unknown peaks in C. sinensis determined by high-performance liquid chromatography.
Notes: Unknown nucleoside peaks in C. sinensis were tentatively identified as: |, cytidine; 2, adenine; 3, guanine; 4, uracil; 5, hypoxanthine; 6, uridine; 7, adenosine;

8, 2’-deoxyadenosine; 9, guanosine; 10, thymidine.
Abbreviation: C. sinensis, Ophiocordyceps sinensis.
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Table 2 Retention times of unknown nucleosides and their concentrations in Ophiocordyceps sinensis

Nucleoside | 2 3 4 6 7 8 9 10
C/ug/mg 0.2510.01 0.06+0.003  4.12+0.19 3.740.17  2.740.12 794036  2.940.13 0.74+0.03 921042  0.77+0.03
tR/min 34 39 4.8 6.0 8.4 10.0 10.8 13.2 24.2

Notes: Unknown identification, |, cytidine; 2, adenine; 3, guanine; 4, uracil; 5, hypoxanthine; 6, uridine; 7, adenosine; 8, 2’-deoxyadenosine; 9, guanosine; 10, thymidine.

(100% CSE) and incubation time were determined in a
preliminary study based on the induction of inflammatory
responses in RAW264.7 cells and mice, as well as appropriate
histopathological changes in mouse lungs. It was found
that a ten-fold dilution (10% CSE) and incubation duration
of 1 hour were optimal for the stimulation of RAW264.7
cells. In Figure 2A, incubation with 10% CSE has signifi-
cantly increased the level of NO compared to the control
group. Compared with the CSE-induced group, the isolated
nucleosides significantly decreased the production of NO.
To examine whether the decrease in NO production resulted
from suppression of iNOS gene expression, we determined
the levels of iNOS mRNA and protein in cells treated with
10% CSE in the presence of various concentrations of the
isolated nucleosides. Reverse transcription polymerase chain
reaction (RT-PCR) and Western blot analyses showed that the
nucleosides decreased the levels of INOS mRNA and protein
in 10% CSE-stimulated cells in a concentration-dependent
manner (Figure 2B-D).
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Nucleosides suppress CSE-induced
TNF-a, IL-6,and IL- I3 expression in
RAW?264.7 cells

The cells were pretreated for 1 hour with 10% CSE before
the nucleoside treatment. After 24 hours, TNF-o, IL-6, and
IL-1pB expression were measured by ELISA kits and RT-
PCR analysis. The results show that the CSE significantly
increased the levels of TNF-o (Figure 3A), IL-6 (Figure 3B),
and IL-1B (Figure 3C), in contrast to the control group, which
was inhibited in a dose-dependent manner by co-treatment
with nucleosides. As shown in Figure 3D, the RT-PCR
analysis showed that nucleosides significantly decreased the
TNF-0,, IL-6, and IL- 1§ mRNA levels induced by 10% CSE.

Nucleosides increase SIRT | and decrease
NF-xB/p65 in CSE-induced RAW?264.7
cells

The RAW264.7 cells were pretreated for 1 hour with 10%
CSE before treatment with the isolated nucleosides for
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Figure 2 Effects of the isolated nucleosides on NO and iNOS expression in RAW264.7 cells.
Notes: The isolated nucleosides decreased (A) CSE-induced NO production, (B) iNOS mRNA expression, (C) iNOS protein, and (D) its quantitative level in RAW?264.7
cells. #P<<0.01, CSE-induced group vs control group (without any treatment); *P<<0.05, *P<<0.01, nucleoside treatment groups (25 and 50 ug/mL) vs CSE-induced group.

All experiments were repeated three times. Data shown as mean * SEM (n=3).

Abbreviations: CSE, cigarette smoke extract; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; iNOS, inducible nitric oxide synthase; NO, nitric oxide.
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experiments were repeated three times. Data shown as mean * SEM (n=3).

Abbreviations: CSE, cigarette smoke extract; IL-1p, interleukin-1; IL-6, interleukin-6; TNF-0,, tumor necrosis factor-o.

24 hours. RT-PCR and Western blot analysis showed that the
CSE significantly decreased the SIRT1 activity, whereas the
isolated nucleosides significantly increased both the SIRT1
protein and its mRNA (Figure 4A—C). Besides, CSE signifi-
cantly increased the level of NF-xB/p65, whereas the control
group was inhibited in a dose-dependent manner by co-
treatment with the isolated nucleosides (Figure 4D and E).

Blocking SIRT | increases NF-kB/p65
activation and attenuates the protective

effects of nucleosides on CSE-induced
RAW?264.7 cells

Previous studies have shown that SIRT1 modulates the
activation of NF-xB/p65, which contributes to inflammatory
cytokine production.'' In this work, the RAW264.7 cells
were pretreated with 10% CSE for 1 hour and subsequently
treated with a specific SIRT1 antagonist, EX527 (10 uM),
and/or nucleosides (50 pg/mL) for 24 hours. The results show
that EX527 significantly reversed the suppressive effects
of the nucleosides on the CSE-induced mRNA expression
of TNF-a, IL-6, IL-1B, and iNOS (Figure 5A). Besides,
Western blot results show that the nucleosides obviously

down-regulated the expression of NF-kB/p65 and iNOS, and
this suppressive effect by the nucleosides was then markedly
reversed by the SIRT1 antagonist EX527 (Figure 5B and C).
These results demonstrate that the inhibition of nucleosides
in the CSE-induced RAW264.7 cells took place through the
SIRT1-NF-kB/p65 pathway.

Nucleosides inhibit CSE-induced release
of pro-inflammatory mediators in BALF
and serum in mice

We measured the levels of pro-inflammatory mediators (NO,
TNF-0., and IL-1p) in the BALF and serum in response to
CSE interference by intraperitoneal injection in mice. The
results show that the CSE-induced group had significantly
increased levels of NO, TNF-q, and IL-1B, in contrast to
the control group, and this increase was inhibited in a dose-
dependent manner by co-treatment with the nucleosides
(Figure 6A—C).

Nucleosides inhibit CSE-induced

recruitment of inflammatory cells in BALF
Male Balb/c mice were treated with CSE (0.3 mL) on days
0, 7, and 14, and then killed on day 21. The numbers of
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Figure 4 Effects of the nucleosides on (A) mRNA, (B) Western blot, and (C) quantity of SIRTI, as well as (D) Western blot and (E) quantity of NF-kB/p65 in CSE-induced

RAW?264.7 cells.

Notes: **P<0.01, CSE-induced group vs control group (without any treatment); *P<<0.05, #P<0.01, nucleoside treatment groups (25 and 50 pg/mL) vs CSE-induced group.

All the experiments were repeated three times. Data shown as mean * SEM (n=3).

Abbreviations: CSE, cigarette smoke extract; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; iNOS, inducible nitric oxide synthase; NF-kB, nuclear factor-xB;

NO, nitric oxide; SIRT, silent information regulator I.

inflammatory cells in the BALF were measured by Wright—
Giemsa staining. As presented in Figure 6D, the CSE chal-
lenge resulted in increased numbers of the total cell and
neutrophil counts in the BALF compared with the control
group. In contrast, compared with the model group, the
nucleosides led to a significant reduction in the total and
relative cell counts of neutrophils.

Nucleosides alleviate CSE-induced

COPD through the SIRT [-NF-xB/p65
pathway in vivo

It has been shown that SIRT1 is involved in the pathogenesis
of COPD, with decreasing levels in mouse lungs exposed
to CSE,*"® and SIRT1-mediated protection in response to
CSE-induced lung inflammatory response and injury is linked
to the activation of NF-kB/p65.>!> As shown in Figure 7A,
the lung parenchyma of the CSE-induced group (M) showed
increased inflammatory cell infiltration, thickened small
airways, and alveolar space collapse, whereas no apparent
histological changes were detected in lung tissues of the
control group (C group). Compared to the CSE-treated
group (M group), these histopathological changes were
improved in the positive (P group) and nucleoside-treated

groups. In addition, immunohistochemistry and Western
blot assays showed that CSE treatment increased the levels
of iNOS and NF-kB/p65 protein, and decreased the levels
of SIRT1 protein, whereas these changes were alleviated
by the nucleoside treatment (Figure 7B and C), demonstrat-
ing the protective effect of the nucleosides isolated from
C. sinensis on COPD models in vitro and in vivo through
the SIRT1-NF-kB/p65 pathway.

Discussion
COPD, which is a chronic inflammatory disease of the
airways, affects many individuals worldwide. It can cause
severe morbidity and mortality if it is exacerbated. To date,
the treatment strategy for COPD consists of the use of inhaled
bronchodilators (eg, the long-acting [3,-adrenoceptor agonist
salmeterol), inhaled corticosteroids (eg, fluticasone), and
long-acting anticholinergic agents (eg, tiotropium), all of
which have limited efficacy and severe side effects. Thus,
highly effective and less toxic COPD medications that can
alleviate airway inflammation are urgently needed.
Ophiocordyceps sinensis has been shown to have a
therapeutic effect on COPD patients. A large number of
studies demonstrate that nucleosides, the major bioactive
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Figure 5 Impact of the SIRT| antagonist EX527 on treatment effects of the nucleosides on the CSE-induced RAW264.7 cells.

Notes: (A) mRNA levels of SIRT I, TNF-0, IL-6, IL- 1B, and iINOS; (B) Western blots of SIRT I, NF-kB/p65, and iNOS; (C) quantification histograms of SIRT |, NF-kB/p65, and
iNOS. Study groups: I, C: control, without any treatment; 2, CSE: CSE treatment; 3, CSE + N: CSE + nucleoside (50 pg/mL) treatment; 4, EX + CSE + N: EX527 (10 uM) +
CSE + nucleosides (50 pg/mL) treatment; 5, EX + CSE: EX527 (10 uM) + CSE treatment; 6, EX: EX527 (10 uM) treatment. *P<<0.05, CSE + N group vs CSE group; *P<<0.05,

C: CSE + EX + N group vs CSE + EX group.

Abbreviations: CSE, cigarette smoke extract; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-1J, interleukin-1; IL-6, interleukin-6; iINOS, inducible nitric oxide
synthase; NF-kB, nuclear factor-kB; NO, nitric oxide; SIRT, silent information regulator |.

components from C. sinensis, have anti-oxidative, anti-
inflammatory, and anti-tumor activities.?>*** However, few
reported studies have investigated the effects of nucleosides
on COPD. In this work, the anti-inflammatory effects of the
isolated nucleosides from C. sinensis on CSE-induced COPD
models both in vitro and in vivo have been examined. In brief,
the levels of pro-inflammatory mediator such as NO, TNF-o,
IL-6, and IL-1f3 were increased after CSE challenge in vitro
and in vivo, whereas nucleoside treatment significantly
attenuated the increase in these inflammatory mediators (NO,
TNF-a, IL-6, and IL-1B). Furthermore, the nucleoside treat-
ment impeded the recruitment of inflammatory cells in the
BALF in CSE-treated mice. In addition, SIRT1 expression
was reduced by the CSE challenge and markedly reversed by
nucleoside treatment, whereas NF-kB/p65 expression was
elevated by the CSE challenge and significantly reversed after

nucleoside treatment. These results imply that the effect of
the isolated nucleosides on airway inflammation induced by
CSE may act via the SIRT I-NF-kB/p65 pathway.
Inflammation is thought to play an important role in
the pathogenesis of COPD.??" It is characterized by the
accumulation of inflammatory cells, such as neutrophils and
mononuclear cells, and cytokines (eg, NO, TNF-a., IL-6, and
IL-1P) are released in lung parenchyma to induce COPD
aggravation.*?’?® Exposure to CSE causes inflammatory
responses due to production of the high levels of these cytok-
ines. Inhibition of cytokine production or function severs a
key mechanism in the control of inflammation.'® Nucleosides
could regulate the release of inflammatory mediators in
the immune response in macrophages.”>?* Consistent with
the data in the literature, our results show that treatment
with the isolated nucleosides significantly improved the
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Figure 6 Effects of the nucleosides on (A) NO, (B) TNF-0, (C) IL-1B, and (D) inflammatory cells in CSE-induced mice.

Notes: Study groups: C: control, orally treated with the vehicle only; M: model, intraperitoneal injection of CSE; P: positive control, orally treated with budesonide (2 mg/kg)
after CSE challenge; 20: nucleosides dosed at 20 mg/kg; 40: nucleosides dosed at 40 mg/kg. **P<<0.01, **P<<0.001, model group vs control group; *P<<0.05, #P<0.0l,
##P<0.001, treatment group vs model group. Data shown as mean + SEM (n=4, each group).

Abbreviations: BALF, bronchoalveolar lavage fluid; CSE, cigarette smoke extract; IL- 1B, interleukin-13; NO, nitric oxide; TNF-c, tumor necrosis factor-o.

histological structure in the lung tissue. They also demon-
strate that the nucleosides significantly reduced pulmonary
inflammation, as determined by the numbers of total cells
and the proportion of neutrophils in the BALF. NO, a preva-
lent pro-inflammatory mediator, is produced by iNOS, and
potential inhibitors of iNOS have been considered to be anti-
inflammatory drugs.' Our results also show that the isolated
nucleosides inhibited significantly mRNA and protein expres-
sion of iNOS in the CSE-stimulated RAW264.7 cells and
mice. These experiments demonstrate that the nucleosides
inhibited the CSE-induced inflammation response in COPD.

SIRTI regulates inflammation, aging, stress resistance,
senescence, apoptosis/autophagy, and other cellular functions
through deacetylation of transcription factors, histones, and
coactivators, such as NF-kB/p53.3%3! Previous studies show
that the level of SIRT1 can be reduced by cigarette smoke in
the lungs of COPD patients and rats as well as in macrophage
cells, which implicates an important role of SIRT1 in the
pathogenesis of COPD.*° NF-kB is an important transcrip-
tion factor responsible for transcription of pro-inflammatory

genes, such as TNF-a, IL-6, and IL-1[.83%3! In this work,
we demonstrated that the CSE challenge reduced the level of
SIRT1, resulting in up-regulation of NF-kB/p65 and leading
to an increased inflammatory response. The nucleoside
treatment increased the reduced expression of SIRT1 and
inhibited the inflammation in the CSE-induced RAW264.7
cells and mice. Moreover, the addition of the SIRT1 antago-
nist EX527 significantly alleviated the inhibitory effect of
the nucleosides in the CSE-induced RAW264.7 cells. These
results suggest that the isolated nucleosides inhibited CSE-
induced inflammation responses through the SIRT1-NF-«kB/
p65 pathway in COPD.

In conclusion, our results reveal that the isolated nucleo-
sides from C. sinensis inhibited inflammation via the activa-
tion of SIRT1 and the deactivation of its downstream targets
(NF-xB/p65) in RAW264.7 macrophages and COPD mice,
the proposed scheme of which is shown in Figure 8. Our
findings demonstrate that the isolated nucleosides can be
expected to be one of the new potential candidates for use
in clinical COPD therapy.
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