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Tanshinone IIA protects against chronic obstructive
pulmonary disease via exosome-shuttled miR-486-5p
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Abstract. Chronic obstructive pulmonary disease (COPD)
is one of the major causes of death worldwide today, and its
related morbidity has been predicted to show an increase in
subsequent years. Recent studies have shown that Danshen, a
Chinese herbal medicine, is a potential drug in the treatment
of inflammation-related lung diseases. COPD was induced in
this study using cigarette smoke (CS) exposure plus intranasal
inhalation of lipopolysaccharide to ascertain whether the main
pharmacological component from Danshen, tanshinone ITA
(TIIA), and its water soluble form, sodium tanshinone ITA
sulfonate (STS), protect against the development of COPD.
The weight, lung function, hematoxylin and eosin staining,
and Masson Trichrome determinations revealed that TIIA
inhalation attenuated lung dysfunction in COPD mice induced
by cigarette smoke and lipopolysaccharide exposure. In addi-
tion, exosomes derived from TIIA-treated COPD mice exerted
similar protective effects against COPD, suggesting that TITA
may protect against COPD through exosome-shuttled signals.
miR-486-5p was found to be a key molecule in mediating
the protective effects of exosomes derived from TIIA-treated
COPD mice using miRNA sequencing and cellular screening.
Treatment of COPD mice with an agomiR of miR-486-5p
protected lung function in COPD mice, and treatment of
COPD mice with an antagomir of miR-486-5p abolished
the protective effects of TIIA. Moreover, luciferase activity
reporter assay, RT-qPCR, and western blot analyses showed
that miR-486-5p exerted protective effects against COPD
via targeting phosphoinositide-3-kinase regulatory subunit 1
(PIK3R1I). These results suggest that STS protects against
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COPD through upregulation of miR-486-5p, and that TIIA or
miR-486-5p is a potential drug for the treatment of COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is one of
the major causes of death worldwide today, and its related
morbidity has been predicted to show an increase in the
following years (1). It is a preventable and treatable disease
which shows progressive and not fully reversible airflow
limitation, and it is associated with chronic inflammatory
responses and oxidative stress to poisonous particles or gases
in the airway and lung (2,3). Tobacco smoking, including
second-hand smoke exposure, is the main risk factor for COPD,
contributing to 90% of COPD-related deaths (4). The other
risk factor for COPD include environmental conditions, such
as dust and fumes. Downregulating airway smooth-muscle
tone using bronchodilators and/or reducing pulmonary inflam-
mation using inhaled corticosteroids or phosphodiesterase
type 4 inhibitors (e.g., roflumilast) is the major strategy for the
treatment of COPD at present (5). These drugs are expensive
and display adverse side effects, which limit their clinical
use (6,7). Previous studies indicate that microRNAs (miRNAs)
are involved in the pathogenetic and therapeutic progression
of COPD (8), which provide a promising new therapeutic
approach targeting at the inflammatory response and/or
oxidative stress to prevent and treat patients with COPD.
Recent studies have shown that Danshen, a Chinese
herbal medicine and the dried root of Savia miltiorrhiza, is
a potential drug for the treatment of inflammation-related
lung diseases (9,10). Danshen has been widely used in many
countries including China, Japan and the US to treat various
diseases, including cardiovascular diseases, chronic liver
diseases, bronchitis and stroke (11). Tanshinone ITA (TIIA),
the main pharmacological component from Danshen, has been
shown to exert profound anti-inflammatory and anti-oxidative
effects in lung and cardiac diseases in animal studies (12-14).
In addition, a recent study showed that TIIA inhalation exerted
protective effects against cigarette smoke (CS) and lipopolysac-
charide (LPS) exposure-induced COPD in mice, attenuating
lung function decline, airspace enlargement, mucus produc-
tion, bronchial collagen deposition, inflammatory responses
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and oxidative stress through downregulation of cystic fibrosis
transmembrane conductance regulator (10). These advances
suggest that TIIA is a potential drug for the treatment of
COPD with high efficiency and low side effects. Sodium
tanshinone ITA sulfonate (STS) is a water-soluble derivative
of TITIA. Similar to TIIA, STS has been reported to have
anti-oxidative and anti-inflammatory activities (15), which
makes it a promising therapeutic agent for COPD. However,
the underlying mechanism of STS involved in the protective
effects against COPD is largely unknown.

Different from Western medicine, Chinese medicine
consistently shows multiple target and systemic effects through
which it exerts protective effects against diseases, suggesting
that the systemic effects of TIIA may contribute to its protec-
tive effects against COPD. Exosomes, small (30-100 nm)
endogenous membrane vesicles secreted by most cell types,
play important roles in mediating cell-to-cell communication
and crosstalk between organs via shuttling proteins, mRNAs,
and non-coding RNAs (such as miRNAs) (16-18). Exosomes
have emerged as novel elements that mediate the therapeutic
effects of various strategies (19-21). The role of exosomes in
the mediation of the effects of Chinese medicine has also
been examined (22). A study by Ruan e al demonstrated that
Suxiao Jiuxin pill treatment significantly increased exosome
secretion (23). Maremanda et al demonstrated that exosomes
derived from mesenchymal stem cells showed a protective
effect to cigarette smoke-induced mitochondrial dysfunction
in mice (24). These advances suggest that exosomes may
play a role in the mediation of the protective effects of TIIA
against COPD. Here, we examined the role of exosomes in the
protective effects of TIIA in COPD mice, and found that TIIA
protects against COPD via exosome-shuttled miR-486-5p.

Materials and methods

Induction of COPD in C57 mice and treatment. A total
of 132 wild-type C57 male mice (age 6-8 weeks and
weight 20+3 g) were purchased from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. and used
in the induction of COPD. All animals were housed in a
specified pathogen-free and temperature controlled (24+2°C
temperature and 55% humidity) condition with 12 h-12 h
light/dark cycles and free access to food and water. Animal
experiments were approved by the Animal Care and Use
Committee of Yan'an University (Yan'an, Shaanxi, China)
following ICUAC guidelines. COPD was induced as reported
previously (10). Briefly, the COPD model was established
using CS exposure plus intranasal inhalation of lipopolysac-
charide (LPS). LPS (7.5 ug/mouse in 50 ul saline; L8643,
Sigma-Aldrich) or saline (vehicle control) was administered
to the mice by intranasal inhalation on the 1st and 14th day.
CS (9 cigarettes/h, 2 h/session, twice/day and 6 days/week in a
whole-body exposure chamber) was administered to the mice
from day 0 to 60 except for the days giving LPS. The cigarettes
used were Plum brand filtered cigarettes (Guangdong Tobacco
Industry) and each cigarette yields 11 mg tar, 1.0 mg nicotine
and 13 mg carbon monoxide.

For TIIA treatment, sodium tanshinone ITA sulfonate (STS)
(Jiangsu Carefree Pharmaceutical), a water-soluble substance
derived from TIIA, was used. Mice were administered saline

or STS (5 mg/kg, 30 min per session, twice per day) by
airway inhalation with a PARI Nebuliser (PARI GmbH) in a
whole-body exposure chamber for 30 min daily before being
exposed to CS. Finally, all mice were subjected to lung func-
tion analysis, and sacrificed at day 61.

For exosome treatment, exosomes purified from equal
volumes (1 ml) of plasma was intravenous injected into mice
at an interval of every 7 days from the 1st day of COPD induc-
tion. For miR-486-5p intervention, agomir or antagomir of
miR-486-5p (1 nmol) was intravenously injected into mice
at an interval of every 7 days from the 1st day of COPD
induction. For sacrifice, the mice were euthanized using CO,
exposure with 3 liters/min (~45% volume/min) flow rate, and
CO, exposure lasted for more than 1 min after breathing was
determined to be arrested.

Measurement of lung function. Lung function was evalu-
ated using the Forced Pulmonary Maneuver System (Buxco
Research Systems) as described previously (10). Mice were
anesthetized with pentobarbital (50 mg/kg body weight).
The breathing frequency was set at 150 breaths/min. Three
semiautomatic maneuvers were used. These included: Boyle's
law functional residual capacity maneuver to detect functional
residual capacity, quasi-static pressure volume maneuver
to detect total lung capacity and chord compliance, and fast
flow volume maneuver to detect forced expiration volume in
50 msec and forced vital capacity.

Hematocrit measurement. Capillary tubes (0.5-mm outside
diameter, VWR Scientific) was used to collect blood via right
ventricle puncture with K,EDTA as an anticoagulant. The
collected blood was centrifuged at 300 x g for 5 min, and read
using a hematocrit chart (VWR Scientific).

Histopathology. The left lung specimens of the mice were
isolated and fixed in 10% neutral buffered formalin for 24 h,
embedded in paraffin wax, and cut into 4-um thick slices. The
slices were stained with hematoxylin and eosin (H&E; Nanjing
Jiancheng Bioengineering) to evaluate morphological changes
and Masson Trichrome (Nanjing Jiancheng Bioengineering)
to detect collagen deposition of small airways according to
manufacturer's instructions.

Plasma exosome isolation and characterization. Blood
samples were taken from mice with COPD. Plasma exosomes
were isolated using the ExoQuick Plasma prep and the Exosome
Precipitation kit according to the manufacturer's instructions
(System Biosciences). The isolated exosomes were resus-
pended in PBS for further experiments. Transmission electron
microscopy was conducted as previously described (22), and
Nanoparticle tracking analysis (NTA) was carried out using a
NanoSight NS300 (Marvel).

miRNA sequencing. miRNA sequencing was performed by
Guangzhou RiboBio Co., Ltd. Briefly, adaptors were added to
the 30 and 50 end of total RNAs extracted from plasma. Then,
products of reverse transcription polymerase chain reaction
(RT-PCR) derived from 18- to 30- nt RNAs were purified. The
[llumina Hiseq 2500 platform (Illumina, Inc.) was used for the
sequencing.
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Cell culture. Human bronchial epithelial 16HBE cells were
purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China) and cultured with DMEM
(Biological Industries Israel Beit Haemek, Ltd.) supplemented
with 10% FBS (Thermo Fisher Scientific, Inc.), 100 pg/ml
penicillin and 100 pg/ml streptomycin (Beyotime Institute
of Biotechnology) in a humidified incubator at 37°C with
95% (v/v) air and 5% (v/v) CO,.

Cigarette smoke extract (CSE) preparation and exposure.
CSE was freshly prepared from Plum brand filtered cigarettes
within 30 min prior to treatments as reported previously (10).
The acquired CSE suspension in yellowish color with an
optical density (OD) at 405 nm (0.506+0.008) was adjusted
to pH 7.4, passed through a 0.22-um filter to remove bacteria
and particles and considered as concentration 100% in cell
treatments. The cells were exposed to CSE (2%) for 12 h.

RT-gPCR. Total RNA was extracted from plasma by an RNA
isolation kit (AccuRef Scientific) according to the manufac-
turer's instructions. Equal amounts of RNA were added to a
reverse transcriptase reaction mix (Takara), with oligo-dT as a
primer. The resulting templates were subjected to PCR using
SYBR Green Master Mix kit (AccuRef Scientific) in ABI 7500
Real-Time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) with the following conditions: 95°C for 10 min
and 40 cycles of 95°C for 5 sec, 58°C for 20 sec, and 72°C for
10 sec. Using actin (mRNA specific) or U6 (miRNA) as the
internal control, the relative expression of genes was calcu-
lated using the 2244 method (25). Specific primers used are
shown in Table SI.

Cell transfection. miR-22-3p mimic (5'-AAGCUGCCAGUU
GAAGAACUGU-3'"), miR-486-5p mimic (5'-UCCUGUACU
GAGCUGCCCCGAG-3"), miR-16-5p mimic (5'-UAGCAG
CACGUAAAUAUUGGCG-3'), miR-10b-5p mimic (5'-UAC
CCUGUAGAACCGAAUUUGUG-3"), miR-27b-3p mimic
(5'-UUCACAGUGGCUAAGUUCUGC-3'), miRNA negative
control (miR-NC; cat. #B04001), agomir-NC (cat. #B04008),
agomiR-486-5p (cat. #B06001),antagomiR-NC (cat. #B04007),
and antagomiR-486-5p (cat. #B05001) were synthesized by
GenePharma Company (Shanghai, China). miRNA mimic
(100 nmol/1) or miR-NC (100 nmol/l) was transfected using
Lipofectamine™ 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. After 48 h
of transfection, cells were harvested and used for further
experiments.

Dual-luciferase reporter assay. Wild-type (Wt) and mutant
(Mt) PIK3RI1 3' UTR sequence was obtained by PCR
amplification using template and primers, and then cloned
into Spel and HindlIII sites of the pMir-Report Luciferase
vector (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The resulting construct was transfected (5 ng) into
macrophages with 20 nM control mimics or 20 nM mimics
for miR-486-5p using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. After 24 h of transfection, luciferase
activity in the cells was determined using a Luciferase
Assay System (Promega Corp.).

Apoptosis analysis. After transfected with miRNA mimic/NC,
PIK3R1, and/or treatment with CSE, the apoptotic cells were
measured using the Annexin V-FITC/PI apoptosis Detection kit
(Beyotime Institute of Biotechnology) according to the manu-
facturer's protocol. Briefly, adherent and suspension cultured
16HBE cells were harvested and centrifuged at 1,000 x g
at 4°C for 5 min followed by cold PBS rinse for three times.
Then, cells were re-suspended in 200 ul of suspension buffer
and incubated with 5 ul of Annexin V-FITC and 5 ul of PI
at room temperature for 20 min in the dark. Following this,
suspension buffer was added to 1 ml and analyzed using flow
cytometry (Beckman Coulter).

CCK-8 assay. After transfected with miRNA mimic/NC or
PIK3R1 for 48 h, the cells were seeded into 96-well plates
at a density of 1.0x10* per well and cultured for 24 h. Then,
the cells were treated with CSE or/and STS for 48 h. After
incubation, 10 ul of CCK-8 solution (Beyotime Institute of
Biotechnology) was added to each well and incubated at 37°C
for 2 h. Then, the optical density (OD) value of each well was
detected at 450 nm using a microplate reader (BioTek).

Western blot analysis. Protein expression was measured using
western blot analysis. Briefly, cells and tissues were lysed on
ice for 30 min using RIPA lysis buffer and centrifuged at 4°C
and 12,000 x g for 10 min, and proteins (the supernatants)
were quantified using the BCA method (AccuRef Scientific).
Then, 25 ug protein for each sample was diluted in loading
buffer (EXINNO) and subjected to 12% SDS-PAGE followed
by electronic transferring to PVDF membrane. Subsequently,
the membranes were blocked with 5% skimmed milk solution
at room temperature for 30 min and probed with anti-CD63
(dilution: 1:200; cat. no. SAB4301607; Sigma-Adrich; Merck
KGaA), anti-CD81 (dilution: 1:1,000; cat. no.ab109201;
Abcam), anti-phosphoinositide-3-kinase regulatory subunit 1
(PIK3R1, dilution: 1:1,000; cat. no. ab191606; Abcam) or
anti-B-actin (dilution: 1:1,000; cat. no. ab8226; Abcam) over-
night at 4°C followed by incubation with the corresponding
anti-mouse secondary antibody (dilution: 1:5,000; cat.
no. ab6728; Abcam) or anti-rabbit secondary antibody (dilu-
tion: 1:5,000; cat. no. ab6721; Abcam) at room temperature
for 1 h. The blots were visualized with ECL-Plus Reagent
(AccuRef Scientific). Finally, the protein bands on membranes
were quantified using ImageJ software (version 1.49, NIH) for
further statistical analysis.

Statistical analysis. All values are presented as mean + stan-
dard deviation. Data between two groups were compared using
an unpaired t-test. Data among multiple groups were compared
using one-way analysis of variance (ANOVA) followed by
Turkey's post hoc with Bonferroni's correction to reduce
the dominance of type-I error. Differences were considered
significant at P<0.05.

Results

STS inhalation protects against COPD. After 60 days of
induction, COPD mice displayed typical clinical manifesta-
tions, including decreased body weight (Fig. 1A), increased
lung weight (Fig. 1B), impaired lung function (Fig. 1C-H) and
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Figure 1. STS inhalation protects against COPD. (A) Body weight of the COPD mice. (B) Lung weight of the COPD mice. (C-H) STS inhalation improved
lung function in the COPD mice as indicated by parameters of functional residual capacity (C), total lung capacity (D), chord compliance (E), forced vital
capacity (F), lung resistance (G), and forced expiratory volume at 50 msec (H). (I) Hematocrit value in blood in the COPD mice. (J) STS inhalation decreased
pulmonary structural damage as detected by H&E staining. (K) STS inhalation decreased collagen deposition in the small airway as detected by Masson
staining. n=6. "P<0.05 and ““P<0.01. COPD, chronic obstructive pulmonary disease; STS, sodium tanshinone IIA sulfonate.

increased hematocrit value in blood (Fig. 1I). An impairment
of lung function was evidenced by increases in functional
residual capacity (Fig. 1C), total lung capacity (Fig. 1D), chord
compliance (Fig. 1E), forced vital capacity (Fig. 1F) and lung
resistance (Fig. 1G), a decrease in forced expiratory volume at
50 msec (Fig. 1H), and an increased hematocrit value in blood
(Fig. 1I). All of these manifestations were attenuated in mice

with STS inhalation when compared to the vehicle-treated
mice (Ctrl) (Fig, 1A-I). In addition, the protective effects of
STS were further manifested by a decrease in pulmonary
structural damage as detected by H&E staining (Fig. 1J), as
well as a decrease in collagen deposition in the small airway
as detected by Masson staining (Fig. 1K). The lung of COPD
mice displayed damaged alveolar walls, pulmonary bullae
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and increased collagen deposition which were attenuated in
STS-treated mice (Fig. 1J and K). These results demonstrated
that STS inhalation exerted protective effects against CS-LPS
exposure-induced COPD.

Exosomes derived from STS-treated COPD mice exert
protective effects against COPD. To test whether exosomes
contribute to the protective effects of STS, exosomes were
purified from the plasma of COPD mice treated with or
without STS. Electron microscopy revealed typical rounded
particles (50-100 nm in diameter) in isolated fractions
(Fig. 2A). Nanoparticle tracking showed no differences in
size distribution and plasma concentration between exosomes
derived from untreated COPD and STS-treated COPD mice
(Fig. 2B and C), and the results were further confirmed by
western blot analysis (Fig. 2D). Then, purified exosomes were
administrated to COPD mice to test whether these exosomes
exert protective effects against COPD. Interestingly, exosomes
purified from STS-treated COPD mice exerted protective
effects against COPD. Exosome treatment increased body
weight (Fig. 2E), improved lung function (Fig. 2F-L) and
decreased hematocrit value in blood (Fig. 2M) in mice with
COPD, while exosomes treatment showed little effects in the
control (Ctrl) mice (Fig. 2F-M). In addition, the protective
effects of exosomes were further manifested by a decrease in
pulmonary structural damage as detected by H&E staining
(Fig. 2N), as well as a decrease in collagen deposition in
the small airway as detected by Masson staining (Fig. 20).
Particularly, exosomes purified from STS-treated COPD mice
showed higher protective effects than that from the untreated
COPD mice (Fig. 2E-O), suggesting that there were endog-
enous protective factors in the exosomes of COPD mice and
STS treatment enhanced their protective effects.

Exosome-shuttled miR-486-5p protects lung cells in vitro.
To explore the possibility of miRNA(s) contributing to
exosome-mediated protective effects against COPD, a miRNA
profiling assay comparing the differences between exosomes
purified from untreated COPD and STS-treated COPD mice
was conducted using Illumina HiSeq 2500 high-throughput
sequencing. A total of 417 differentially expressed miRNAs
(fold change >1.5; P<0.05; Fig. 3A) were detected, and the
top 5 were further confirmed by RT-qPCR (Fig. 3B). Among
these miRNAs, miR-22-3p, miR-486-5p, and miR-27b-3p were
upregulated in the exosomes purified from the STS-treated
COPD mice compared with those in the untreated COPD
mice, while miR-16-5p was significantly downregulated in the
exosome derived from the STS treated COPD mice compared
with the COPD mice (Fig. 3B). We further tested these
5 miRNAs in 16HBE cells. The results demonstrated that
overexpression of these five miRNAs had no obvious effect on
the cell viability and apoptosis of the 16HBE cells (Fig. 3C-E).
However, overexpression of miR-486-5p significantly increase
the cell viability and decreased apoptosis of the 16HBE cells
after exposure to CSE (Fig. 3F and G). To validate the interaction
between exosome and lung epithelial cells, 16HBE cells were
treated with exosomes purified from COPD mice (COPD-exo)
or STS-treated COPD mice (COPD+STS-exo0). We found
significantly increased viability in the COPD+STS-exo group
when compared with the viability in the exosomes derived

from COPD mice (COPD-exo) group (Fig. S1). These results
suggest that exosome-shuttled miR-486-5p may mediate the
protective effects of STS against COPD.

miR-486-5p protects against COPD. Agomir of miR-486-5p
was used by intravenous injection to upregulate the level of
miR-486-5p in COPD mice to test whether miR-486-5p
protects against COPD. As shown in Fig. 4A, miR-486-5p
was upregulated in both the control (Ctrl) and COPD mice,
suggesting that the injection of miR-486-5p agomir was
successfully performed (Fig. 4B-I). Further analyses showed
that agomiR-486-5p treatment increased body weight (Fig. 4B),
improved lung function (Fig. 4C-I) and decreased the hema-
tocrit value in blood (Fig. 4]J) in COPD mice compared with
that in untreated COPD mice, while agomiR-486-5p treatment
showed little effects in the control mice (Fig. 4B-J). In addi-
tion, the protective effects of agomiR-486-5p were further
confirmed by a decrease in pulmonary structural damage as
detected by H&E staining (Fig. 4K), as well as a decrease in
collagen deposition in the small airway as detected by Masson
staining (Fig. 4L). These results demonstrated that miR-486-5p
protects against COPD in mice.

STS protects against COPD through upregulation of
miR-486-5p. Antagomir of miR-486-5p was used by intra-
venous injection to downregulate the level of miR-486-5p
in STS-treated COPD mice to test whether miR-486-5p
contributes to the protective effects of STS against COPD.
As shown in Fig. 5A, miR-486-5p was downregulated in
STS-treated COPD mice by antagomiR-486-5p treatment,
and downregulation of miR-486-5p in STS-treated COPD
mice attenuated the protective effects of STS against COPD
(Fig. 5B-I). AntagomiR-486-5p treatment decreased body
weight in the STS-treated COPD mice, while it showed little
effects on body weight in COPD mice without STS treatment
(Fig. 4B). AntagomiR-486-5p treatment decreased lung func-
tion (Fig. 5C-I) and increased the hematocrit value in blood
(Fig. 5J) in the STS-treated COPD mice. In addition, the
effects of antagomiR-486-5p were further confirmed by an
increase in pulmonary structural damage as detected by H&E
staining (Fig. 5K), as well as an increase in collagen deposition
in the small airway as detected by Masson staining (Fig. S5L).
These results demonstrated that STS protects against COPD
through upregulation of miR-486-5p.

miR-486-5p exerts protective effects against COPD via
targeting PIK3R1. Target genes of miR-486-5p were predicted
by miRmap (http:/mirnamap.mbc.nctu.edu.tw/), microT
(http://diana.imis.athena-innovation.gr/DianaTools/index.
php?r=microl_CDS/index), TargetScan (http:/www.targetscan.
org/mamm_31/) and PicTar (https://pictar.mdc-berlin.de/).
There were 10 candidates (Fig. 6A). The miR-486-5p mimic
decreased PIK3RI mRNA level more significantly in 16HBE
cells (Fig. 6B). PIK3R1 is a subunit of phosphatidylinositol
3-kinase (PI3K) and regulates PI3K activity. The binding
sites for miR-486-5p in the 3'-untranslated regions (3'UTRs)
of PIK3R1 were further examined using a luciferase reporter
assay. Either wild-type (WT) 3'UTRs or mutant (MUT)
3'UTRs in putative miR-486-5p binding sites were cloned
into a reporter plasmid and assessed their responsiveness to
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Figure 2. Exosomes derived from STS-treated COPD mice exert protective effects against COPD. (A) Electron microscopy revealed typical rounded particles
(50-100 nm in diameter) in isolated exosomes. (B and C) Nanoparticle tracking showed no differences in size distribution (B) and plasma concentration

(C) between exosomes derived from untreated COPD and STS-treated COPD mice. (D) Western blot analysis of exosome markers. (E) Body weight of the

COPD mice. (F) Lung weight of the COPD mice. (G-L) Exosomes purified from the STS

treated COPD mice improved lung function in COPD mice as

indicated by parameters of functional residual capacity (G), total lung capacity (H), chord compliance (I), forced vital capacity (J), lung resistance (K), and

forced expiratory volume at 50 msec (L). (M) Hematocrit value in blood in the COPD mice. (N) Exosomes purified from STS-treated COPD mice decreased
pulmonary structural damage as detected by H&E staining. (O) Exosomes purified from STS-treated COPD mice decreased collagen deposition in the small

ok

airway as detected by Masson staining. n=6. "P<0.05 and “P<0.01. COPD, chronic obstructive pulmonary disease; STS, sodium tanshinone ITA sulfonate.

constructs but had no effect when the miR-486-5p binding sites
were mutated (Fig. 6C and D). RIP assay showed that PIK3R1

miR-486-5p in 293T cells. The results showed that miR-486-5p
reduced luciferase activity for PIK3R1 wild-type 3'UTR
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Figure 3. Exosome-shuttled miR-486-5p protects lung cells in vitro. (A) miRNA profiling assay comparing the differences between exosomes purified from
untreated COPD and STS-treated COPD mice. (B) The differentially expressed miRNAs were confirmed by RT-qPCR. (C-E) Cell viability (C) and apoptosis
(D and E) following overexpression of the miRNAs in normal 16HBE cells. (F) miR-486-5p increased cell viability in the CSE-exposed 16HBE cells.
(G) miR-486-5p decreased cell apoptosis in the CSE-exposed 16HBE cells. n=4. "P<0.05, “P<0.01 and "“P <0.001. COPD, chronic obstructive pulmonary
disease; STS, sodium tanshinone ITA sulfonate; CSE, cigarette smoke extract; OD optical density.

could directly interact with miR-486-5p (Fig. 6E). Following
this, expression of PIK3R1 was determined in 16HBE cells
after transfection with miR-486-5p (Fig. 6F). The results
showed that overexpression of miR-486-5p could significantly
inhibit PIK3RI mRNA expression (Fig. 6G). Protein levels in
16HBE cells detected by western blot analysis showed the same
trends consistent with the results of the mRNA levels (Fig. 6H),
indicating PIK3R1 as a potential target of miR-486-5p. We
also tested the expression levels of PIK3R1 in mice. PIK3R1
expression was upregulated in the COPD mice, and STS
treatment decreased PIK3R1 expression in the COPD mice
(Fig. 6I). Exosomes purified from untreated and STS-treated
COPD mice also decreased PIK3R1 expression in the COPD
mice (Fig. 6J). AgomiR-486-5p decreased PIK3R1 expres-
sions and antagomir-486-5p increased PIK3R1 expressions in
the COPD mice (Fig. 6K and L). These results demonstrated
that miR-486-5p exerts protective effects against COPD via
targeting PIK3R1.

Overexpression of PIK3RI attenuates the protective effect of
STS-induced miR-486-5p in CSE-exposed 16HBE cells. To

further explore the role of PIK3R1 in COPD, PIK3R1 was
overexpressed in 16HBE cells and exposed to CSE followed by
cell viability and apoptosis analyses. The result demonstrated
that PIK3R1 was significantly upregulated in the 16HBE
cells and CSE exposure could further enhance the expression
of PIK3R1 in 16HBE cells (Fig. 7A). Cell viability analysis
showed that overexpression of PIK3R1 could significantly
inhibit the viability of 16HBE cells and CSE exposure mark-
edly enhanced this reduction in the cell viability of 16HBE
cells (Fig. 7B). Western blot analysis demonstrated that over-
expression of PIK3R1 significantly enhanced the expression
of cleaved-PARP, cleaved-caspase-3, and cleaved-caspase-9,
but had no obvious effect on the expression of pro-PARP,
pro-caspase-3, and pro-caspase-9 in 16HBE cells exposed to
CSE (Fig. 7C). In addition, further flow cytometric analysis
showed that PIK3R1 expression significantly increased the
apoptosis of 16HBE cells and CSE exposure could signifi-
cantly aggregate the apoptosis of the PIK3R1-overexpressed
16HBE cells (Fig. 7D). These findings demonstrated that
overexpression of PIK3R1 enhanced the CSE-induced injury
in 16HBE cells.
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Figure 4. miR-486-5p protects against COPD. (A) miR-486-5p was upregulated by an agomir of miR-486-5p in the COPD mice. (B) Body weight of the
COPD mice. (C) Lung weight of the COPD mice. (D-I) AgomiR-486-5p improved lung function in the COPD mice as indicated by parameters of functional
residual capacity (D), total lung capacity (E), chord compliance (F), forced vital capacity (G), lung resistance (H), and forced expiratory volume at 50 msec (I).
(J) Hematocrit value in the blood in COPD mice. (K) AgomiR-486-5p decreased pulmonary structural damage as detected by H&E staining in the COPD
mice. (L) AgomiR-486-5p decreased collagen deposition in the small airway as detected by Masson staining in the COPD mice. n=6. "P<0.05; “P<0.01 and
“*P<0.001. COPD, chronic obstructive pulmonary disease.

To reveal whether STS could alleviate COPD injury via ~ STS. The result presented that STS treatment could obviously
the miR-486-5p/PIK3R1 axis, miR-486-5p and PIK3R1 were  abort PIK3R1 upregulation induced by CSE and overexpression
co-transfected into CSE-exposed 16HBE cells and treated with ~ of PIK3R1 could reverse the effect of STS, but overexpression
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Figure 5.STS protects against COPD through upregulation of miR-486-5p. (A) miR-486-5p was downregulated in STS-treated COPD mice by antagomiR-486-5p

treatment. (B-J) Downregulation of miR-486-5p in STS-treated COPD mice attenuated the protective effects of STS against COPD. Body weight (B), lung
weight (C), functional residual capacity (D), total lung capacity (E), chord compliance (F), forced vital capacity (G), lung resistance (H), forced expiratory

volume at 50 msec (I), and hematocrit value in blood (J) are shown. (K) AntagomiR-486-5p increased pulmonary structural damage as detected by H&E

staining in STS-treated COPD mice. (L) AntagomiR-486-5p increased collagen deposition in the small airway as detected by Masson staining in STS-treated

COPD mice. n=6. "P<0.05; “P<0.01 “"P<0.001. COPD, chronic obstructive pulmonary disease; STS, sodium tanshinone ITA sulfonate.



10

A B . Mimic-NC
microT miRmap < .
2 20 mn
g 15 | A——
2 . , M
3 1.0 I I
g 0.5
0.10
S 008
@ 0.06
€ 0.04 I
2002
5 0.00 e -
Q E o E = =
PicTar TargetScan o © @ 3 é g
>~ 2
D Hl Mimic-NC E = Inout
miR-486-5p mimic  _ :ptL'J| o
£ nti-lg —
2 1. = 15 ]
= 57 e se mm Anti-Ago2 ?
3 — ET a
o T §% 0
© 1.0 =210 ©
] S0 ¥
o <> i
S ze g
205 Txos g
2 T 29 2
5 52 E
@ 0.0--Wr s & o0 o
o o« PIK3R1  miR-486-5p
(] (2]
X X
o o
E 5
=
=

N —

THHMBIMP
W

Relative PIK3R1 protein
level

Relative PIK3R1 protein
level

4 % %
| —
3
2
1
T
0

0
PIK3R1 | e o v PIK3R1 | - - - -
B-actin | e e- - - B-actini - s e en e e
Ctrl + — — — Ctrl + + + - - -
STS - + - - COPD - - - + + +
COPD - - + - COPD-exo - + - - + -
COPD+STS - - - + COPD-STS-exo - - + - - +

.

o
o

LEEEN R

AgomiR-486-5p

TIAN et al: TIHA PROTECTS AGAINST COPD VIA EXOSOME-SHUTTLED miR-486-5p

miR-486-5p mimic

C

WT PIK3R1 3'UTR 5 UUUUUUUAAAGAAGUGUACAGGA 3'
miR-486-5p 3 GAGCCCCGUCGAGUCAUGUCCU &'

MUT PIK3R1 3'UTR 5 UUUUUUUAAAGAAGUGAUGUCGU 3’

(2 (6] oo} (] (2]
s 8 g 8 %
©5 %8 7¢
[ **
. 212 — c 12 —
— < 2
T T s
E08 £ 0.8
= 5
T 04 o 04
2 1 S
‘('“‘ [
3 0.0 T o0
[¢) o o o o
z E zZ € PIK3R1 | ==
E g E g fractn | @ @»
= 2 = ¢ Mimic-NC  + -
g ¥ miR-486-5p mimic -+
T 4
£ £
£ c
2 e
S o
a J s
T — Z T
o % &
X3 / N4
o — % o
2 7 o
E _ E
«© % ©
& 7 e
PIKSRT st s e om0 o | PIK3RT o= om @B — -~ =
P mm it - ————
Ctrl + + + - - - COPD + + + + + +
COPD - - - + + + sTS - - + o+ o+
AgomiR-NC - + - - + - AntigomiR-NC - + - - + -

+

*  AntigomiR-486-5p —

Figure 6. miR-486-5p exerts protective effects against COPD via targeting PIK3R1. (A) Target genes of miR-486-5p were predicted by miRmap, microT,
TargetScan and PicTar. (B) The miR-486-5p mimic decreased PIK3RI mRNA levels more significantly in 16HBE cells. (C and D) The binding sites for
miR-486-5p in the 3'-untranslated region (3'UTR) of PIK3R1 were examined using a luciferase reporter assay. (E) RIP assay revealed the direct interaction
between miR-486-5p and 3'UTR of PIK3RI mRNA. (F) Confirmation of miR-486-5p overexpression in 16HBE cells. (G and H) miR-486-5p regulated PIK3R1
mRNA (G) and protein (H) levels in 16HBE cells. (I) PIK3R1 protein levels in COPD mice treated with STS. (J) PIK3R1 protein levels in COPD mice treated
with exosomes purified from COPD mice. (K) PIK3R1 protein levels in COPD mice treated with agomiR-486-5p. (L) PIK3R1 protein levels in COPD mice
treated with antogomiR-486-5p. n=4. "P<0.05; “P<0.01 and ““P<0.001. COPD, chronic obstructive pulmonary disease; PIK3R1, phosphoinositide-3-kinase

regulatory subunit 1; STS, sodium tanshinone IIA sulfonate.

of miR-486-5p remarkably decreased PIK3R1 expression in
the PIK3R1-overexpressing 16HBE cells after exposure to
CSE and treatment with STS (Fig. 7E). Cell viability analysis
showed that STS treatment could significantly promote the
viability of CSE-exposed 16HBE cells and PIK3R1 could
attenuate the effect of STS on the viability of 16HBE cells,
while overexpression of miR-486-5p could abort PIK3R1
effect on the viability of CSE and STS co-treated 16HBE cells
(Fig. 7F). Flow cytometry also demonstrated that STS could
decrease the apoptosis of 16HBE cells exposed to CSE and
overexpression of PIK3R1 could attenuate the protective effect
of STS; however, miR-486-5p reversed the effect of PIK3R1
and rescued the protective effect of STS (Fig. 7G). In addition,
western blot analysis presented that STS treatment significantly

decreased the upregulation of cleaved-PARP, cleaved-caspase-3,
and cleaved-caspase-9 induced by CSE, but had no marked
effect on the expression of pro-PARP, pro-caspase-3, and
pro-caspase-9 in the 16HBE cells. However, PIK3R1 overex-
pression could obviously attenuate the protective effect of STS
and miR-485-5p could attenuate the effect of PIK3R1 to rescue
the protective effect of STS (Fig. 7TH). All of these data demon-
strated that STS alleviated the CSE-induced injury in 16HBE
cells via regulating the miR-485-5p/PIK3R1 axis.

Discussion

Danshen and its derivative products including its water soluble
form, sodium tanshinone ITA sulfonate (STS), have been
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Figure 7. STS protects 16HBE cells against CSE-induced injury via the miR-486-5p/PIK3R1 axis. (A) Confirmation of PIK3R! overexpression in CSE-exposed
16HBE cells. (B) Cell viability of CSE-exposed 16HBE cells with or without PIK3R! overexpression. (C) Expression of apoptotic markers in CSE-exposed 160HBE
cells with or without PIK3R1 overexpression. (D) Apoptosis of CSE-exposed 16HBE cells with or without PIK3R1 overexpression. (E) Expression of PIK3R]
in 16HBE cells after exposure to CSE, treatment with STS, PIK3R1 overexpression, or miR-486-5p overexpression. (F and G) Cell viability (F) and apoptosis
(G) of 16HBE cells after exposure to CSE, treatment with STS, PIK3R1 overexpression, or miR-486-5p overexpression. (H) Expression of apoptotic markers in
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obstructive pulmonary disease; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; STS, sodium tanshinone IIA sulfonate; CSE, cigarette smoke extract.

protective effects against COPD in rodents (10). The present
study demonstrated that STS inhalation attenuated lung

applied to treat cardiovascular and cerebrovascular diseases
in the clinic. Recent research has shown that STS exerted
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dysfunction in mice with COPD, and its protective effects
were mediated by the elevation of circulating miR-486-5p via
targeting PIK3R1. The results suggest that STS is a potential
drug for the clinical treatment of COPD.

STS has been described as an antioxidant to reduce
oxidative stress and inflammatory responses, which scavenges
oxygen-free radicals, prevents lipid peroxidation, inhibits
low density lipoprotein oxidation, increases Zn superoxide
dismutase (SOD) activity as well as mRNA and protein
expression, activates the Nrf2 pathway and inhibits NF-xB
and MAPK signaling pathways (26-28). In the present study,
we found that STS treatment significantly reduced lung injury
responses to CS exposure. These findings are consistent with
a previous study (10). A broad spectrum of anti-inflammatory
drugs, including inhibitors of the pro-inflammatory enzymes
PDEA4, Janus kinases, NF-«B kinase, p38 mitogen-activated
protein kinase, and PI3 kinase-y and -9, have been developed
for COPD treatment, but their side effects limit their clinical
application (29). Unlike significant advances in the develop-
ment of long-acting bronchodilators, it has proven difficult
to find safe and effective anti-inflammatory treatments for
COPD. As a medicine used in traditional Chinese medicine,
the side effects and safety of Danshen and Danshen products
have been fully evaluated in clinical practice (11). Indeed, we
found that the dose of STS used in the study to treat COPD
did not cause a detectable toxic effect. Based on our findings,
STS is a potential drug for preventing COPD, which could be
conveniently delivered by aerosol inhalation.

It has been shown that STS protects COPD through
downregulation of cystic fibrosis transmembrane conductance
regulator in local lungs (10). Our study extended the findings
that STS protects against COPD through upregulation of
miR-486-5p which is derived from circulation, suggesting that
various factors both from local and circulation are involved
in the protective effects of STS against COPD. miRNAs are
endogenous noncoding small RNAs (~22 nt) that modulate the
activity of mRNA by hybridizing to complementary sequences
in the 3'-untranslated region (UTR) of specific targets (30).
Numerous studies have demonstrated that miRNAs participate
in various cell biological processes, including cell growth,
differentiation, and cell apoptosis and various interventions
exert beneficial effects through regulation of miRNAs (31,32).
Thus, it is possible for STS to exert beneficial effects through
regulation of miRNAs. Indeed, there are reports which
show the contribution of miRNAs in the beneficial effects
of Chinese medicine (33-35). Here, our miRNA sequencing
data revealed that miR-22-3p, miR-486-5p, and miR-27b-3p
were upregulated, while miR-16-5p was downregulated in the
exosomes derived from STS-treated COPD mice. Among the
significantly altered miRNAs, miR-22-3p and miR-486-5p
were reported to have anti-inflammatory effects (36-38), while
miR-27b-3p and miR-16-5p are involved in the initiation of
inflammation (39,40). In the present study, we found that
STS exerted beneficial effects through upregulation of
miR-486-5p. Our ongoing research will be to investigate other
exosome-derived miRNAs found in this study, under which the
potential mechanisms would provide further understanding of
the beneficial effect of STS for preventing COPD.

miR-486-5p has been extensively studied in tumors,
including lung cancer. Various studies have shown that

miR-486-5p is downregulated in lung cancers (41-44).
Upregulation of miR-486-5p reduces tumor proliferation and
migration. PIK3R1 is a well-established target of miR-486-5p
in various pathological conditions. PIK3R1 is a subunit of PI3K
which plays an important role in the regulation of a vast array of
fundamental cellular processes, including proliferation, adhe-
sion, cell size, and protection from apoptosis (45,46). Although
PI3K signaling exerts protective effects in various diseases,
recent studies demonstrated that PI3K signaling is prominently
activated in COPD and correlates with an increased suscepti-
bility of patients to lung infections (47,48). PI3K isoforms have
emerged as promising alternative drug targets for respiratory
diseases, including COPD, and a wide array of pan-isoform
and isoform-selective inhibitors have been tested in preclinical
models and are currently being evaluated in clinical studies (47).
Consistently with previous studies, our results showed that
PI3K is overactivated in COPD as evidenced by the increased
expression of PIK3R1. Although the role of PIK3RI1 has not
been explored in COPD, its role in lung cancer has been exten-
sively studied. PIK3R] is the 11th most commonly mutated
gene across cancer lineages in the TCGA database (49). Various
studies have shown that miR-486-5p is downregulated and
PIK3R1 is upregulated in lung cancers (41-44). Upregulation
of miR-486-5p or PIK3R1 abrogation reduces tumor prolifera-
tion and migration. These advances reinforce the notion that
the miR-486-5p/PIK3R1 axis plays an important role in the
regulation of lung function.

Taken together, these results demonstrated that STS
inhalation effectively attenuated CS-induced lung dysfunc-
tion in COPD, and STS-elevated miR-486-5p contributes to
its protective effects against COPD via targeting PIK3RI1.
These findings extend the current knowledge that STS exerts
protective effects through systemic alterations. Thus, STS is a
potential drug for the treatment of COPD.
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