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Abstract. The diaphragmatic fatigue that results from airflow 
obstruction is associated with the severe morbidity of patients 
with chronic obstructive pulmonary disease. Astragaloside IV 
(AS‑IV) has antioxidant, anti‑apoptotic and anti‑inflammatory 
activities in various cell types. The present study aimed to eval-
uate the protective effects of AS‑IV in diaphragmatic muscle 
cells. Diaphragmatic muscle cells extracted from neonatal rats 
were treated with a series of AS‑IV concentrations (5, 10 or 
20 mg/l) and the AKT inhibitor GSK690693 in the presence of 
interleukin‑8 (IL‑8). Cell proliferation and AKT phosphoryla-
tion were measured using Cell Counting Kit‑8 and western blot 
assays, respectively. Cell apoptosis and reactive oxygen species 
(ROS) production were evaluated using flow cytometric anal-
ysis. Caspase activity and concentrations of proinflammatory 
factors (tumor necrosis factor‑α, IL‑6 and IL‑8) were assessed 
using a caspase colorimetric assay and ELISA, respectively. 
IL‑8 treatment resulted in decreased rates of cell proliferation 
and increased rates of AKT phosphorylation, cell apoptosis, 
caspase 3/9 activity, ROS production and proinflammatory 
factor production. AS‑IV and GSK690693 treatment reversed 
the effects of IL‑8. The effects of AS‑IV were dose‑dependent. 
The present results suggested that AS‑IV is a candidate for 
the treatment of diaphragmatic fatigue due to its antioxidant, 
anti‑apoptotic and anti‑inflammatory activity.

Introduction

Chronic obstructive pulmonary disease (COPD) has become 
a global public health problem due to the increasing preva-
lence and mortality associated with this condition (1). Chronic 

inflammation, oxidant/antioxidant imbalance and pulmonary 
cell apoptosis are involved in the pathogenesis of COPD (2‑4). 
Patients with COPD suffer from an increased load on the 
aspiratory muscles, particularly the diaphragm, due to airflow 
obstruction  (5,6). Repetitive stimulation of the diaphragm 
results in overexpression of reactive oxygen species (ROS) in 
muscle fibers, oxidative stress and accelerated development of 
fatigue (7). Cytokines [e.g., tumor necrosis factor‑α (TNF‑α) 
and interleukin‑8 (IL‑8)] have important roles in the patho-
genesis of COPD (8). AKT is an intracellular serine/threonine 
protein kinase activated by different cytokines (e.g., TNF‑α). 
AKT is a central regulator of molecular pathways implicated 
in the pathogenesis of COPD. Compounds targeting AKT are 
used for the treatment of COPD (9).

Ast raga loside IV (AS‑IV) is  ext racted f rom 
Astragalus membranaceus, which is a herb used in Traditional 
Chinese Medicine as a therapeutic. It is used for the treatment 
of a variety of diseases due to its anti‑oxidant, anti‑apoptotic, 
anti‑cancer and neuro‑protective functions (10‑16). Attenuated 
unilateral ureteral obstruction results from transforming 
growth factor‑β (TGF‑β)‑induced cell apoptosis in renal 
tubules, which may be inhibited by AS‑IV (17). AS‑IV has 
been reported to protect neuronal cells from the neurotoxic 
effects of the 1‑methyl‑4‑phenylpyridnium ion via the inhibi-
tion of reactive oxygen species (ROS) production and the 
pro‑apoptotic pathway mediated by B‑cell lymphoma 2‑asso-
cated X protein (18). AS‑IV was also demonstrated to activate 
the AKT pathway in human umbilical vein endothelial cells 
and cardiomyocytes (19,20). 

The protective functions of AS‑IV in patients with COPD 
have remained to be demonstrated. The aim of the present 
study was to investigate the anti‑apoptotic, antioxidant and 
anti‑inflammatory activities of AS‑IV in IL‑8‑treated rat 
diaphragmatic muscle cells and to examine the possible 
mechanisms underlying the responses. 

Materials and methods

Preparation of diaphragmatic muscle cells. Primary diaphrag-
matic muscle cell were prepared as previously described (21). 
The study was approved by the ethics committee of Nanjing 
Medical University (Nanjing, China). Diaphragm muscle 
strips were excised from 2‑week‑old rats, minced and digested 
with 0.2% collagenase IV (Sigma‑Aldrich; Merck KGaA, 
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Darmstadt, Germany) at 37˚C for 60 min. After washing with 
Dulbecco's Modified Eagle's medium (DMEM; Hyclone; GE 
Healthcare, Little Chalfont, UK), the cells were collected by 
centrifugation at 800 x g for 5 min at room temperature. They 
were then incubated in DMEM containing 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) at 37˚C in a humidified atmosphere containing 5% 
CO2.

Cell Counting Kit‑8 (CCK‑8) assay. Trypsinized diaphrag-
matic muscle cells were diluted to 3x104 cells/ml. Of this cell 
suspension, 100 µl were then seeded into each well of 96‑well 
plates, which were incubated at 37˚C for 12 h. To determine 
the appropriate dose of IL‑8, the cells were treated with 
one of four concentrations of IL‑8 (10, 20, 50 or 100 ng/ml; 
Sigma‑Aldrich; Merck KGaA), while untreated cells served 
as controls. 

To investigate the effects of AS‑IV, cells were treated 
with 50 ng/ml IL‑8 plus DMSO (the final concentration of 
which did not exceed 0.1% v/v; Sigma‑Aldrich; Merck KGaA) 
or AS‑IV (2.5, 5, 10, 20, 40 or 80 mg/l; Aladdin, Shanghai, 
China). At 0, 24 or 48 h after treatment, the medium in each 
well was replaced with 100 µl DMEM containing 10% CCK‑8 
reagent (Dojindo Biochemicals, Kumamoto, Japan). The 
optical density (OD) was measured at a wavelength of 450 nm 
on a microplate reader and used to evaluate cell proliferation.

Cell apoptosis assay. Cultured cells were treated with 
50  ng/ml IL‑8 plus DMSO, AS‑IV (5, 10 or 20  mg/l) or 
10 µM GSK690693 (Selleck, Houston, TX, USA) for 48 h 
and then collected for annexin V‑fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) staining with an apoptosis detec-
tion kit (BD Biosciences, San Jose, CA, USA). The stained 
cells were detected using a flow cytometer (BD Biosciences).

Measurement of caspase‑3 and caspase‑9 activities. The 
activities of caspase‑3 and caspase‑9 were measured using 
a caspase colorimetric assay kit (Kengen Biotechnologies, 
Nanjing, China) following the manufacturer's protocol. In 
brief, treated cells were lysed using 100 µl pre‑cooled lysis 
buffer provided with the kit. The supernatant was collected 
by centrifugation at 14,000 x g for 15 min at 4˚C. The protein 
concentration of the collected supernatant was determined 
using the Bradford method. Each 50 µl of supernatant was 
mixed with 50 µl 2X reaction buffer containing 5 µl caspase 
substrate and 0.5 µl dithiothreitol, followed by incubation at 
37˚C for 4 h. Caspase activity was detected using a microplate 
reader with measurement of the OD at a wavelength of 400 nm. 
The values for the Control group (cells without any treatment) 
were set as 1.0, and results were expressed as the ratio of the 
treatment vs. the Control group values.

Measurement of ROS. Treated cells were digested and resus-
pended with 10 mM dichlorofluorescein diacetate (Beyotime 
Institute of Biotechnology, Shanghai, China) in DMEM for 
20 min in the dark at 37˚C. Flow cytometry was used to detect 
ROS.

ELISA. Concentrations of IL‑6 (cat.  no.  HM10205), IL‑8 
(cat. no. HM10222) and TNF‑α (cat. no. HM10001) in treated 

diaphragmatic muscle cells were measured using ELISA kits 
(Bio‑swap, Shanghai, China) following the manufacturer's 
protocol. The absorbance was detected at a wavelength of 
450 nm and the concentrations of IL‑6, IL‑8, and TNF‑α were 
calculated based on a standard curve.

Western blot analysis. Treated cells were lysed using radio-
immunoprecipitation assay lysis buffer (Solarbio, Shanghai, 
China) and a protease inhibitor cocktail (Sigma‑Aldrich; 
Merck KGaA). They were centrifuged at 12,000 x g at 4˚C 
for 15 min. The supernatant was collected and the proteins 
were quantified using a bicinchoninic acid protein quantifica-
tion kit (Thermo Fisher Scientific, Inc.). Equal amounts of 
total protein (30 mg) were separated by 10% SDS‑PAGE and 
transferred to nitrocellulose membranes (EMD Millipore, 
Billerica, MA, USA). The membranes were blocked using 
5% skimmed milk at room temperature for 1 h and were 
then incubated with antibodies against AKT (cat. no. 9272; 
1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), 
p‑AKT (cat. no. 9271; 1:1,000; Cell Signaling Technology, 
Inc.), and GAPDH (cat.  no.  5174; 1:2,000; Cell Signaling 
Technology, Inc.) followed by incubation with goat anti‑mouse 
(cat. no. A0216, 1:1,000) or anti‑rabbit (cat. no. A0208; 1:1,000) 
secondary antibodies (Beyotime Institute of Biotechnology). 
Blots were visualized using enhanced chemiluminescence 
(Thermo Fisher Scientific, Inc.) and using the Tanon‑5200 
Image Analyzer (Tanon Science and Technology, Co., Ltd., 
Shanghai, China). The protein bands were semi‑quantified 
using Image J software (version 1.71; National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis. Values are expressed as the mean ± standard 
deviation. Differences between groups were analyzed using 
one‑way analysis of variance followed by Tukey's post‑hoc test. 
GraphPad Prism 6.0 software (GraphPad, Inc., La Jolla, CA, 
USA) was used to summarize and analyze the data. P<0.05 
was considered to indicate a statistically significant difference. 

Results

AS‑IV attenuates the anti‑proliferative effects of IL‑8 on 
primary diaphragmatic muscle cells. To determine the appro-
priate dose of IL‑8, primary diaphragmatic muscle cells were 
incubated with 0 (Control), 10, 20, 50 or 100 ng/ml IL‑8 for 
0, 24 and 48 h. The results of the CCK‑8 assay indicated that 
IL‑8 significantly decreased the cell proliferation after 24 and 
48 h of treatment in a dose‑dependent manner (Fig. 1A). The 
50 ng/ml concentration had effects similar to the 100 ng/ml 
concentration. Thus, 50 ng/ml was selected for the subsequent 
experiments.

The effects of AS‑IV on diaphragmatic muscle cell prolif-
eration were then assessed. AS‑IV (10, 20, 40 and 80 mg/ml) 
suppressed the anti‑proliferative effects of IL‑8 (50 ng/ml) 
on primary diaphragmatic muscle cells after 24 and 48 h 
of treatment (Fig. 1B). AS‑IV (5 mg/l) also attenuated the 
anti‑proliferative effects of IL‑8 after 48 h of treatment. The 
20  mg/l concentration had similar effects to those of the 
40 and 80 mg/l concentrations. Thus, three concentrations of 
AS‑IV (5, 10 and 20 mg/l) were selected for the subsequent 
experiments.
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AS‑IV blocks the AKT signaling pathway. AKT is a central 
regulator of molecular pathways implicated in COPD 
pathogenesis (9). To explore the effects of AS‑IV on AKT 
signaling, primary diaphragmatic muscle cells were 
incubated with a series of AS‑IV concentrations (5, 10 or 
20 mg/l) and IL‑8 (50 ng/ml) for 48 h. Cells treated with IL‑8 
plus 10 µM GSK690693 (an AKT inhibitor) were used as a 
positive control, while cells treated with IL‑8 plus DMSO 
were used as a negative control. The total and phosphorylated 
AKT were detected using western blot analysis. The results 
indicated that phosphorylation of AKT was induced by IL‑8 
(Fig. 2). AS‑IV and GSK significantly suppressed the induc-
tion effects of IL‑8 on AKT phosphorylation. However, the 
levels of AKT were not affected by the different experimental 
conditions.

AS‑IV attenuates cell apoptosis induced by IL‑8. To inves-
tigate the effects of AS‑IV on cell apoptosis, cells were 

double‑labelled with annexin V‑FITC/PI and subjected to flow 
cytometric analysis [Fig. 3A; lower right quadrant (Annexin 
V+ PI‑) indicates apoptotic cells]. A significant increase in the 
apoptotic rate compared with that in the Control group was 
observed in the IL‑8 plus DMSO‑treated group. The results 
indicated that AS‑IV attenuated IL‑8‑induced cell apoptosis 
in a dose‑dependent manner. GSK690693 had similar effects 
to those of AS‑IV. The caspase‑3 and caspase‑9 activities 
measured using biochemical analysis were consistent with 
the results of the flow cytometric analysis (Fig. 3B). Overall, 
it was indicated that AS‑IV had an anti‑apoptotic effect on 
IL‑8‑treated diaphragmatic muscle cells.

Effect of AS‑IV on IL‑8‑induced ROS production. ROS produc-
tion was determined after 48 h of treatment with IL‑8. IL‑8 
induced ROS production, which was significantly suppressed 
by GSK690693. Furthermore, AS‑IV had a dose‑dependent 
inhibitory effect on IL‑8‑induced ROS production (Fig. 4).

Figure 1. Cell proliferation was evaluated using a CCK‑8. (A) Diaphragmatic muscle cells extracted from 2‑week‑old rats were treated with one of four 
concentrations of IL‑8. At 0, 24 and 48 h after treatment, cell proliferation was measured using a CCK‑8. (B) Diaphragmatic muscle cells were treated with 
50 ng/ml IL‑8 plus vehicle or various concentrations of AS‑IV (2.5, 5, 10, 20, 40 or 80 mg/l). Cell proliferation was analyzed using a CCK‑8 assay. *P<0.05, 
**P<0.01, ***P<0.001, vs. Control; ##P<0.01, ###P<0.001, vs. 10 ng/ml IL‑8; +P<0.05, ++P<0.01, vs. 20 ng/ml IL‑8. CCK, Cell Counting Kit; IL, interleukin; OD, 
optical density; AS‑IV, astragaloside IV.

Figure 2. AS‑IV blocked the AKT signaling pathway. Diaphragmatic muscle cells were treated with 50 ng/ml IL‑8 plus vehicle (DMSO), AS‑IV (5, 10 or 
20 mg/l), or 10 µM GSK690693 for 48 h. The concentrations of p‑AKT and AKT were detected using a western blot assay. $$$P<0.001 vs. Control; **P<0.01, 
***P<0.001, vs. IL‑8 plus DMSO; ###P<0.001, vs. IL‑8 plus 5 mg/l AS‑IV; ++P<0.01, vs. IL‑8 plus 10 mg/l AS‑IV. IL, interleukin; p‑AKT, phosphorylated AKT; 
AS‑IV, astragaloside IV; DMSO, dimethyl sulfoxide; GSK, GSK690693.
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Effect of AS‑IV on IL‑8‑induced pro‑inflammatory factor 
production. The concentrations of the pro‑inflammatory 
factors TNF‑α, IL‑6 and IL‑8 in the culture medium were 
determined using ELISA (Fig. 5). IL‑8 treatment significantly 
increased the concentrations of these 3 pro‑inflammatory 
factors. The concentrations were significantly suppressed by 
additional treatment with GSK690693 and AS‑IV, respectively.

Discussion

COPD is a progressive and inflammatory disease that includes 
the sequela of airflow obstruction. COPD is usually accompa-
nied by breathlessness and fatigue, and eventual respiratory 
failure from the effects of repeated infections and oxygen 
deficits  (1). As the most important respiratory muscle, the 
diaphragm is responsible for ~75% of the mechanical func-
tion that occurs during respiration. Damage of the function 

of the diaphragm has a key role in the induction of respira-
tory failure (2). Overproduction of ROS induces apoptosis 
of diaphragmatic muscle cells, which results in diaphragm 
fatigue (17). In the present study, rat diaphragmatic muscle 
cells treated with IL‑8 were used as a model of inflammation. 
The significantly increased ROS production accompanied by 
an increased apoptotic rate indicated that ROS overproduction 
and diaphragmatic fatigue were associated with the pathogen-
esis of respiratory failure.

The pharmacological properties of AS‑IV have recently 
gained the attention of researchers (9). Studies have revealed 
the anti‑oxidant and anti‑apoptotic functions of AS‑IV in 
various tissue and cell types (13). Inhibition of ROS produc-
tion was reported to ameliorate monocyte apoptosis (8,18). 
The inhibitory effect of AS‑IV on oxidative stress was 
demonstrated to contribute to the prevention of acute kidney 
damage (19). A previous study revealed the critical roles of 

Figure 3. AS‑IV attenuates cell apoptosis induced by IL‑8. (A) Diaphragmatic muscle cells were treated as indicated for 48 h and then collected for annexin 
V/propidium iodide staining and flow cytometric analysis. Cells in the lower right quadrant and the upper right quadrant underwent early and late apoptosis, 
respectively. (B) The caspase 3 and caspase 9 activities were detected using a caspase colorimetric assay kit. $$$P<0.001 vs. Control; *P<0.05, **P<0.01, 
***P<0.001, vs. IL‑8 plus DMSO; #P<0.05, ###P<0.001, vs. IL‑8 plus 5 mg/l AS‑IV; ++P<0.01, vs. IL‑8 plus 10 mg/l AS‑IV. IL, interleukin; AS‑IV, astragaloside 
IV; DMSO, dimethyl sulfoxide; GSK, GSK690693; UR, upper right; LR, lower right; UL, upper left; LL, lower left; Q, quadrant.
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oxidative stress and apoptosis in the pathogenesis of diaphrag-
matic fatigue (6). Based on the above results, the present study 
was designed to investigate the protective effects of AS‑IV on 
diaphragmatic muscle cells and examine the associated mech-
anisms. The results indicated that AS‑IV and anti‑oxidants 
including N‑acetyl‑l‑cysteine (NAC) and catalase (results not 
shown) attenuated the anti‑proliferative effects of IL‑8 on 
diaphragmatic muscle cells. Flow cytometric analysis revealed 
that treatment with AS‑IV suppressed the apoptosis and ROS 
generation induced by IL‑8 in diaphragmatic muscle cells. 
Caspase‑9, an initiator caspase, and caspase‑3, an effector 
caspase, have direct roles in the apoptotic pathway (22). The 
changes in caspase‑3 and caspase‑9 activities determined in 
the study were consistent with the flow cytometric results. 
Treatment with NAC and catalase also suppressed cell apop-
tosis and ROS generation (results not shown). In the IL‑8 

plus AS‑IV‑treated cells, reductions in the pro‑inflammatory 
cytokines IL‑6, IL‑8 and TNF‑α were observed compared 
with those in the IL‑8‑treated cells. This result indicated that 
the inflammatory response in the diaphragmatic muscle cells 
was inhibited. Taken together, these results indicated that 
AS‑IV had anti‑oxidant, anti‑apoptotic and anti‑inflammatory 
effects. These results were consistent with those of other 
studies (10‑14).

The AKT pathway contributes to key biological processes, 
including cell proliferation, apoptosis and inflammation (9). 
The effects of AS‑IV on the AKT pathway have been 
investigated in human umbilical vein endothelial cells and 
cardiomyocytes (19,20). The results of the present study indi-
cated that the level of phosphorylation of AKT was increased 
in IL‑8‑treated diaphragmatic muscle cells; this response 
was markedly attenuated by AS‑IV and the AKT inhibitor 

Figure 4. AS‑IV attenuates ROS generation induced by IL‑8. ROS generation was measured using dichloro‑dihydro‑fluorescein diacetate labeling and flow 
cytometric analysis. The cells were pre‑gated according the forward scatter (FSC) and side scatter (SSC). $$$P<0.001 vs. Control; **P<0.01, ***P<0.001, vs. IL‑8 
plus DMSO; ###P<0.001, vs. IL‑8 plus 5 mg/l AS‑IV; ++P<0.01, vs. IL‑8 plus 10 mg/l AS‑IV. ROS, reactive oxygen species; IL, interleukin; AS‑IV, astragaloside 
IV; DMSO, dimethyl sulfoxide; GSK, GSK690693.

Figure 5. AS‑IV suppresses the IL‑8‑induced inflammatory response. Reduced concentrations of the proinflammatory factors (A) TNF‑α, (B) IL‑6 and 
(C) IL‑8 were detected using ELISA. $$$P<0.001 vs. Control; ***P<0.001, vs. IL‑8 plus DMSO; #P<0.05, ##P<0.01, ###P<0.001, vs. IL‑8 plus 5 mg/l AS‑IV; 
++P<0.01, vs. IL‑8 plus 10 mg/l AS‑IV. IL, interleukin; AS‑IV, astragaloside IV; DMSO, dimethyl sulfoxide; GSK, GSK690693; TNF, tumor necrosis factor.
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GSK690693, respectively. The present results suggested that 
the AKT pathway is involved in the protective role of AS‑IV 
in diaphragmatic muscle cells.

In conclusion, the present study indicated that the inflam-
matory diaphragmatic muscle cells induced by IL‑8 had 
increased rates of AKT phosphorylation, reduced cell prolif-
eration, and increased apoptosis and ROS production. AS‑IV 
exerted anti‑oxidant, anti‑apoptotic and anti‑inflammatory 
effects to attenuate the effects of IL‑8. Additional animal 
experiments should be performed to further explore this, as 
the present study suggests that AS‑IV may be used for the 
treatment of diaphragmatic fatigue.
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