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Abstract. Astragaloside IV (AS-IV) has been noted for its 
reduction of eosinophilic airway inflammation in a murine 
model of chronic asthma. To gain a better understanding of the 
mechanisms involved in this anti-inflammatory phenomenon, 
the effect of AS-IV on human blood eosinophils was studied 
in vitro. Eosinophils were isolated from the blood of patients 
with mild atopic asthma, preincubated with AS-IV for 1 h and 
stimulated in the presence or absence of the house dust mite 
allergen Dermatophagoides pteronyssinus (Der p) 1 for 4 h. The 
survival of the eosinophils at 48 h was investigated using trypan 
blue and the surface expression of CC chemokine receptor 3 
(CCR3) and intercellular adhesion molecule-1 (ICAM-1) by 
the eosinophils was analyzed using flow cytometry. The secre-
tion of cytokines in the supernatants and the chemotaxis of the 
eosinophils were measured by ELISA and the transwell system, 
respectively. Der p 1 was found to prolong the survival of the 
eosinophils. Similarly, the expression of CCR3 and ICAM-1, 
secretion of interleukin (IL)-1β, IL-5, tumor necrosis factor 
(TNF)-α and the granulocyte macrophage colony stimulating 
factor (GM-CSF) and transmigration of the eosinophils were 
increased in the presence of Der p 1. However, these inductive 
effects on the eosinophils were significantly inhibited by AS-IV 
(50 µg/ml). These findings suggest that AS-IV modulates eosin-
ophil activation and trafficking in response to Der p 1 and may 
therefore be a useful therapeutic option in eosinophilic asthma.

Introduction

In allergic asthma, the accumulation and activation of eosino-
phils in the lung tissue are thought to contribute to airway 
inflammation (1,2), but the mechanisms by which eosinophils 
accumulate in the peribronchial tissues of the lung are complex. 

They may include an enhanced rate of differentiation and release 
from the bone marrow, selective adhesion and transendothelial 
migration (TEM) in response to specific chemotactic media-
tors and prolonged survival of the eosinophils (3).

Adhesion and TEM are mediated by the binding of leuko-
cyte adhesion receptors to their ligands or counter-structures 
on the postcapillary endothelium. Intercellular adhesion 
molecule-1 (ICAM-1) is a significant factor in the regulation of 
the irreversible steps in the TEM of eosinophils (4). The selec-
tive migration of eosinophils from the blood to allergic tissues 
is achieved via specific eosinophil chemoattractants, including 
eotaxin (5). CC chemokine receptor 3 (CCR3) is the main 
chemokine receptor on eosinophils and is an exclusive receptor 
for eotaxin. An increased level of expression of CCR3 has been 
observed in asthmatic lungs and linked to the pathogenesis 
of asthma. The blockade of CCR3 has been shown to result 
in a reduction of eosinophilic infiltration in animal models of 
asthma (6,7).

Dermatophagoides pteronyssinus (Der p) 1 is a major mite 
allergen that increases the incidence of allergic disease (8). 
In vitro, the allergen activates NF-κB in human eosinophils, 
as shown by the upregulation of the expression of adhesion 
molecules (9,10) and the production of inflammatory cyto-
kines (10,11), and selectively recruits airway dendritic cells 
upon the activation of the airway epithelium (12). Furthermore, 
the recurrent exposure of newborn monkeys to the house dust 
mite (HDM) aeroallergen has been found to result in the signif-
icant recruitment of eosinophils into the airway mucosa (13).

The results of animal studies have shown that geneti-
cally modified mice lacking eosinophils are protected from 
allergen‑induced lung injury and asthma. Therefore, the devel-
opment of effective eosinophil-depleting agents for clinical use 
is necessary (14). Astragaloside IV (AS-IV), purified from the 
Chinese medical herb Astragalus membranaceus (Fisch) Bge, 
has potent immunoregulatory and anti-inflammatory effects. 
Previously, we (15) and other authors (16) established that 
AS-IV inhibits eosinophilic airway inflammation in a murine 
model of chronic asthma. However, the effects of AS-IV on 
the activation and function of primary human eosinophils in 
response to the allergen have not been well studied. In the 
present study, we investigated the effects of AS-IV on the 
surface molecular expression, cytokine production, in vitro 
survival and TEM of eosinophils induced by Der p 1.
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Materials and methods

Chemicals. AS-IV (Fig. 1) was purchased from the National 
Institute for the Control of Pharmaceutical and Biological 
Products (purity >98%; Beijing, China) and was dissolved in 
DMSO. In all of the experiments, the concentration of DMSO 
was 0.1% (vol/vol).

Human subjects. Patients with mild atopic asthma were 
recruited from the Database of China Asthma Alliance Jiangsu 
Branch according to the guidelines of GINA 2006 (17). None 
of the patients took medication for at least 2 weeks prior to 
the study, with the exception of the as-needed use of inhaled 
β2-agonists. The study was approved by the Jiangsu Province 
Hospital Ethics Committee and written informed consent was 
obtained from all of the subjects.

Eosinophil separation and culture. Eosinophils were isolated 
using negative immunomagnetic bead selection as previously 
described (10). Briefly, the heparinized blood was diluted 1:2 
with phosphate-buffered saline (PBS) at 4˚C and centrifuged 
using an isotonic Percoll solution (density 1.082 g/ml). The 
eosinophil-rich granulocyte fraction was collected and washed 
twice with cold PBS containing 2% fetal calf serum (FCS). The 
cells were then incubated with mouse anti-human CD16 mono-
clonal antibody (mAb) (Miltenyi Biotech, Bergisch Gladbach, 
Germany) at 4˚C for 45 min. CD16-positive neutrophils were 
depleted by passing the cells through an LS+ column (Miltenyi 
Biotech) within a magnetic field and CD16-negative eosino-
phils (>98% purity and >99% viability) were collected and 
resuspended in the culture medium (RPMI‑1640 supplemented 
with 10% FCS). The collected eosinophils were pretreated 
with or without AS-IV (0.5, 5.0 or 50 µg/ml). After 1 h, the 
cells were washed and stimulated in the presence or absence of 
10 µg/ml Der p 1 (Indoor Biotech, Charlottesville, VA, USA) 
for a further 4 h and the cells and supernatants were collected 
for further analysis.

Eosinophil survival assay. The eosinophils were resuspended 
(1-1.5x106  cells/ml), aliquoted into 96-well culture plates 
(Corning Costar, Lowell, MA, USA) in triplicate (100 ml/well) 
and incubated in 5% CO2 at 37˚C for 48 h. Viable and dead 
eosinophils were counted following the addition of 20 µl of 
trypan blue in a hemocytometer. The number of viable cells is 
expressed relative to the number of cells seeded at the begin-
ning of the culture and calculated as: percentage of viable 
eosinophils = (number of trypan blue-negative cells/number of 
cells seeded) x 100. 

Enzyme-linked immunosorbant assay. The supernatants of the 
eosinophils were collected to measure the levels of interleukin 
(IL)-1β, IL-5, granulocyte macrophage colony stimulating 
factor (GM-CSF) and tumor necrosis factor (TNF)-α using 
ELISA kits (Biosource, Carlsbad, CA, USA) according to the 
manufacturer's instructions.

Flow cytometric analysis. The collected eosinophils were 
incubated with 10  µl of saturating concentrations of the 
fluorescent-labeled mAb, including fluorescein isothiocyanate 
(FITC)-conjugated rat anti-human CCR3 (R&D Systems, 

Minneapolis, MN, USA) and phycoerythrin (PE)-conjugated 
mouse anti-human ICAM-1 (BD Biosciences, San Diego, CA, 
USA) mAb for 30 min at 4˚C. The cells were then washed 
with cold PBS and fixed in 1% paraformaldehyde. The surface 
markers of eosinophils were then assessed using a FACScan 
cytofluorometer (BD Biosciences).

Endothelial cell cultures. Human umbilical vein endothelial 
cells (HUVECs) were isolated and cultured according to the 
methods described by Muller et al (18), with some modifications. 
In brief, HUVECs were suspended in RPMI‑1640 medium (Life 
Technologies, Gaithersburg, MD, USA) containing 20% FCS 
(Gibco Invitrogen, Carlsbad, CA, USA) and penicillin‑strepto-
mycin. The primary cultures (0.5‑1x106 cells/ml) were seeded 
in 24-well plates (Corning Costar, Cambridge, MA, USA) 
coated with human plasma fibronectin and gelatin in 5% CO2 
at 37˚C. The medium was changed daily until 80-90% conflu-
ence was achieved, in 2-3 days. The cells were then passaged in 
human plasma fibronectin and gelatin-coated transwell inserts 
(5 µm pore, Corning Costar). Light microscopy confirmed that 
the monolayer was confluent. HUVECs were pretreated with 
1 ng/ml IL-1β (Sigma, St. Louis, MO, USA) for 4 h. The mono-
layer was washed twice with RPMI-1640 medium prior to use.

TEM of eosinophils. TEM assays were performed as previously 
reported, with some modifications (19). The eosinophils were 
preincubated with or without AS-IV (0.5, 5.0 or 50 µg/ml)  
for 1 h at 37˚C. After being washed with RPMI‑1640 medium 
to remove AS-IV, the cells (1x106) were added to the upper 
chamber of the transwell inserts and either control medium or 
Der p 1 (10 µg/ml) was added to the lower chamber. Following 
incubation for 4 h, the plate was placed on ice. EDTA (50 µl; 
1 µM) was added to the upper chamber to prevent further 
transmigration and the transmigrated eosinophil populations 
were collected. The ratio (%) of migration was calculated as: 
(number of migrated cells/total number of cells added into 
the upper chamber) x 100. The viability of the eosinophils 
following migration was >96% by trypan blue exclusion.

Statistical analysis. The data are presented as the mean ± 
standard error of the mean (SEM). The statistical comparison 
between the groups was carried out using the unpaired 

Figure 1. Chemical structure of astragaloside IV.
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Student's t‑test. P<0.05 was considered to indicate a statisti-
cally significant result.

Results

AS-IV inhibits the Der p 1-induced survival of eosinophils at 
48 h. On the basis of the trypan blue dye exclusion method, 
7.42±1.93% of the control eosinophils (not exposed to Der p 1) 
were viable at 48 h. In the presence of 10 µg/ml Der p 1, the 
viability of the cells was more stable, at 21.88±4.69% at 48 h 
(P<0.05 vs. control cells; Fig. 2), indicating that Der p 1 was 
effective at preventing the death of eosinophils. To determine 
the effect of AS-IV on the 48 h survival of eosinophils, the 
cell viability assay was performed following pretreatment with 
AS-IV (0.5, 5.0 or 50 µg/ml). Notably, the percentage of viable 
cells was significantly reduced only when the eosinophils were 
pretreated with 50 µg/ml AS-IV (P<0.05 vs. Der p 1-stimulated  
cells; Fig. 2). Moreover, AS-IV (50 µg/ml) had no toxic effect 
on the eosinophils, as assessed by the trypan blue exclusion 
method (data not shown).

AS-IV suppresses the Der p 1-induced release of cytokines 
by eosinophils. In the culture supernatant, the control eosino-
phils released low levels of IL-1β, IL-5, GM-CSF and TNF-α 
whereas stimulation with Der p 1 for 4 h induced the release 
of these cytokines (all P<0.05). Notably, pretreatment with 

50 µg/ml AS-IV markedly inhibited the production of the four 
cytokines (all P<0.05; Fig. 3).

AS-IV reduces the Der p 1-stimulated expression of CCR3 
and ICAM-1 by eosinophils. We investigated the effects of 
AS-IV on the expression of CCR3 and ICAM-1 by human 
eosinophils. The application of 10 µg/ml Der p 1 induced the 

Figure 2. Effect of increasing concentrations of AS-IV on the Der p 1-induced 
survival of eosinophils. Data are presented as the mean ± SEM of five inde-
pendent experiments. #P<0.05 vs. control cells or Der p 1-stimulated cells. 
AS-IV, astragaloside IV; Der p 1, Dermatophagoides pteronyssinus 1.

Figure 3. Effect of increasing the concentrations of AS-IV on the Der p 1-induced release of (A) IL-1β (B) IL-5, (C) GM-CSF and (D) TNF-α by eosino-
phils. Data are presented as the mean ± SEM from five independent experiments. #P<0.05; *P<0.01 vs. control cells or Der p 1-stimulated cells. AS-IV, 
astragaloside IV; Der p 1, Dermatophagoides pteronyssinus 1; IL, interleukin; GM-CSF, granulocyte macrophage colony stimulating factor; TNF, tumor 
necrosis factor.
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expression of CCR3 and ICAM-1 by eosinophils (P<0.05) 
(Fig. 4). However, pretreatment with increasing concentrations 
of AS-IV attenuated Der p 1-induced CCR3 and ICAM-1 
expression. The inhibition was statistically significant at an 
AS-IV concentration of 50 µg/ml (P<0.05).

AS-IV regulates the Der p 1-induced transmigration of eosin-
ophils. Transendothelial chemotaxis has been established as 
an in vitro model of leukocyte migration across postcapillary 
venules. This assay allows the quantitative evaluation of the 
effect of AS-IV on the selective transmigration of eosinophils 

in response to the Der p 1 allergen. Low levels of TEM were 
found in the absence of Der p 1 (Fig. 5). By contrast, stimulation 
with Der p 1 resulted in significant TEM, although the actual 
percentage of eosinophils that migrated in response to Der p 1 
was lower in the assay with an endothelial cell layer than in 
that performed without endothelial cells (data not shown). The 
pretreatment of eosinophils with increasing concentrations 
of AS-IV resulted in the concentration-dependent inhibition 
of migration following the activation of cells. We also found 
that inhibition was statistically significant at 50 µg/ml AS-IV 
(P<0.05).

Discussion

In this study, we confirmed that Der p 1 activates eosinophils 
at several levels, including prolonging survival, upregulating 
the surface molecule expression and promoting the secretion 
of cytokines and migration. In addition, we demonstrated that 
AS-IV inhibits the activation and migration of eosinophils in 
response to Der p 1. The migration and activation of eosino-
phils are involved in the development of allergic asthma (1,2). 
The blockade of these processes by AS-IV, as reported in 
the present study, clarifies the mechanism underlying our 
previously published results that AS-IV reduces the number 
of eosinophils in lung tissue and bronchoalveolar lavage and 
decreases airway hyperresponsiveness (15).

As the life span of eosinophils is as short as 4  days, 
prolonged survival at the sites in which eosinophils have 
migrated is essential for the cells to function. Notably, the 
apoptosis of eosinophils in  vivo resolves airway inflam-
mation in asthma (20). Using an in vitro model, the present 
study addressed the hypothesis that that Der p 1 significantly 

Figure 4. Effect of increasing concentrations of AS-IV on the Der p 1-induced surface expression of CCR3 and ICAM-1 by eosinophils. (A) Flow cytometric 
analysis was used to determine the expression of CCR3 (FITC) and ICAM-1 (PE) (representative of five independent experiments). (B) Statistical analysis 
of CCR3 and ICAM-1 expression. Data are presented as the mean ± SEM from five independent experiments. *P<0.01; #P<0.05 vs. control cells or Der p 
1-stimulated cells. AS-IV, astragaloside IV; Der p 1, Dermatophagoides pteronyssinus 1; CCR3, CC chemokine receptor 3; ICAM-1, intercellular adhesion 
molecule-1; FITC, fluorescein isothiocyanate; PE, phycoerythrin.

Figure 5. Effect of increasing concentrations of AS-IV on the Der p 1-induced 
TEM of eosinophils. Data are presented as the mean ± SEM of five indepen-
dent experiments. *P<0.01; #P<0.05 vs. control cells or Der p 1-stimulated 
cells. AS-IV, astragaloside IV; Der p 1, Dermatophagoides pteronyssinus 1; 
TEM, transendothelial migration.
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promotes the survival of eosinophils. In addition, we found 
that AS-IV, at a concentration of 50 µg/ml, markedly decreased 
cell survival, establishing the clear proapoptotic effect of this 
drug on stimulated eosinophils.

Activated eosinophils are capable of releasing a variety of 
pro-inflammatory cytokines, including IL-3, IL-4, IL-5, IL-6, 
TNF-α and GM-CSF, which are believed to contribute to the 
pathophysiology of the underlying inflammatory disorders. 
The overproduction of survival factors, including IL-5, TNF-α 
and GM-CSF, is known to be correlated with the delayed 
apoptosis of eosinophils, leading to the accumulation of these 
cells in inflamed tissues (21). In the present study, we observed 
that Der p 1 significantly activated eosinophils to secrete 
IL-1β, IL-5, TNF-α and GM-CSF, confirming and extending 
previous findings (10). We also found that the pretreatment 
of eosinophils with AS-IV (50 µg/ml) largely eliminated the 
Der p 1-induced release of IL-1β, IL-5, TNF-α and GM-CSF. 
Our results therefore indicate that one of the mechanisms 
by which AS-IV reduces eosinophil numbers in the allergic 
airway is the decreased levels of these cytokines and the 
increased apoptosis of eosinophils.

Flow cytometric analysis confirmed previous findings 
that Der p 1 induces the expression of ICAM-1 and CCR3 by 
eosinophils (9,10). NF-κB has been suggested to be involved 
in the Der p 1-induced expression of ICAM-1 and CCR3 by 
eosinophils. Certain studies have reported that the pretreat-
ment of human eosinophilic leukemia cells with an NF-κB 
inhibitor (MG-132) significantly inhibited the ICAM-1 
expression promoted by the HDM extract (9) and the inhibi-
tion of NF-κB signaling by the expression of a transdominant 
mutant of IκBα resulted in the almost complete blockade of 
the TNF-α‑induced expression of CCR3 in NIH3T3 fibro-
blasts (22). Therefore, NF-κB dysregulation may be critical 
in mediating the expression of ICAM-1 and CCR3. Notably, 
our results have shown that pretreatment with 50  µg/ml 
AS-IV also inhibited the induction of ICAM-1 and CCR3 
by Der p 1. A possible explanation of this observation is that 
AS-IV possesses anti‑inflammatory activity via the inhibition 
of the NF-κB pathway (23). NF-κB activation is necessary 
for the generation of soluble mediators and adhesion protein 
expression, which controls the survival (21,24), effector func-
tions (10,11) and recruitment (25) of cells.

The migration of eosinophils into specific tissues is a 
hallmark of allergic disease. The generation of inflammatory 
mediators in response to tissue injury or inflammation results 
in leukocyte chemotaxis and migration (26). Both ICAM-1 (4) 
and CCR3 (6,7) are crucial for the accumulation of eosinophils 
during an allergic reaction. The blockade of ICAM-1 (27) or 
CCR3 (28) by neutralizing mAb inhibits the recruitment of 
eosinophils. In the present study, we employed a transen-
dothelial chemotaxis assay to evaluate the effect of AS-IV 
on the selective transmigration of eosinophils in response to 
the Der p 1 allergen. As expected, preincubation with AS-IV 
eliminated the migratory response of eosinophils to Der p 1. 
These observations suggest that AS-IV exerts its inhibitory 
effect on the Der p 1-induced TEM of eosinophils through the 
attenuated expression of CCR3 and ICAM-1. However, more 
studies are required to elucidate the intracellular signaling 
mechanisms by which AS-IV regulates the HDM-mediated 
activation and migration of eosinophils.

In conclusion, AS-IV is capable of inhibiting the prolonged 
survival, elevated secretion of cytokines and transmigration of 
eosinophils induced by the Der p 1 allergen. Thus, AS-IV may 
be a natural therapeutic medicine with a role in the preven-
tion of a range of atopic inflammatory conditions, including 
asthma, that are characterized by eosinophilia.
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