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ABSTRACT 

 

In traditional Chinese medicine, arsenous compounds, including arsenic trioxide (ATO), 

are often used to treat many diseases, which are safe and effective. Recently, studies have 

indicated that Th17– IL-17 involved in the pathogenesis and development of asthma. The 

goal of this study was to investigate the effect and mechanism of ATO on asthma, especially 

the Th17– IL-17 axis. 

We used oval bumin (OVA)-immunized mice as a model for asthma and treated mice 

with ATO or dexamethasone. The mice were then monitored airway responsiveness, airway 

inflammation, mucus production, IL-17 levels in BALF and the positive rate of Th17 cells. 

In vitro, CD4+ T cells from splenic cell suspensions were separated and purified.  

We measured the expression of IL-17 and caspase-12 protein in purified CD4+ T cells, 

and detected IL-17 levels in CD4+ T lymphocyte culture solution with or without ATO. 

Moreover, apoptosis, mitochondrial membrane potential, cytosolic calcium were analyzed.  

We found that ATO could reduce airway responsiveness, airway inflammation, mucus 

hyperplasia, the expression of IL-17 in BALF and the positive rate of Th17 cells at a level 

comparable to treatment with DXM. In vitro data suggested that ATO can induce CD4+ T 

cells apoptosis, cause mitochondrial dysfunction, Ca2+ overload and promote caspase-12 

activation. Our study suggested that ATO had potential medical value for the treatment of 

human asthma. 
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INTRODUCTION 

 

Bronchial asthma is a chronic inflammatory disease    

of the airways, and CD4+ T cells play a crucial role in 
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controlling inflammation. Th17 cells, characterized by 

the secretion of IL-17A (also called IL-17), are a T cell 

lineage distinct from Th1 and Th2 cells.
1
Recent studies 

have suggested that Th17 cells and IL-17 were 

involved in the pathogenesis of asthma. Adoptive 

transfer of antigen-specific Th17 cells are involved not 

only in causing antigen-induced neutrophil recruitment 

into the airways but also in the enhancement of Th2-

cell–mediated eosinophil recruitment into the airways.
2
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Furthermore, it has been shown that IL-17 is expressed 

in the airways of patients with asthma
3
 and that its 

expression is correlated with the severity of asthma.4 

These findings indicate the importance of the Th17– 

IL-17 axis in inflammatory responses, and Th17– IL-17 

is expected to become a new therapeutic target of 

asthma. However, therapeutic intervention for this link 

is relatively little at present. 

In recent years, clinicians have recognized that 

glucocorticoids can not always cure asthma patients, 

especially patients with refractory asthma, and long-

term use of corticosteroids may lead to other side 

effects. Therefore, it is necessary to look for new drug 

to treat asthma. Arsenic trioxide (As2O3 or ATO), 

extracted from arsenic compound, is a powerful ancient 

medication for a variety of ailments, including asthma, 

with the principle of ‘using a toxic against another 

toxic’ in traditional Chinese medicine. And in Western 

medicine it has been used to treat chronic myeloid 

leukemia and was known as Fowler’s solution. A 

recent renaissance of ATO came about, following the 

discovery in China of its therapeutic effect in acute 

promyelocytic leukemia (APL).5 Today, ATO has 

become one of the standard therapies for APL, and this 

ancient drug is thought to be relatively safe.  

Thousands of years of Chinese medicine clinical 

practice shows that ATO is effective and repeatable in 

the treatment of asthma, but the effect of ATO on the 

pathophysiology of asthma and the mechanism under it 

are not very clear. Previous studies have found that 

ATO can promote apoptosis of pulmonary eosinophils 

and inhibit the overexpression of NF-κB in a guinea pig 

model of asthma.6 ATO has a direct inhibitory effect on 

the production of eotaxin by pulmonary cells without 

affecting IgE levels in the serum or IL-5 levels in 

BALF, and can block eosinophil infiltration into the 

airway.7 However, the effects of ATO on asthmatic 

CD4+ T cells, especially the Th17– IL-17 axis, have 

not been studied. 

The therapeutic effect of ATO is known to be 

mediated by its ability to induce cell apoptosis in a 

variety of cells. It is now well accepted that cell 

apoptosis can result from activation of three major 

pathways: the extrinsic, the mitochondria-mediated 

pathway, and the most recently identified endoplasmic 

reticulum (ER) stress-mediated pathway, known to 

generally involve caspase-12.8 Although previous 

studies suggested that the mitochondria is a key target 

for the toxic effect of ATO,9 there is increasing 

evidence that ATO may also act as an ER stressor.10,11 

To our knowledge, however, it has not been 

investigated whether the mitochondria and ER  

involved in ATO-induced apoptosis in asthmatic CD4+ 

T cells. 

In the current study, we reproduced the ovalbumin 

(OVA)-induced mouse model of asthma, aimed to 

confirm the inhibitory effects of ATO on AHR, airway 

inflammation and mucus hyperplasia, and compared 

with the effects of dexamethasone (DXM). Moreover, 

we investigated whether ATO could inhibit the 

expression of asthmatic Th17– IL-17 axis. More 

importantly, the molecular basis for action of ATO was 

also addressed. We found that ATO can induce 

apoptosis in asthmatic CD4+ T cells, cause 

mitochondrial dysfunction, Ca2+ overload and promote 

caspase-12 activation. Our data provided evidence that 

ATO induced apoptosis in asthmatic CD4+ T cells, at 

least partly, via ER stress and mitochondrial 

dysfunction. 

 

MATERIALS AND METHODS 

 

In vivo experiments 

Experimental animals 

BALB/c female mice aged 6-8 weeks, SPF grade, 

weighed between 18–22g , were obtained from and 

maintained in the Animal Center of the Second 

Xiangya Hospital (Changsha, Hunan, China).Animals 

were randomly divided into 4 groups (10 mice/group): 

PBS/PBS [PBS sensitized/challenged mice treated with 

PBS], OVA/PBS [ovalbumin (OVA) sensitized/ 

challenged mice treated with PBS], OVA/ATO [OVA 

sensitized/ challenged mice treated with ATO] and 

OVA/DXM [OVA sensitized/ challenged mice treated 

with DXM]. Sensitization–challenge protocols were 

utilized as described previously12 and summarized in 

Figure 1. Briefly, mice were sensitized by 

intraperitoneal injection with 10 µg OVA (grade V; 

Sigma-Aldrich, St. Louis, MO, USA), which was 

adsorbed to 2 mg aluminum hydroxide gel (Sigma-

Aldrich) in 200 µL of PBS on days 1 and 13. For 

challenge, mice inhaled aerosolized 5% OVA for 30 

min on days 19–24. The PBS/PBS group was treated in 

the same way with PBS without OVA. All animal 

experimental protocols were approved by the Animal 

Subjects Committee of the Central South University, 

China. 
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Figure 1. Sensitization and challenge protocols. 30 BALB/c mice were sensitized by intraperitoneal injection with 10 µg OVA 

and 2 mg aluminum hydroxide gel in 0.2 ml PBS on days 1 and 13, and then challenged by nebulization of 5% OVA for 30 

min on days 19–24. 10 control mice were sensitized and challenged with 0.2 ml PBS alone. For treatment, 0.2 ml PBS or ATO 

or DXM was administered intraperitoneally 30 min before each OVA challenge on days 19–24 to the PBS/PBS and OVA/PBS 

group, the OVA/ATO group, the OVA/DXM group, respectively. PBS/PBS, OVA/PBS, OVA/ATO, OVA/DXM indicated 

PBS sensitized/challenged mice treated with PBS, ovalbumin(OVA) sensitized/challenged mice treated with PBS, OVA 

sensitized/ challenged mice treated with arsenic trioxide, OVA sensitized/challenged mice treated with dexamethasone, 

respectively. 

 

Animal Treatments 

For the OVA/ATO group and OVA/DMX group, 

2.5 mg/kg ATO (7) or 2.5 mg/kg DXM13 (dissolved in 

200 µL sterile PBS, respectively; Sigma-Aldrich) were 

administered intraperitoneally 30 min before each OVA 

challenge on days 19–24. For the OVA/PBS group and 

PBS/PBS group, 200 µL PBS was administered as the 

control. 

 

Measurement of Airway Responsiveness 

Twenty-four hours after the last challenge, airway 

responsiveness was determined by direct 

plethysmography (Buxco, Troy, NC, USA) referred to 

previous study.14 After anesthesia with 5% chloral 

hydrate 500 mg/kg, mice were implemented with 

tracheal intubation and connecting with small animal 

respirator (DHX-50, Chengdu Instrument Factory, 

China). First recorded the basis of airway resistance 

values for 1 min; subsequently determined airway 

resistance changes after NS and increasing 

concentration of methacholine (Mch) aerosol challenge. 

Each nebulization lasted for 1 min and recorded 3 min. 

The concentration of inspired Mch was from low to 

high as follows: 0.75, 1.56, 3.125 or 6.25 mg/ml in 100 

µL NS. Lung resistance (RL) was obtained by 

measuring mouse airway flow and pressure. 

 

Bronchoalveolar Lavage Fluid (BALF) 

After the mice were anesthetized, the trachea was 

cannulated and immediately lavaged three times with 

0.5 ml of Hank’s balanced salt solution without 

calcium and magnesium. The total cells in BALF were 

counted using a hemacytometer. The BALF was 

cytospinned (5 min, 1 500 rpm, 4 ˚C) onto microscope 

slides and stained with Wright–Giemsa. The 

percentages of macrophages, eosinophils, lymphocytes 

and neutrophils were obtained by counting 200 cells on 

randomly selected portions of the slide by light 

microscopy. The count of eosinophils, lymphocytes, 

macrophages or neutrophils in the BALF was 

determined by multiplying their percentage in total 

cells. The supernatant were stored at -80˚C. 

 

Histological Examination 

After lavage, the lungs were fixed in 10% buffered 

formalin, and sections were stained with 

hematoxylin/eosin (HE) or periodic acid-Schiff (PAS). 

An inflammation score was assigned in a blinded 

fashion by a pathologist. Peribronchiolar and 

perivascular inflammation was scored as follows: 0, 

normal; 1, few cells; 2, a ring of inflammatory cells one 

cell layer deep; 3, a ring of inflammatory cells two to 

four cells deep; and 4, a ring of inflammatory cells of 

more than four cells deep.15 PAS scores were assigned 

by a blinded investigator examining 10 consecutive 

fields per slide as follows: 0, <5% PAS positive goblet 

cells; 1, 5–25%; 2, 25–50%; 3, 50–75%; 4, >75%, with 

0 being negative and 1–4 being positive for PAS-

staining bronchi.16 

 

Magnetic Activated Cell Sorting (MACS) 

CD4+ T cells from splenic cell suspensions of each 

group of mice were purified by using a magnetic-

activated cell sorter system according to manufacturer’s 

instructions (Miltenyi Biotec, Germany). Briefly, 

monocytes were isolated from spleen using lymphocyte 

separation medium (Dakewe Biowo tech Co., Ltd, 

Bejing, China). After two washes, cells were 
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resuspended in MACS buffer (90 µl per 107 cells) and 

incubated with CD4 (L3T4) MicroBeads (10 µl per 107 

cells) for 15 min at 4°C. After two additional washes, 

bead-bound cells were isolated using a LS column 

(Miltenyi) placed in a strong magnetic field, and the 

positive fraction containing the CD4+ T cells was 

harvested, they could be purified to >98%. The 

viability of CD4+ T cells was determined by trypan 

blue exclusion (>95%).  

 

Flow Cytometry Analyze the Positive Rate of Th17 

Cells 

Previous reports have identified IL-17-producing 

CD4+ T cells could represent Th17 cells. As we 

harvested purified CD4+ T cells by MCAS (>98%, 

purity), IL-17 positive cells of intracellular staining 

within CD4+ T cells just were Th17 cells.  

Splenic CD4+ T cells from each group of mice were 

stimulated with 50 ng/ml of phorbol myristate acetate 

(PMA) (Sigma-Aldrich) and 500 ng/ml of ionomycin 

(Sigma-Aldrich) for 4 hours.17 For the last 2h, 2 µM 

monensin (BioLegend, San Diego, CA, USA) was 

added to inhibit the export of cytokines. For 

intracellular staining, CD4+ T cells were fixed and 

permeablilized with fixation buffer and 

permeabilization wash buffer (BioLegend, San Diego, 

CA, USA) according to the manufacturer’s instructions 

and stained with FITC anti-mouse IL-17A 

(BioLegend). All samples were analyzed on a 

FACSCalibur (BD Biosciences, San Diego, CA) using 

CellQuest Pro software (BD Biosciences). 

 

In vitro Experiments 

Cell Culture 

Splenic CD4+ T cells from asthmatic mice (1×106 

cells per milliliter) were seeded in 12-well plates and 

grown in RPMI-1640 medium (Gibco, Grand Island, 

NY, USA) supplemented with 10% heat-inactivated 

FBS (Hyclone, Logan, UT, USA), 1% penicillin/ 

streptomycin and 1% glutamine. In the absence or 

presence of 5 µM ATO,18 CD4+ T cells were 

stimulated with ConA (5 µg/ml) and cultured at 37°C 

with 5% CO2 for 20 h. Next, the two groups of cells 

and their culture supernatants were collected 

respectively for following analysis.  

 

Detection of Apoptosis 

For quantitative determination of apoptosis, the 

Annexin V-FITC apoptosis detection kit (Bejing 4A 

Biotech Co., Ltd, Bejing, China) was used. Briefly, 

after treatment with or without ATO for 20 h, CD4+ T 

cells (1×106 cells) were washed twice with cold PBS 

and resuspended in 100 µl Annexin V binding buffer. 

Cells were incubated with 5 µl Annexin V-FITC and 10 

µl propidium iodide (PI) for 10 min at room 

temperature away from light before addition of 400 µL 

Annexin V binding buffer. Samples were measured in 

the FACSCalibur using channel FL2 and channel FL1, 

respectively. The early apoptotic cells (Annexin-FITC 

positive and PI negative) were located in the lower 

right quadrant. Data from 10,000 gated events per 

sample were collected, and the results are expressed as 

percentage of positively stained cells in total cells. 

 

Determination of Mitochondrial Membrane 

Potential (∆ψ) 

Mitochondrial ∆ψ was determined using the 

Mitochondrial membrane potential assay kit with JC-1 

(Beyotime, Haimen, China). JC-1 is a lipophilic and 

cationic dye, which permeates plasma and 

mitochondrial membranes. The dye fluoresces red 

when aggregates in healthy mitochondria with high 

membrane potential, whereas it appears in monomeric 

form and fluoresces green in mitochondria with 

diminished membrane potential. Depolarization of ∆ψm 

was expressed as an increase of green to red 

fluorescence ratio reflecting the transformation of JC-1 

aggregates into monomers when mitochondrial 

membrane becomes depolarized.19 Briefly, after 

washing with PBS, CD4+ T cells (1×106 cells) were 

resuspended in 1 ml staining buffer and incubated with 

1ml JC-1 dye (37°C; 20 min). Finally, cells were 

washed twice and resuspended in 1 ml PBS for Flow 

cytometric analysis. 

 

Calcium Analysis 

Investigations of cytosolic calcium were made with 

Fluo-3/acetoxymethyl ester (AM) (Beyotime, Haimen, 

China). Fluo-3/AM is membrane permeable. After 

entering the cells, the ester can be cleaved by 

intracellular esterases to yield the relatively cell-

impermeant fluorescent indicators Fluo-3. 

Approximately 1×106 cells were harvested and 

resuspended in 1 ml D-Hank’s solution that lacked 

calcium, loaded with Fluo-3/AM at a concentration of 1 

µM at 37°C for 20 min. After washing twice, CD4+ T 

cells were suspended in D-Hank’s solution and 

analyzed using flow cytometry. 
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Western Blot Analysis of Caspase-12 and IL-17 

CD4+ T cells (1×107) were lysed with RIPA lysis 

buffer containing protease inhibitors (Beyotime, 

Haimen, China). Then, Proteins were resolved on SDS-

PAGE and transferred to Immobilon polyvinyl-

difluoride (PVDF) membranes. Non-specific binding 

was blocked with 5% non-fat milk for 2h at room 

temperature. The membrane was immunodetected with 

a rabbit polyclonal antibody anti-Caspase-12 (1:1000) 

or a rabbit polyclonal antibody anti-IL-17 (1:1000, 

Santa Cruz, CA, USA) overnight at 4°C, and then with 

corresponding HRP-conjugated secondary antibodies 

(Santa Cruz, CA, USA) for 1 hour at RT. Protein bands 

were detected and quantified using a chemilu-

minescence kit from pierce biotechnology. β -actin was 

detected as the loading control. 

 

ELISA 

The level of IL-17 in BALF and culture 

supernatants was quantified using the commercially 

available enzyme-linked immunosorbent assay 

(ELISA) kits (R&D systems Inc, Minneapolis, MN, 

USA. sensitivity <2 pg/ml), according to the 

manufacturer's recommendations.  

 

Statistical Analysis 

Statistical analysis was performed using SPSS 

statistical software, version 17.0 (SPSS Inc., Chicago, 

IL, USA). Data are expressed as mean±SD. The 

statistical significance of differences among the 

different experimental groups was analyzed using 

ANOVA followed by LSD or Dunnet's test. Single 

pairs of the groups were compared by Student’s t-test. 

Differences were considered statistically significant 

when p <0.05. 

 

RESULTS 

 

Effects of ATO on AHR to Methacholine 

To evaluate the effects of ATO on AHR in mice, their 

Lung resistance (RL) was assessed by direct 

plethysmography using methacholine (Mch) 24 h after 

the final challenge. As shown in Figure 2, in the 

OVA/PBS group, AHR to methacholine was increased 

more than the PBS/PBS group. Treatment with 2.5 

mg/kg ATO or DXM resulted in a significant reduction 

of AHR compared to the OVA/PBS group, and there 

was no significant difference between the OVA/ATO 

group and the OVA/DXM group.  

 

Effects of ATO on Airway Inflammation 

To assay whether ATO could modulate the recruitment 

of inflammatory cells in the airway, the total cells in 

BALF were collected and differential cell counts were 

determined by Wright–Giemsa stain. The data (Figure 

3) show that the numbers of total cells, eosinophils, 

neutrophils and lymphocytes in BALF significantly 

increased in the OVA/PBS group compared with those 

in the PBS/PBS group. 

 

 

Figure 2. ATO suppressed airway hyperresponsiveness (AHR). AHR to inhaled methacholine (Mch) was measured 24 hours 

after the final ovalbumin (OVA) challenge. Each group included four to six mice. Values are presented as mean±SD and 

expressed as the resistance change from baseline. Compared with PBS/ PBS, *p<0.05; compared with OVA/ATO and OVA/ 

DXM, ＃＃＃＃p<0.05; compared with OVA/DXM, ∆p<0.05. 
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Both ATO and DXM had an inhibitory effect on 

those inflammatory cells. Interestingly, ATO treatment 

decreased neutrophils more significantly than DXM, 

although there were no significant differences among 

other cells. These data indicated that ATO treatment 

could inhibit airway inflammation, especially 

neutrophil-induced inflammation. 

 

Effects of ATO on Airway Inflammation and Mucus 

Production 

Twenty-four hours after the last challenge, HE staining 

was performed to investigate the recruitment of 

inflammatory cells in lungs. Histological analysis 

revealed that, in the OVA/PBS group, numerous 

eosinophils and other inflammatory cells infiltrated the 

peribronchiolar and perivascular areas (Figure 4a). In 

contrast, ATO and DXM treatment resulted in reduced 

cellular infiltration. In addition, we found that ATO and 

DXM treated mice had significantly lower 

inflammation scores for the peribronchial and 

perivascular regions compared with asthmatic mice 

(Figure 4b). 

 

 
Figure 3. ATO reduced the number of inflammatory cells in BALF. Each column and bar depicted the mean ± SD, resulted from 

three independent experiments. *p <0.01 vs. PBS/PBS, △p <0.05 vs. OVA/PBS, ☆p >0.05 vs. OVA/ATO, ＆＆＆＆p <0.01 vs. OVA/ATO. 

 

(b)       (c) 

            
Figure 4. ATO suppressed airway cellular infiltration and mucus production. (a) Lung sections of each group were stained 

with HE (upper, magnification 100X) or PAS (lower, magnification 100X). Quantitative analyses of inflammatory cell 

infiltration (b) and mucus production (c) were evaluated in lung sections with a scoring method described in Materials and 

Methods. Four to five mice per group were analyzed. Each column and bar depicted the mean ± SD. **, p <0.01; NS, p >0.05 

compared between two groups. 
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Increased mucus production is a common 

pathophysiological manifestation associated with 

asthma. Goblet cell metaplasia and mucus production 

were determined by PAS staining of histological 

sections at day 25. As seen in Figure 4a, PAS staining 

in the airways of asthmatic mice was noticeably 

intense, whereas very little PAS staining was seen in 

the airways of control mice, as well as in mice treated 

with ATO or DXM. In line with the observed 

pathologic manifestations, the PAS score was higher in 

asthmatic mice and lower in mice treated with ATO or 

DXM. Moreover, this effect between ATO and DXM 

did not reach statistical significance (Figure 4c). 

Together, these data demonstrated that both ATO and 

DXM can inhibit lung inflammation and mucus 

hyperproduction. 

 

 

(a) 

 

(b) 

 

Figure 5. Effects of ATO on the Th17– IL-17 axis in vivo. (a) The levels of IL-17 in BALF were quantified with ELISA, ATO 

reduced the concentration of IL-17 in BALF. (b) The expression of Th17 were analyzed using flow cytometry, ATO reduced 

the percentage of IL-17-producing cells in purified splenic CD4+ T cells (Th17 cells). Each column and bar depicted the mean 

± SD of the results of three to five mice. **, p <0.01; NS, p >0.05 compared between two groups. 
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(a)      (b) 

Figure 6. ATO inhibited protein synthesis and release of IL-17 in vitro. In all CD4+ T cells, only Th17 cells produce IL-17. 

After separation and purification of splenic CD4+T cells from asthmatic mice, in vitro experiments were carried out. After 

treatment with or without 5 µM ATO for 20 h, CD4+T cells were harvested for following analysis.The expression of IL-17 in 

purified splenic CD4+T cells were examined by Western blot analysis (a). The levels of IL-17 in culture supernatants were 

examined
 
by

 
ELISA

 
(b).

 
ATO

 
inhibited

 
the

 
secretion

 
of

 
IL-17

 
from

 
Th17

 
cells.

 
OVA,

 
ATO/OVA

 
indicated

 
CD4+T

 
cells

 
without

 

any
 
treatment,

 
CD4+T

 
cells

 
treated

 
with 5

 
µM

 
ATO for

 
20

 
h,

 
respectively.*p<0.05; **p<0.01

 
compared

 
between

 
two

 
groups. 

 

ATO Decrease Th17 Cells and IL-17 Production     

in vivo 

Recent studies have suggested Th17 cells and IL-17 

were involved in the pathogenesis of allergic asthma. 

However, it has not been reported whether ATO can 

inhibit the expression of the Th17– IL-17 axis. To 

address this question, we collected purified splenic 

CD4+ T cells from each group of mice, and analyzed 

the positive rate of IL-17-producing CD4+ T cells 

(Th17 cells) in each group of mice using flow 

cytometry. Subsequently, we detected the change of IL-

17 in BALF by ELISA. Our results showed both the 

concentration of IL-17 in BALF (Figure 5a) and the 

positive rate of splenic Th17 cells (Figure 5b) 

significantly increased in the OVA/PBS group 

compared with the PBS/PBS group, while ATO or 

DXM treatment significantly reduced the positive rate 

of splenic Th17 cells and the concentration of IL-17 in 

BALF.  

 

ATO Inhibit IL-17 Synthesis and Secretion in vitro  

To further observe the effect of ATO on Th17/IL-

17, purified splenic CD4+ T cells from asthmatic mice 

were harvested after treatment with or without 5 µM 

ATO for 20 h. Next, we detected the expression of IL-

17 protein and the secretion of IL-17 in vitro. As shown 

in Figure 6, both the expression of IL-17 protein of 

CD4+ T cells and the levels of IL-17 in culture 

supernatants in the CD4+ T cells treated with ATO (the 

ATO/OVA group) were lower than that in the CD4+ T 

cells without ATO treatment (the OVA group).  

 

ATO Induce Apoptosis in Asthmatic CD4+ T Cells  

The therapeutic roles of ATO were exerted mainly by 

inducing cells apoptosis. We speculated that the 

inhibitory effect of ATO on asthmatic Th17– IL-17 

axis was associated with increased apoptotic levels of 

asthmatic Th17 cells. It was our original plan to purify 

Th17 cells and treat them with 5 µM ATO to 

investigate the role of ATO on Th17 cells directly. 

However, even if the naïve CD4+ T cells were lain under 

widely-recognized Th17 differentiation conditions, we 

would typically obtain 10 to 30% of IL-17-producing 

cells, 50% of IL-17F producing cells.20 So we can only 

explore the effect of ATO on the whole CD4+ T cells. 

As shown in Figure 7a, compared with the OVA group, 

a high proportion of Annexin V+PI– labeling cells were 

detected in the ATO/OVA group. These data suggested 

that ATO induced apoptosis in asthmatic CD4+ T cell. 

 

ATO Cause Mitochondrial Dysfunction and ER 

Stress 

To determine whether ATO-induced apoptosis was 

mediated through mitochondrial dysfunction, we 

determined the mitochondrial membrane potential with a 

mitochondria-sensitive dye, JC-1, using flow cytometry. 

Our results (Figure 7b) showed that treatment of 

asthmatic CD4+ T cells with ATO for 20 h induced the 

loss of the mitochondrial membrane potential. Ca2+ 

overload is another important factor causing cells 

apoptosis. Subsequently, we assessed the effect of ATO 

on cytosolic Ca2+. Compared with the OVA group, the 

proportion of Fluo-3 positive cells significantly increased 

in the ATO/OVA group (Figure 7c). 
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(a) 

 

(b) 

  

(c) 

 

(d) 

Figure 7. ATO induced asthmatic CD4+ T cells apoptosis involving mitochondrial dysfunction and ER stress. After treatment 

with or without 5 µM ATO for 20 h, Purified CD4+ T cells from asthmatic mice were harvested for apoptosis analysis. ATO 

induced apoptosis (a) and decreased mitochondrial membrane potential (b) in asthmatic CD4+T cells. ATO caused Ca
2+

 

release (c) and ER-localized caspase-12 activation (d). OVA, ATO/OVA indicated CD4+T cells without any treatment, CD4+ 

T cells treated with 5 µM ATO, respectively. Results are expressed as the mean ± SD, experiments were repeated 3 times. *, 

p<0.05, **, p<0.01 and NS, p>0.05 compared between two groups. 
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Previous studies indicated that Ca2+ overload can 

promote induction of ER stress.
21

 Apoptosis induced 

via ER stress involves the activation of ER-localized 

caspase-12.
8
 To identify whether caspase-12 involved 

in ATO-induced apoptosis, caspase-12 activity was 

determined in asthmatic CD4+ T cells after them were 

incubated with 5 µM ATO for 20 h. As shown in 

Figure 7d, compared to the OVA group, caspase-12 

activity notably increased in the ATO/OVA group. 

These results suggested that mitochondrial dysfunction 

and ER stress apoptotic pathway participated in the 

process of apoptosis induced by ATO. 

 

DISCUSSION 

 

Arsenic trioxide (ATO) is considered a carcinogen; 

however, it has also been used to treat diseases, such as 

syphilis, psoriasis and rheumatosis. Today, ATO is 

used as one of the standard therapies for acute 

promyelocytic leukemia (APL). Here we demonstrated 

that treatment with ATO could inhibit airway 

inflammation, mucus hyperplasia and AHR in 

asthmatic mice. Moreover, the clinical hallmarks of 

asthma could be improved at a level comparable to 

treatment with DXM. These results partly explain why 

the administration of ATO is effective in the treatment 

of asthma in traditional chinese medicine. Previous 

studies reported that the median lethal dose (LD50) of 

ATO on mice is 100 mg/kg, we just used 1/40 of the 

LD50 (2.5 mg/kg) to mice, which is a very small dose. 

During giving the used dose of ATO to mice, mice did 

not appear particularly abnormal symptoms, such as 

decreased activity degree, anorexia, lethargy, weight 

loss, suggesting that the small dose of ATO is relatively 

safe for the treatment of asthma in mice. Studies have 

shown that 50% of asthma cases are noneosinophilic 

and in these cases neutrophil inflammation in the 

airways is predominant.
22

 Apoptosis of neutrophils is 

inhibited by glucocorticoids23,24 and numerous studies 

have suggested noneosinophilic asthma is associated 

with poor response to corticosteroid treatment.25,26 

More surprisingly, however, ATO treatment reduced 

neutrophils more significantly than DXM, suggesting 

that ATO may be more sensitive to neutrophils than 

DXM. ATO may therefore have bright potential in the 

treatment of asthma, especially neutrophil-mediated 

noneosinophilic asthma. 

At present, almost all related reports implicated that 

Th17 cells and IL-17 played a critical role in the 

pathogenesis of asthma. In a study by Pène et al,27 the 

author detected highly activated Th17 cells in bronchial 

biopsies of patients suffering from severe asthma, 

where these cells accounted for not less than 20% of all 

infiltrating lymphocytes. In vitro restimulation of these 

cells resulted in production of IL-17A and IL-17F, IL-

22. Th17 transfer resulted in a primarily neutrophilic 

airway response, both Th17 cells transfer and IL-17 

overexpression induced mucus hyperplasia and AHR .13 

So we also investigated the effects of ATO on 

asthmatic Th17– IL-17 axis. To our encouraging, as 

expected, our in vivo and in vitro experiments together 

confirmed that ATO inhibited the expression of Th17 

and the production of IL-17. In addition, the possibility 

that the therapeutic effects of ATO were related to 

inhibit asthmatic Th17–IL-17 axis can’t be ruled out. 

Therefore, this study provided a new insight concerning 

the mechanism of action of ATO in the treatment of 

asthma. 

Overactivation and accumulation of CD4+ T cells 

in the peripheral blood and airway tissues are an 

invariant feature of asthma,
28-30

 which may result from 

increased cell infiltration and/or prolonged cell 

survival. The latter represents a failure to induce 

programmed cell death (apoptosis). Apoptosis plays  

an important role in the maintenance of cellular 

homeostasis and the elimination of self- 

reactive lymphocytes.
31

 A large body of studies 

reported that eosinophil apoptosis could facilitate 

resolution of airway inflammation in asthma,
32

  

which reminded us that inducing apoptosis in  

immune cells might be an important goal in 

suppression of allergic responses. Here we found  

that ATO can promote apoptosis of asthmatic CD4+ T 

cells, suggesting that ATO might regulate immune 

responses. 

 One of the mechanisms underlying ATO directed 

cell apoptosis was mitochondrial dysfunction. The loss 

of mitochondrial membrane potential (∆ψm) is an early 

and key event in the mitochondria-mediated apoptotic 

pathway.
33

 In this study, we also found that ATO 

reduced ∆ψm, suggesting mitochondria involved in 

asthmatic CD4+ T cells apoptosis induced by ATO, 

too. Similar depolarization of the mitochondrial 

membrane has been observed with ATO in human 

normal T cells, which involved in enhancing oxidative 

stress, because enhanced generation of intracellular 

reactive oxygen species (ROS) and decreased levels of 

glutathione (GSH) were confirmed.
18
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Endoplasmic reticulum (ER) is a major storage 

organelle for calcium and the site of synthesis and 

folding of proteins. A variety of toxic insults, including 

failure of protein synthesis, folding, transport or 

degradation, and Ca2+ overload, can disturb ER 

function and result in ER stress.21,34 Elevation of 

cytosolic-calcium levels or depletion of ER calcium 

stores represents typical responses of cells to various 

stimuli. Recent studies found that ATO could induce 

apoptosis in osteoblasts,11 neutrophils,10 human lens 

epithelial cells35 and chronic myeloid leukemia cells36 

through ER stress-mediated pathway, suggesting that 

the ER is a target for the toxic effect of ATO. In 

agreement with previous studies, our in vitro 

experiments also found that ATO could induce ER 

stress in asthmatic CD4+ T cells, since cytosolic 

calcium level was elevated after treatment with ATO. 

Moderate endoplasmic reticulum stress can trigger 

unfolded protein response (UPR) to protect cells, 

whereas severe endoplasmic reticulum stress disturbs 

endoplasmic reticulum function and threaten cell 

survival, and then activate endoplasmic reticulum 

stress-mediated apoptosis pathway.37 

Caspase-12, only localized on ER, is suspected to 

be specific to the apoptotic mechanism downstream of 

ER stress, because caspase-12-deficient mice are 

resistant to ER-stress-induced apoptosis but continue to 

be susceptible to apoptosis induced via other 

mechanisms, such as mitochondrial stimuli.8 Under 

normal conditions, caspase-12 exists in an inactive 

procaspase form. During ER stress, caspase-12 

dissociates from the ER membrane and is cleaved to a 

fragment, then it is activated. Once it is activated, 

caspase-12 initiates downstream apoptotic pathways.8 

So detection of caspase-12 activation is pivotal to 

estimate whether did ATO-induced apoptosis proceed 

through ER pathway. Results in our experiments 

showed that ATO promoted caspase-12 activation in 

asthmatic CD4+ T cells; therefore, ATO may also 

induce ER stress-related apoptosis in asthmatic CD4+ 

T cells.  

 

CONCLUSION 

 

In conclusion, to the best of our knowledge, we are 

the first to demonstrate the inhibitory effects of ATO 

on asthmatic Th17– IL-17 axis. Given that ATO could 

inhibit airway inflammation, mucus hyperplasia, AHR 

and Th17/IL-17 at a level comparable to DXM, ATO 

has potential medical value for the treatment of human 

asthma. ATO can induce mitochondrial dysfunction in 

asthmatic CD4+ T cells. In addition, this study is also 

the first to reveal a link between ATO-induced 

apoptosis in asthmatic CD4+ T cells and the ER stress 

pathway. 
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