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ABSTRACT

Esophageal squamous cell carcinoma (ESCC) is a highly malignant cancer with 
poor response to both of chemotherapy and radiotherapy. 2-Acetylamino-3-[4-
(2-acetylamino-2-carboxyethylsulfanylcarbonylamino) phenyl carbamoylsulfanyl] 
propionic acid (2-AAPA), an irreversible inhibitor of glutathione reductase (GR), is 
able to induce intracellular oxidative stress, and has shown anticancer activity in 
many cancer cell lines. In this study, we investigated the effects of 2-AAPA on the cell 
proliferation, cell cycle and apoptosis and aimed to explore its mechanism of action 
in human esophageal cancer TE-13 cells. It was found that 2-AAPA inhibited growth 
of ESCC cells in a dose-dependent manner and it did not deplete reduced glutathione 
(GSH), but significantly increased the oxidized form glutathione (GSSG), resulting 
in decreased GSH/GSSG ratio. In consequence, significant reactive oxygen species 
(ROS) production was observed. The flow cytometric analysis revealed that 2-AAPA 
inhibited growth of esophageal cancer cells through arresting cell cycle in G2/M phase, 
but apoptosis-independent mechanism. The G2/M arrest was partially contributed by 
down-regulation of protein expression of Cdc-25c and up-regulation of phosphorylated 
Cdc-2 (Tyr15), Cyclin B1 (Ser147) and p53. Meanwhile, 2-AAPA-induced thiol oxidative 
stress led to increased protein S-glutathionylation, which resulted in α-tubulin S-
glutathionylation-dependent depolymerization of microtubule in the TE-13 cells. In 
conclusion, we identified that 2-AAPA as an effective thiol oxidative stress inducer and 
proliferation of TE-13 cells were suppressed by G2/M phase cell cycle arrest, mainly, 
through α-tubulin S-glutathionylation-mediated microtubule depolymerization. Our 
results may introduce new target and approach for esophageal cancer therapy through 
generation of GR-mediated thiol oxidative stress.
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INTRODUCTION

Esophageal squamous cell carcinoma (ESCC), the 
predominant type of esophageal cancer in Asia [1, 2], is 
a malignancy associated with high mortality [3, 4]. In 
China, esophageal cancer is the fourth most frequently 
diagnosed cancer and the fourth leading cause of cancer 
death [5]. Multidisciplinary treatment including surgery, 
radiotherapy and chemotherapy is generally approached 
to treat locally advanced and metastatic ESCC [3]. 
Unfortunately, owing to its aggressive nature and poor 
response to chemotherapy and radiotherapy, although 
adjuvant chemo- and radio-therapy have resulted in 
relieving symptoms and improving the life quality of 
patients with esophageal cancer, the overall 5-year 
survival rate for all patients with esophageal cancer is less 
than 20% [6–8], therefore esophageal cancer still remains 
a challenging cancer disease to treat [9, 10]. Exploring 
more effective therapeutic agents and approaches to treat 
esophageal cancer is urgently needed.

Oxidative stress plays an important role in 
regulation of cancer cell behavior [11, 12]. Its induction 
is known associated with reactive oxygen species (ROS) 
production. ROS are intracellular chemical species and 
uncontrolled elevation of ROS can lead to direct damage 
of lipids, proteins and DNA [13, 14]. ROS include the 
superoxide anion (O2

-), hydrogen peroxide (H2O2), as 
well as hydroxyl radicals (OH· ) [14, 15]. Induction of 
oxidative stress and production of ROS are known to 
increase the rate of mutations in the cells [11]. The role of 
ROS in tumorigenesis is contradictory. Low level of ROS 
promotes cancer initiation, progression and involves in the 
conduction of signaling pathways that regulate cancer cell 
proliferation, survival, angiogenesis and metastasis [14]. 
Cancer cells have a higher level of oxidative stress than 
non-malignant cells, thus they are vulnerable to the acute 
induction of oxidative stress caused by agents inducing 
ROS [11]. Therefore, excessive levels of ROS in cancer 
cells can lead to cell death and cell cycle arrest [14, 16]. 
ROS also can exert signaling functions by modulating, 
at different layers, protein oxidation since proteins have 
“cysteine switches” that can be reversibly reduced or 
oxidized, supporting the dynamic signaling regulation 
function. In this scenario, S-glutathionylation is a 
posttranslational modification involved in oxidative cellular 
response [17]. The glutathionylation/deglutathionylation 
cycle of cysteine residues depends on the redox state of 
the microenvironment, and reversible S-glutathionylation 
may help protect proteins from irreversible thiol oxidation 
reactions as well as providing a mechanism to transfer 
redox information [18–20].

2-Acetylamino-3-[4-(2-acetylamino-2-carboxyet
hylsulfanylcarbonylamino) phenyl carbamoylsulfanyl] 
propionic acid (2-AAPA) is a novel irreversible inhibitor 
of GR developed earlier and it is more potent than the 
most commonly used irreversible GR inhibitor BCNU 

[21]. Previously, 2-AAPA has been found to induce 
cellular thiol oxidative stress in the monkey kidney CV-1 
cells and human ovarian cancer OVCAR-3 cells [22–24]. 
Induction of apoptosis and cell cycle arrest by 2-AAPA 
also has been observed in melanoma cells [25]. However, 
the effects of 2-AAPA in esophageal squamous cells are 
still unknown. The present studies were aimed to explore 
the effects of 2-AAPA on proliferation of TE-13 cells and 
the possible mechanism of act in 2-AAPA-induced G2/M 
phase cell cycle arrest.

RESULTS

The cytotoxicity of 2-AAPA in ESCC cells

As previously reported, 2-AAPA exhibited inhibition 
of cell growth in various cancer cells [25]. To confirm the 
cytotoxicity of 2-AAPA in ESCC cells, its effects were 
examined on the cell viability of TE-13, KYSE-450 and 
KYSE-510 cells. As shown in Figure 1, 2-AAPA induced 
very similar cytotoxicity in these three ESCC cell lines, 
and its IC50s against TE-13, KYSE-450 and KYSE-510 
cells were determined to be 46.43±6.84 μM, 47.42±1.49 
μM and 52.90±1.45 μM for 48 h treatment, 42.52±4.40 
μM, 43.24±2.24 μM and 50.56±2.06 μM for 72 h 
treatment, respectively. 2-AAPA effectively suppressed 
growth of ESCC cells in vitro.

Intracellular GR activity reduction and thiol 
oxidative stress generation induced by 2-AAPA

GR is responsible for maintaining the supply of 
reduced glutathione, one of the most abundant reducing 
thiols in the majority of cells. In its reduced form, GSH 
plays key roles in the cellular control of reactive oxygen 
species [26]. The GR inhibitory effects of 2-AAPA were 
determined in TE-13 cells over a 4 h period. The results 
shown in the Figure 2A indicated that the maximum GR 
inhibition was observed within 1 h in the cells treated 
with 2-AAPA. The maximum inhibition was determined 
to be 48.5%, 55.1%, 61.7% compared to the control cells 
at concentrations of 20, 40 and 60 μM, respectively. The 
inhibitory effects induced by higher concentrations of 
2-AAPA lasted longer than lower ones. The GR activity 
started to return after 1 h and almost recovered at 4 h 
except the high concentration samples.

To determine the extent consequences of GR 
inhibition induced by 2-AAPA, intracellular GSH and 
GSSG in TE-13 cells were quantified. As shown in Figure 
2B, no significant depletion of GSH was observed in 
all the 2-AAPA-treated samples, however, substantial 
increase in GSSG (Figure 2C) was observed in 2-AAPA-
treated cells. 0.15 to 1.5 fold increase of GSSG was 
observed in the TE-13 cells treated with 60 μM of 
2-AAPA in 0.5 h to 4 h period. The intracellular GSH/
GSSG ratios, a major index reflecting intracellular thiol 
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oxidative stress, were calculated and presented in Figure 
2D. In the control cells, the average GSH/GSSG ratio was 
determined to be 67.5/1. In 2-AAPA-treated TE-13 cells, 
the GSH/GSSG ratios were significantly decreased to be 
in the range of 70.3/1–26.6/1 depending on concentration 
and incubation time studied. These observations indicated 
that 2-AAPA rapidly decreased GR activity and changed 
the intracellular GSH/GSSG ratio.

Glutathione is one of the most important 
antioxidants in the cells. In its reduced form, GSH is 
capable of scavenging reactive oxygen species, thereby 
contributing to the control of redox homoeostasis [26]. 
Therefore, inhibition of GR by 2-AAPA produced ROS 
and increased intracellular thiol oxidative stress. The ROS 
production in the 2-AAPA-treated TE-13 cells is shown 
in Figure 2E. No significant difference in production of 
ROS was noticed between the control and treated cells 
in the first time point investigated. ROS was keeping 
accumulating during the experiment time period that made 
treated cells significantly different to the control. These 
results suggested that 2-AAPA-induced ROS generation 
was time- and dose- dependent.

Exposure to ROS is causatively linked to the 
disease pathologies associated with redox imbalance. 
In particular, ROS can differentially oxidize certain 
cysteine residues in target proteins and the reversible 
process of S-glutathionylation may mitigate or mediate 
the damage [27]. The global protein S-glutathionylation 
in TE-13 cells induced by 2-AAPA was visualized using 
an S-glutathionylated protein detection kit via fluorescent 
microscopy. As shown in Figure 2F, 2-AAPA induced 
significant increase of protein S-glutathionylation in 1 
h-treatment in a concentration-dependent manner.

The effects of 2-AAPA on cell cycle and apoptosis

In order to understand the cell growth inhibition 
induced by 2-AAPA, the cell cycle distribution in TE-13 
cells was investigated by flow cytometry. As shown in 
Figure 3, 2-AAPA at 20 μM produced small changes in 
DNA content between all phases of cell cycle. Whereas, 50 
μM of 2-AAPA at 24 h-treatment resulted in significantly 
(P < 0.05) G2/M phase cell cycle arrest compared to the 
control. In 48 h treatment, 2-AAPA at 35 μM and 50 μM 

Figure 1: 2-AAPA induced cytotoxicity in ESCC cells. The ESCC cells ((A), TE-13; (B), KYSE-450; (C), KYSE-510) were treated 
with various concentrations of 2-AAPA for 2 or 3 days. Cell survival rates were determined by the MTT assay. The data are presented as 
the mean ± SD of three independent experiments.
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Figure 2: Intracellular GR activity reduction, thiol oxidative stress generation and protein S-glutathionylation induced 
by 2-AAPA. (A) GR activity in the control and 2-AAPA-treated TE-13 cells. The data are presented as unit/mg protein. (B, C & D) 
Evaluation of intracellular GSH, GSSG, and GSH/GSSG ratio in the control and 2-AAPA-treated TE-13 cells. (E) ROS production in the 
control and 2-AAPA-treated TE-13 cells. The data are presented as fluorescence intensity. (F) 2-AAPA increased protein S-glutathionylation 
in TE-13 cells. The cells were treated with the indicated concentrations of 2-AAPA for 1 h, followed by fixation, and fluorescent staining 
as described in Materials and Methods. The data are derived from one of the three independent experiments. Cells were viewed under 
a fluorescent microscope. *, P < 0.05 compared with control group. All the data are expressed as the mean ± SD of three independent 
experiments.
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concentrations both induced significant cell cycle arrest 
in G2/M phase. The increase in cell population in G2/M 
phase was associated with a corresponding decrease in the 
population of cells mainly in G0/G1 phase.

Induction of cell cycle arrest and apoptosis is an 
important criterion to evaluate the therapeutic response 
of anticancer agents. Flow cytometric analysis was 
performed to investigate the effects of 2-AAPA on cell 
cycle and apoptosis in TE-13 cells. As shown in Figure 
4, the highest concentration of 2-AAPA (50 μM) only 
induced 3.2%, 3.3% and 1.8% increase of apoptotic cells 
compared to the control in 24 h, 48 h and 72 h treatments, 
respectively. These observations thus strengthen our 
findings that 2-AAPA inhibits ESCC cells viability through 
a G2/M phase cell cycle arrest but apoptosis-independent 
manner.

Identification of cell cycle regulatory proteins 
potentially targeted by 2-AAPA in TE-13 cells

To delineate the molecular mechanism of 2-AAPA-
induced G2/M phase arrest, the expression of G2/M 
phase-associated proteins was evaluated in TE-13 cells 
after exposure to 20, 35 and 50 μM of 2-AAPA for 2 d 
and 3 d. The results (Figure 5A) indicated that 2-AAPA 
treatment decrease the expression of Cdc-25c and increase 
the expression of phosphorylated Cdc-2 (Tyr15) and 
Cyclin B1 (Ser147). The expression of p53 increased in 
2 d-treatment but remained no change in 3 d-treatment. 
2-AAPA showed no effect on protein expression of Cdc-
2, Cyclin B1, p21, p-ATM (Ser1981), p-p53 (Ser15). In 
addition, 2-AAPA did not change the protein level of Bcl-2 
and Bax, which contribute to apoptosis.

Figure 3: Effect of 2-AAPA on cell cycle distribution in TE-13 cells. (A) The histograms of the TE-13 cells treated with various 
concentrations of 2-AAPA for 24 h and 48 h are presented. (B & C) The bar presentations reflects the quantification of cell cycle distribution 
at 24 h and 48 h, respectively. Results are presented as the mean ± SD of three independent experiments. *, P < 0.05 indicates statistical 
significance in 2-AAPA treated groups as compared to the control.
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Figure 4: Effect of 2-AAPA on the induction of apoptosis in TE-13 cells. TE-13 cells were treated with different concentrations 
of 2-AAPA for 24 h, 48 h and 72 h and then stained with Annexin V and PI. (A) Apoptotic assays were performed by flow cytometry. 
(B) The percentages of apoptotic cells are presented for 24 h, 48 h and 72 h treatments. Results are presented as the mean ± SD of three 
independent experiments.
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2-AAPA induces microtubule depolymerization 
in TE-13 cells

Microtubules is one of the central components 
involved in cell mitosis, thus the structure of microtubules 
were investigated by the incorporation of a fluorescent 
marker into microtubules. As shown in Figure 6, 
microtubules formed an intact network with fine filaments 
in the untreated cells, while a significant reduction of 
microtubule polymer mass was observed in 2-AAPA-
treated cells. To compare the effects with that of vincristine 
sulfate, a microtubule depolymerizing antimitotic drug, 
and that of taxol, a microtubule stabilizing antimitotic 
drug, the same experiments were conducted with 
vincristine and taxol. The results showed that taxol 
induced condensation of microtubules polymer, while the 
effects induced by 2-AAPA was quite similar to that of 
vincristine sulfate, revealing that 2-AAPA depolymerized 
microtubules.

In order to examine the mechanism by which 
2-AAPA induced microtubule depolymerization, the 
S-glutathionylation on tubulins were examined via 

reciprocal immunoprecipitation. As shown in Figure 
5B, immunoprecipitation analysis indicated that S-
glutathionylation on α-tubulin was elevated by 2-AAPA 
treatment in the TE-13 cells, while that of β-tubulin 
remained no change.

Cell morphological change induced by 2-AAPA

As one of the consequences of microtubule 
depolymerization, the morphology of the cells was found 
to be changed. The cell morphological changes were 
observed as early as 15 min and almost all the TE-13 
cells treated with 60 μM of 2-AAPA shrank and detached 
from the culture dish at the end of 60 min (Figure 7). 
As comparison, 40 μM of 2-AAPA induced moderate 
morphological changes in the TE-13 cells.

DISCUSSION

2-AAPA, a GR inhibitor, has been reported to be 
able to produce intracellular ROS and generate thiol 
oxidative stress in various cells [21–23, 25]. In this study, 

Figure 5: Identification of proteins potentially regulated by 2-AAPA in TE-13 cells. (A) Assessment of the possible signaling 
pathways involved in G2/M phase cell cycle arrest and apoptosis. TE-13 cells were treated with 2-AAPA at the indicated concentrations for 
48 h and 72 h, followed by the Western blot analysis for detection of Cdc-2, Cdc-25c, p-Cdc-2, Cyclin B1, p-Cyclin B1, p21, ATM, p-ATM, 
p53, p-p53, Bcl-2 and Bax expressions. β-actin was used as a loading control. The data are derived from one of the three independent 
experiments. (B and C) TE-13 cells were treated the same as in (A). Protein S-glutathionyaltion on α/β-tubulin was examined by reciprocal 
immunmoprecipitation and western blotting analysis as indicated.
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we investigated the growth inhibitory effects of 2-AAPA 
on proliferation of human ESCC cells in vitro and its 
possible mechanism of action. The results indicated that 
2-AAPA exerted cytotoxic effect on TE-13 cells through 
generation of thiol oxidative stress, followed by ROS 
production (Figure 2E) leading to G2/M cell cycle arrest 
(Figure 3). The intracellular GR activity assay showed 
that 2-AAPA rapidly and significantly suppressed the 
GR activity in the TE-13 cells (Figure 2A). The GR 
activity started to return after 1 h. As reported earlier 

that 2-AAPA is an irreversible inhibitor of GR [21], so 
the activity of 2-AAPA-modified GR is unable to recover. 
Therefore, the returned GR activity may be contributed 
by new synthesized GR. As a result of GR inhibition, the 
intracellular GSSG concentration significantly increased 
but GSH level did not change (Figure 2B & 2C).  
Moreover, the ratio of GSH/GSSG, an indicator of thiol 
oxidative stress, decreased significantly (Figure 2D) 
reflecting the generation of thiol oxidative stress induced 
by destroying intracellular thiol homeostasis.

Figure 6: 2-AAPA induces microtubule depolymerization in TE-13 cells. TE-13 cells were treated with the indicated 
concentrations of 2-AAPA for 5 h, followed by fixation, permeabilization and indirect immunofluorescent analysis with an anti-α-tubulin-
FITC. Nuclei were stained with DAPI. Taxol and vincristine sulfate were employed as positive controls for microtubule stabilization and 
microtubule depolymerization, respectively. Fluorescent images were captured by an Olympus Fluoview FV1200 microscope. The data are 
derived from one of the three independent experiments.

Figure 7: Effect of 2-AAPA on cell morphology in TE-13 cells. TE-13 cells were treated with 40 and 60 μM of 2-AAPA. Some of 
the cells undergoing morphological changes are marked by red circles.
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Redox regulation involves a variety of complex 
signaling networks where the concentrations of cellular 
thiols and ROS appear to play a pivotal role in determining 
whether cells undergo growth or apoptosis. How these 
signals dictate cell death or salvation is still unclear. 
Whilst low doses of ROS cause cell proliferation and 
stimulate growth, high concentrations induce temporary 
growth arrest, apoptosis and necrosis [26, 28–31]. Current 
study revealed that there are increased ROS levels in 
2-AAPA-treated TE-13 cells compared with untreated 
cells in a dose-dependent manner. The results revealed 
that 2-AAPA is very effective in inducing ROS in TE-13 
cells. Accumulating evidence indicates that many types 
of cancer cells exhibit elevated levels of ROS [32–38]. 
Moderate and controlled increase in ROS is necessary for 
cell proliferation and differentiation. Whereas excessive 
levels of ROS can be toxic to the cells, the anticancer 
drug-induced ROS stress can cause more damage in 
cancer cells than in normal cells and trigger cell death 
[39–43]. Thus, induction of ROS is potential therapeutic 
approach to selectively kill cancer cells without causing 
significant toxicity to normal cells. Among intracellular 
antioxidant molecules, GSH is the most abundant 
intracellular non-protein thiol in cells [44, 45], and it is 
considered as the major regulator of the intracellular redox 
state and participates in redox reactions via reversible 
oxidation of its active thiol. Upon oxidative stress, GSH 
is oxidized to its oxidized form GSSG, which is reduced 
back to GSH by the enzyme GR. Therefore, GR is critical 
for in maintaining the ratio of GSH/GSSG and protecting 
cells against oxidative stress. This study has shown that 
inhibition of GR activity is an effective way to generation 
of oxidative stress and suppression of cell growth in 
esophageal cancer cells.

As reported by Chen et al., 2-AAPA induced 
cell cycle arrest at G2/M phase and apoptosis in 
melanoma cells [25]. In addition, researches also 
showed that ROS-generating agents induced cell 
cycle arrest in accompany with apoptosis [46, 47]. 
Interestingly, 2-AAPA only induced significant 
cell cycle arrest in G2/M phase without significant 
apoptosis induction in TE-13 cells (Figures 3 & 4).  
P53, a tumor suppressor, is a potent transcription factor 
that, in response to a variety of cellular stresses, including 
DNA damage, oxidative stress, chemotherapeutic drugs 
and many aberrant growth signals. P53 controls the 
expression of a wide array of genes involved in cell cycle 
control, DNA repair, and apoptosis [48]. In addition, p53 
controls G2 checkpoints and expression of wild-type p53 
can prevent G2/M transition in mouse and human cell 
lines [49–55]. Following activation by cellular stress, p53 
induces the expression of the cdk inhibitor p21, which 
is induced and localized to the nucleus in p53 wild-type 
cells undergoing G1 arrest, but not in cells expressing 
mutant p53 [56, 57]. Progression of cells from G2 to M 
phase is known regulated by Cdc-2/Cyclin B complexes, 

which have been identified as a principal component of 
the mitosis-promoting factor (MPF) [58, 59]. Cdc-25c, a 
phosphatase that activates Cdc-2 by dephosphorylating 
it at Tyr15, has been shown to be a target of repression 
by p53 [60]. Our data suggested that, in 2 d-treatment, 
2-AAPA upregulated the expression of p53, which in 
turn decreased the protein of Cdc-25C. And then down-
regulation of Cdc-25C increased inactivation form of 
phosphorylated Cdc-2. Eventually, the accumulation 
of inactive Cdc-2/Cyclin B1 complex led to G2 arrest 
[61]. Other key factors modulating cell cycle arrest 
including p21 and ATM showed no significant changes 
in the 2-AAPA-treated TE-13 cells. Therefore, 2-AAPA 
may directly activate p53, which is predicted to bind 
to and repress Cdc-25c, preventing Cdc-25c from 
dephosphorylating Cdc2 and initiating the transition from 
G2 to M phase.

Protein S-glutathionylation consists in glutathione 
reaction with the free thiol (SH) in certain cysteine 
(Cys) residues of proteins and it has been proposed as a 
reversible process of storing GSH during oxidative stress, 
and has been regarded as a protective mechanism against 
irreversible protein thiol-oxidation [62, 63]. Studies have 
shown that many proteins can be S-glutathionylated or 
deglutathionylated during oxidative stress [64–66] and 
in this study we demonstrate that the S-glutathionylation 
of proteins also present during 2-AAPA treatment. In 
agreement with our findings, previously demonstrated that 
in some cancer cell lines proliferation inhibitors rapidly 
induce a substantial increase of protein S-glutathionylation 
levels [67, 68]. 2-AAPA significantly increased protein 
S-glutathionylation in the TE-13 cells (Figure 2F). The 
anti-GSH antibody detected protein S-glutathionylation 
mainly located around 55 KD region, where tubulins 
appear (Figure 5C). 2-AAPA induced cell morphological 
changes in the TE-13 cells (Figure 7), which is very 
similar as observation in melanoma cells [25]. In addition, 
microtubules were found to be depolymerized in the TE-
13 cells treated with 2-AAPA (Figure 6). As malfunction 
of microtubules can lead to in cell mitosis arrest and cell 
morphological changes (Figure 7), further reciprocal 
immunoprecipitation using anti-GSH and anti-tubulin (α 
and β) antibodies was performed and the results showed 
that the S-glutathionylation increased in α-tubulin but 
not β-tubulin by 2-AAPA treatment. In view of the 
critical role of the thiol functional groups in microtubule 
polymerization, it is reasonable to conclude that 2-AAPA 
increased protein S-glutathionylation in α-tubulin leading 
to microtubule depolymerization followed by G2/M phase 
cell arrest. As we mentioned earlier, 2-AAPA elevated 
GSSG and ROS level in TE-13 cells, thus the ROS-
dependent S-glutathionylation may produce via SH/SS 
exchange reaction spontaneously [69]. In addition, 2-AAPA 
was found to be an inhibitor of glutaredoxin (Grx) [70], the 
enzyme catalyzes reduction of S-glutathionylated protein 
(protein-SSG). Taken these together, S-glutathionylation 
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can be significantly generated and maintained in the TE-13 
cells by 2-AAPA. Further studies are required to identify 
the specific S-glutathionylation site(s), which could be a 
potential target in regulation of microtubule dynamics.

In conclusion, it was found that 2-AAPA has the 
capability of inducing intracellular thiol oxidative stress in 
the TE-13 cells by GR inhibition and suppressing growth 
of ESCC cells. The cell proliferation inhibition induced 
by 2-AAPA was mainly through G2/M phase cell arrest 
but not apoptosis. The increased expression of p53 and 
phosphorylation of Cdc-2 (Tyr15) and Cyclin B1 (Ser147) 
which involved in G2/M phase regulation was observed. 
Moreover, microtubule depolymerization was detected in the 
2-AAPA-treated TE-13 cells and it was caused by increased 
S-glutathionylation specifically in α-tubulin. The results 
suggested that 2-AAPA is a promising anti-esophageal cancer 
agent by producing intracellular thiol oxidative stress which 
is an efficient way inhibiting cancer cell growth. GR, as one 
of the key enzymes regulating cellular redox homoeostasis, 
can be a potential target in treating esophageal cancer.

MATERIALS AND METHODS

Materials

2-AAPA was synthesized in this laboratory 
according to the previously published method and prepared 
as a 100 mM stock solution in DMSO for cell based 
assays. Fetal bovine serum (FBS), RPMI 1640 growth 
medium, phosphate buffered saline (PBS), penicillin/
streptomycin solution and 0.25% trypsin-EDTA solution 
were purchased from Gibco (Grand Island, NY, USA). 
ROS kit was from Beyotime (Haimen, Jiangsu, China). S-
glutathionylated protein detection kit was from Cayman 
Chemical Company (MI, USA). BD Pharmingen™ 
FITC-Annexin V Apoptosis Detection Kit I was from BD 
Biosciences (San Jose, CA, USA). Primary antibodies 
against a-tubulin, b-tubulin, Cyclin B1, p21, p53, Cdc-
25c, Cdc-2 and ATM were from Proteintech (Hubei, 
China). p-p53, p-Cdc-2, p-Cyclin B1 were from Santa 
Cruz Biotechnology (CA, USA). b-actin, Bcl-2 and Bax 
were from Cell Signaling Technology, Inc. (MA, USA). 
p-ATM was from Abcom (MA, USA). Pierce® ECL Plus 
kit was purchased from Lumigen, Inc. (Southfield, MI, 
USA). Other reagents was obtained in their highest purity 
grade available commercially.

Cell line and culture conditions

Human esophageal cancer cell lines TE-13, KYSE-
450 and KYSE-510 were maintained in this laboratory. 
The cells were cultured at 37°C in a humidified atmosphere 
of 5% CO2 in RPMI-1640 medium supplemented with 
10% FBS, 100 U/mL of penicillin and 100 μg/mL of 
streptomycin.

Cell viability assay

2-AAPA was tested in vitro for cytotoxicity against 
esophageal cancer cell lines TE-13, KYSE-450 and 
KYSE-510 in 96-well plates using the MTT assay to 
determine the cell viability. In brief, cells at a density of 
4000 cells/well and 2500 cells/well were seeded into 96-
well plates for 48 h and 72 h treatments, respectively, and 
allowed to attach for 24 h. After attachment, the medium 
was replaced with variable concentrations of 2-AAPA in 
full growth medium. Cells were exposed to 2-AAPA for 
48 h or 72 h followed by the MTT assay to determine cell 
survival rates. The IC50 values were calculated using a 
GraphPad Prism software.

Protein S-glutathionylation detection

The protein S-glutathionylation induced by 2-AAPA 
in the TE-13 cells was detected using a detection kit 
from Cayman Chemical Company according to the 
manufacture’s instruction. Briefly, TE-13 cells were 
seeded at densities of 150,000 cells in a 96-well black 
wall plate. After a 24 h attachment at 37°C, TE-13 cells 
were treated with growth medium containing various 
concentrations of 2-AAPA for 1h. Washed the cells twice 
with PBS and then fixed them with 3.7% formaldehyde 
in PBS for 10 min at room temperature. Washed the cells 
once more with PBS and then blocked the protein free-
thiol with 100 μL of PSSG Blocking Reagent for 30 min 
followed by twice wash with 1X Assay Buffer. 100 μL 
PSSG Reduction Reagent was added to each sample and 
incubated for 15 min at 37°C. Each sample was washed 
twice with 1X Assay Buffer and another 100 μL of PSSG 
Labeling Reagent was added to the samples followed by 
one-hour incubation. The samples were washed three 
times with 1X Assay Buffer and incubated with PSSG 
Detection Reagent II (FITC) at a 1:50 dilution in 1X Assay 
Buffer for 1 hour. The cells were washed twice with 1X 
Assay Buffer and the fluorescent images were captured 
using a Nikon Ti-S fluorescent microscope.

Apoptotic assay by flow cytometry

TE-13 cells were seeded at densities of 300,000, 
150,000 or 75,000 cells per well in 6-well plates for 
24, 48 h and 72 h treatments, respectively. After a 24 h 
attachment at 37°C, TE-13 cells were treated with growth 
medium containing various concentrations of 2-AAPA. 
At the end of the treatments, the cells were collected 
by trypsinization. And then, Annexin V/PI staining was 
performed using BD Pharminge™ FITC-Annexin V 
Apoptosis Detection Kit I according to the manufacture’s 
instruction. The samples were analyzed with a Beckman 
Counter flow cytometer.
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Cell cycle analysis by flow cytometry

TE-13 cells were seeded and treated with 2-AAPA 
was described above for apoptotic assay. At the end of 
treatment, adherent cells were harvested and washed twice 
with ice-cold PBS. The cells of each sample were fixed 
with 70% ethanol in DPBS at 4°C overnight. The fixed 
cells were then centrifuged (700 ×g, 5 min) and washed 
with staining buffer. After the wash, the samples were 
centrifuged (700 ×g, 5 min), and the pellets were treated 
with 100 μL of RNase A (1 mg/mL) for 30 min at 37°C. 
After incubation, 900 μL of staining buffer was added 
to the samples to bring the volume to 1 mL followed by 
addition of 20 μL of propidium iodide (PI) (1 mg/mL). The 
sample was then incubated in the dark at room temperature 
for 30 min before being analyzed with a Beckman Counter 
flow cytometer.

Western blot

TE-13 cells were seeded to 100 mm culture dishes 
at densities of 1.5 × 106 and 1 × 106 for 48 h and 72 
treatments, respectively. The cells were allowed to attach 
for 24 h followed by treating in either growth medium 
with 0.025% DMSO as control or 2-AAPA (20, 35 and 50 
μM). The TE-13 cells were collected by trypsinization and 
then lysed in RIPA lysis buffer. The protein concentrations 
were determined by bicinchoninic acid (BCA) method. 
Aliquots of 25-80 μg protein were fractionated in 10% and 
12.5% sodium dodecylsulfate polyacrylamide gel (SDS-
PAGE) under reducing conditions and then transferred 
to polyvinylidene fluoride (PVDF) membranes. After 
blocking with 5% non-fat milk, the membranes were 
probed with the appropriate dilution of primary antibodies 
followed by appropriate horseradishperoxidase (HRP) 
conjugated secondary antibody. The resulting conjugates 
were visualized using Pierce®ECL Plus kit in a ChemiDoc 
XPS system (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA).

Immunoprecipitation

Protein S-glutathionylation on specific proteins was 
determined by immunoprecipitation analysis. TE-13 cells 
treated with 80 μM of 2-AAPA or vehicle as control were 
lysed in immunoprecipitation buffer [50 mM Tris-HCl, 
150 mM NaCl, 1% NP-40 (V/V), 2 mM EDTA] containing 
1% protease inhibitor cocktail (Pierce, Thermo scientific) 
at 4 °C for 30 min. The lysate was then centrifuged at 
15000 ×g for 10 min at 4°C. After that, samples (200 μg 
for each condition) were rotated with antibody at 4°C 
overnight. Protein A/G agarose was added to each samples 
and incubated for another 4 h at 4°C. Samples were then 
centrifuged at 500×g for 3 min at 4°C and washed 3 times 
with PBS under the same conditions, and subjected to 
immunoblotting analysis.

ROS production

ROS production induced by 2-AAPA in the TE-
13 cells was evaluated using the cell-permeative probe 
DCFH-DA. Upon entry into the cytoplasm, this probe 
is cleaved by cellular esterase and oxidized by ROS to 
yield green fluorescence. The ROS production in the 
TE-13 cells was determined by the method described 
earlier with minor modifications [71]. Briefly, attached 
exponentially growing TE-13 cells were treated in 10 μM 
DCFH-DA prepared in FBS-Free growth medium for 30 
min at 37°C in dark. And the cells were washed with PBS 
three times and rapidly trypsinized and resuspended in 
full growth medium and then seeded into 96-well black 
well plates at a density of 25,000 cells/well. The cells 
were treated with 2-AAPA at concentrations of 20, 35 
and 50 μM. The green fluorescence was measured at 
various time points at 480 nm (excitation) and 535 nm 
(emission) on a ThermoScientific VARIOSKAN FLASH 
microplate reader.

Intracellular GSH and GSSG detection by LC-
MS

Attached TE-13 cells were treated with 2-AAPA 
in culture dishes for various durations. The medium 
was collected, and the cells were rinsed with PBS and 
detached by trypsinization. The medium and the cell 
suspension were combined and centrifuged at 600 ×g 
for 5 min. Then the cell pellets were washed with cold 
PBS (1 mL × 2) and resuspended in 0.3 mL of 3% (w/v) 
sulfosalicylic acid. The cell suspension was sonicated over 
ice for 5 min and centrifuged at 16,000 ×g for another 
10 min at 4°C. The supernatants of the cell lysates were 
diluted with 0.2% (w/v) formic acid for analysis of 
GSH and GSSG by following validated LC/MS method 
developed in this laboratory. The analysis was carried 
out on a ThermoFisher Ultimate 3000 RSLC system 
coupled with a Q-Exactive Orbitrap high resolution mass 
spectrometer, which is equipped with an electrospray ion 
source. Chromatographic separation of GSH and GSSG 
was achieved on a Thermo Scientific Hypersil GOLD 
C18 column (2.1×100 mm, 1.9 μm) with mobile phase A 
[aqueous solution with 0.2% (v/v) formic acid] and mobile 
phase B (acetonitrile with 0.2% (v/v) formic acid). Solvent 
B was first increased from 0% to 30% in 4 min, then to 
80% in 2 min, and held at 80% for an additional 2 min. All 
flow rates were 0.2 mL/min. The injection volume was 15 
μL. The electrospray ion source was operated in positive 
ionization mode and selected-ion monitoring (SIM) was 
performed to detect GSH, GSSG and p-aminobenzoic acid 
as the internal standard at the mass of m/z 307.08381 (M 
+ H)+, m/z 612.15196 (M + H)+and m/z 138.05550 (M + 
H)+, respectively. The mass tolerance was set at 10 ppm.
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GR activity assay

The cell pellets obtained above were washed twice 
with ice-cold PBS. The cell pellets were resuspended in 
hypotonic phosphate buffer (1 mM, pH 7.4) containing 
1 mM EDTA, and homogenized over ice with an Omni 
homogenizer. The homogenate was centrifuged at 
150,000 ×g for 30 min at 4°C. The supernatant was 
collected and used to determine GR activity as described 
earlier [21]. Briefly, the assay mixture contained the 
supernatant (300 μL), BSA (1 mg/mL) and NADPH (0.2 
mM). The enzymatic reaction was initiated by addition 
of GSSG (0.52 mM). GR activity was measured by the 
initial rates of disappearance of NADPH determined 
spectrophotometrically at 340 nm. Protein concentration 
of the homogenates was quantified by the BCA method.

Indirect immunofluorescence microscopy

TE-13 cells were incubated with 2-AAPA at 37°C 
in a humidified atmosphere of 5% CO2 for 4 h. The 
immunofluorescence staining of microtubules were 
processed as described earlier [25]. Briefly, the TE-
13 cells were fixed in 4% paraformaldehyde at room 
temperature for 1 h. The cells were washed 3 times 
with PBS and incubated with cell permeable solution 
(0.1% Na-citrate, 0.1% Triton-X-100 in PBS) at room 
temperature for 1 h. After incubation with the blocking 
solution (5% bovine serum albumin in PBS) overnight 
at 4°C, microtubules were visualized by incubating with 
a mouse monoclonal anti-α-tubulin-FITC (1:200) at 
37°C for 2 h, and nuclei were stained with DAPI (1 μg/
mL). Fluorescent images were taken with an Olympus 
Fluoview FV1200 microscope. Paclitaxel and vincristine 
sulfate were employed as positive controls for microtubule 
stabilization and depolymerization, respectively.

Cell morphological change induced by 2-AAPA

Cultured TE-13 cells were treated with 40 and 60 
μM 2-AAPA. Live cell images were taken by an Olympus 
CKX53 microscope with designed time intervals.

Statistical analysis

Each experiment was performed in at least triplicate. 
Data were analyzed with a GraphPad Prism software. The 
two-tailed Student’s t-test was performed to interpret the 
differences between experimental and control groups. 
Significance in all experiments was considered at P < 0.05. 
Values were expressed as mean ± the standard deviation 
of the mean.
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