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Abstract
Activin A, a member of the transforming growth factor-beta superfamily, plays a neuroprotective role in multiple neurological diseases. 
Endoplasmic reticulum (ER) stress-mediated apoptotic and autophagic cell death is implicated in a wide range of diseases, including cere-
bral ischemia and neurodegenerative diseases. Thapsigargin was used to induce PC12 cell death, and Activin A was used for intervention. 
Our results showed that Activin A significantly inhibited morphological changes in thapsigargin-induced apoptotic cells, and the expres-
sion of apoptosis-associated proteins [cleaved-caspase-12, C/EBP homologous protein (CHOP) and cleaved-caspase-3] and biomarkers of 
autophagy (Beclin-1 and light chain 3), and downregulated the expression of thapsigargin-induced ER stress-associated proteins [inositol 
requiring enzyme-1 (IRE1), tumor necrosis factor receptor-associated factor 2 (TRAF2), apoptosis signal-regulating kinase 1 (ASK1), c-Jun 
N-terminal kinase (JNK) and p38]. The inhibition of thapsigargin-induced cell death was concentration-dependent. These findings suggest 
that administration of Activin A protects PC12 cells against ER stress-mediated apoptotic and autophagic cell death by inhibiting the acti-
vation of the IRE1-TRAF2-ASK1-JNK/p38 cascade. 
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Graphical Abstract

Activin A attenuates endoplasmic reticulum (ER) stress-induced apoptosis and autophagy of PC12 cells

Introduction
The endoplasmic reticulum (ER) is a eukaryotic organelle 
that is the site of folding of membrane and secreted proteins, 
synthesis of lipids and sterols, and storage of free calcium (Lin 
et al., 2008; Chen et al., 2016). Cellular stress conditions, 
such as glucose deprivation and depletion of ER Ca2+ stores, 

may perturb ER function, resulting in accumulation of mis-
folded proteins in the ER lumen, a condition referred to as 
ER stress. To counteract ER stress, the cells have developed a 
self-protective signal transduction pathway termed the un-
folded protein response, which relieves cells from stress by 
clearing the misfolded proteins from the ER lumen. None-
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theless, if the ER stress is too severe, the unfolded protein 
response activates unique pathways that lead to cell death 
through apoptosis (Szegezdi et al., 2006) and autophagic 
cell death (Momoi, 2006). ER stress has been shown to act as 
the key signal for the two programmed cell death pathways 
(Moretti et al., 2007). As ER stress-mediated apoptotic and 
autophagic cell death is implicated in the pathophysiology 
of cerebral ischemia and a variety of neurodegenerative dis-
orders, such as Alzheimer’s disease and Parkinson’s disease 
(Momoi, 2006; Kim et al., 2015), many studies have focused 
on identifying approaches to attenuate ER stress-mediated 
cell death in neurons. 

Inositol requiring enzyme-1 (IRE1), an important ER 
transmembrane stress sensor, can initiate cell death in re-
sponse to ER stress (Lin et al., 2008). After activation by 
ER stress, IRE1 binds to tumor necrosis factor-receptor-as-
sociated factor 2 (TRAF2), and then recruits and activates 
apoptosis signal-regulating kinase 1 (ASK1), a mitogen-ac-
tivated protein (MAP) kinase kinase kinase (MAP3K). This 
IRE1-TRAF2-ASK1 complex promotes activation of p38 
and c-Jun N-terminal kinase (JNK) during ER stress (Xin et 
al., 2014). JNK and p38 are two apoptosis-regulating MAP 
kinases (MAPK), which are activated in response to a vari-
ety of cell stresses, including reactive oxygen species, DNA 
damage and inflammatory-induced cytokines (Nozaki et 
al., 2001). A recent study has reported that the JNK and p38 
MAPK cascades are involved in ER stress-induced apoptosis 
in some model systems of neurodegenerative diseases (Sekine 
et al., 2006). In addition, some studies have shown that the 
JNK and p38 MAPK cascades participate in autophagy acti-
vation during cerebral ischemia and neuronal degeneration 
(Gomez-Santos et al., 2003; Xue et al., 2016).

Previously, we have found that Activin A administration 
simultaneously suppressed both JNK and p38 activation af-
ter cerebral ischemia (Xue et al., 2016). Activin A, a member 
of the transforming growth factor-beta family, is an endog-
enous neuronal survival factor that is induced after various 
forms of acute brain disorders and injuries, including epilep-
sy, stroke and trauma (Brackmann et al., 2013). A growing 
body of evidence suggests that Activin A exerts its neuropro-
tective role via suppression of the mitochondria/cytochrome 
c-mediated apoptotic pathway (Mukerji et al., 2009; He et al., 
2011). However, the effects of Activin A on ER stress-medi-
ated apoptotic and autophagic cell death remain unclear. In 
this study, we established a model of ER stress in PC12 cells, 
to investigate the role of Activin A in ER stress-mediated cell 
death.

Materials and Methods
Culture and differentiation of PC12 cells 
PC12 cells were purchased from the Cell Bank of the Chi-
nese Academy of Sciences (Beijing Gold Amethyst Pharm & 
Bio-Tech Co. Ltd., Beijing, China). The cell line was grown 
in complete Dulbecco’s modified Eagle’s medium (Gibco, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine 
serum (Gibco) in a 5% CO2 incubator at 37°C. After attach-
ment, cells were incubated in medium containing nerve 

growth factor (Sigma, New York, NY, USA) at a final concen-
tration of 100 ng/mL for 6 days, to generate nerve-like PC12 
cells. Unless mentioned otherwise, all experiments were 
performed with nerve-like PC12 cells treated as described 
above. 

Drug treatment 
Thapsigargin (TG) is a representative ER stress inducer (Zou 
et al., 2015). To induce ER stress, PC12 cells were treated 
for 20 hours with 1 μM TG (Sigma), which was dissolved in 
dimethyl sulfoxide (DMSO) (Nakajima et al., 2014). PC12 
cells treated with TG were the TG group. Cells with the same 
amount of DMSO addition were the DMSO group. 

PC12 cells were pretreated with 30, 50 or 100 ng/mL Ac-
tivin A (Sigma) for 24 hours, followed by co-treatment with 
1 μM TG. Cells were also pretreated with specific inhibitors 
of p38 (SB203580, Beyotime, Shanghai, China; 10 μM) or 
JNK (SP600125, Beyotime; 10 μM) for 30 minutes, followed 
by co-treatment with 1 μM TG. 

3-Methyladenine (3-MA) is a specific inhibitor of autoph-
agy (Seglen and Gordon, 1982). Cells were pretreated with 1 
mM 3-MA (Sigma) for 30 minutes, followed by co-treatment 
with 1 μM TG.  

Cell viability assay
Cell viability was measured by the Cell Counting Kit-8 
(CCK-8) assay. Briefly, PC12 cells were plated in 96-well 
plates and differentiated into neurons. After different treat-
ments, the medium was replaced with 100 μL of normal me-
dium, and 10 μL of CCK-8 solution (Dojindo Laboratories, 
Kumamoto, Japan) were added to each well and incubated 
for 2 hours. The optical density (OD) of each well was mea-
sured at 450 nm using a Universal Microplate reader (Bio-
TEK Instrument. Inc., Winooski, VT, USA). The experiment 
was repeated three times. The cell viability rate (%) was equal 
to ODexperimental group/ODcontrol group × 100%. 

Acridine orange (AO) staining
AO staining was used to quantify the induction of autophagy 
in PC12 cells. Following treatment, the cells were incubated 
with 1 μg/mL AO solution (Sigma-Aldrich, St. Louis, MO, 
USA) for 15 minutes at room temperature in the dark. After 
being washed by phosphate-buffered saline (PBS), cells were 
visualized by fluorescence microscopy (Olympus BX61, To-
kyo, Japan). 

Hoechst 33342 fluorescence staining 
Cells were plated in 24-well plates and induced by nerve 
growth factor to differentiate into neurons, and then treat-
ed according to the experimental design the next day. 
After the treatment, cell media were removed and 0.5 mL 
of Hoechst 33342 staining solution (5 μg/mL; Invitrogen, 
Carlsbad, CA, USA) was added to the cells. The cells were 
incubated in a 5% CO2 incubator at 37°C for 20 minutes 
and rinsed with PBS twice before fluorescence microscopy 
analysis. Morphologic changes such as condensed or frag-
mented nuclei were considered to be apoptotic.
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Figure 1 Act A protected PC12 cells against endoplasmic reticulum 
stress-induced cell death. 
PC12 cells were pretreated with 30, 50 or 100 ng/mL Act A for 24 
hours, followed by co-treatment with 1 μM TG for 20 hours. Cell via-
bility was measured by the cell counting kit-8 assay and expressed as 
the mean ± SD of three independent experiments. One-way analysis of 
variance followed by Bonferroni post hoc tests were used for statistical 
analysis. *P < 0.05, vs. DMSO group; #P < 0.05, vs. TG group; &P < 0.05, 
vs. TG + Act A (30 ng/mL) group. DMSO: Dimethyl sulfoxide; TG: 
thapsigargin; Act A: Activin A. 
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Western blot assay
Samples containing equal amounts of protein were electro-
phoresed in sodium dodecyl sulphate-polyacrylamide gels, 
and then transferred to polyvinylidene fluoride membranes. 
After blocking in 5% nonfat milk in Tris-buffered saline and 
Tween 20 (TBST) for 1 hour at room temperature, mem-
branes were incubated with the primary antibodies in TBST 
overnight at 4°C. The following primary antibodies were 
used: mouse anti-β-actin (1:1,000; Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA), rabbit anti-JNK1 (1:1,000; CST, 
Danvers, MA, USA), rabbit anti-p-JNK1 (1:1,000; CST), 
rabbit anti-p38 (1:1,000; ThermoFisher Scientific, Waltham, 
MA, USA), rabbit anti-p-p38 (1:1,000; ThermoFisher Sci-
entific), rabbit anti-light chain 3 (LC3) (1:1,000; Abcam, 
Cambridge, UK), mouse anti-Beclin-1 (1:500; Santa Cruz 
Biotechnology), rabbit anti-cleaved caspase-3 (1:1,000; CST), 
rabbit anti-cleaved caspase-12 (1:1,000; Abcam), mouse an-
ti-C/EBP homologous protein (CHOP; 1:1,000; Santa Cruz 
Biotechnology), goat anti-IRE1 (1:1,000; Abcam), rabbit 
anti-TRAF2 (1:1,000; CST) and rabbit anti-ASK1 (1:1,000; 
CST). The membranes were washed three times with 
TBST, and then probed with secondary horseradish perox-
idase-conjugated anti-rabbit, anti-mouse, or anti-goat IgG 
(1:3,000; KPL, Gaithersburg, MD, USA) in TBST for 1 hour 
at room temperature. Protein densitometry was normalized 
against β-actin and analyzed by ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Analyses were conducted using SPSS version 17.0 (SPSS, 
Chicago, IL, USA). All data are presented as the mean ± 
standard deviation (SD) of at least three independent exper-
iments. Statistical analyses were first performed using one-
way analysis of variance to determine the statistically signif-
icant variation among groups. Multiple comparisons were 
then evaluated using Bonferroni post hoc tests. A difference 
was considered significant at P < 0.05. 

Results
Activin A protected PC12 cells against TG-induced cell 
death
To investigate the effects of Activin A on ER stress-induced 
cell death in nerve-like PC12 cells, cells were preincubated 
with 30, 50 or 100 ng/mL Activin A for 24 hours, and then 
co-treated with the ER stress inducer, 1 μM TG, for 20 hours. 
Cell viability was then measured by CCK-8 assay. As shown 
in Figure 1, the cell viability was significantly lower in the 
TG group compared with the DMSO group, which was im-
proved by Activin A in a concentration-dependent manner. 
One hundred nanograms per milliliter Activin A was used in 
the subsequent experiments. 

Activin A inhibited ER stress-induced apoptotic cell death 
in PC12 cells 
Next, we investigated whether Activin A prevents TG-in-
duced apoptosis in PC12 cells. The nuclear morphological 
changes were determined by Hoechst33342 fluorescence 

staining. TG-treated cells showed highly condensed and 
fragmented nuclei, which is characteristic of apoptosis. In 
contrast, Activin A significantly inhibited the TG-induced 
apoptotic features (Figure 2A). 

CHOP and caspase-12 are hallmarks of ER stress, which 
are involved in ER stress-dependent apoptosis (Xin et al., 
2014). Caspase-3 is an apoptosis-associated protein (Li et 
al., 2017). The protein levels of CHOP, cleaved-caspase-12 
and cleaved-caspase-3 were investigated by the western 
blot assay. Our results showed that TG treatment markedly 
increased the expression of CHOP, cleaved-caspase-12 and 
cleaved-caspase-3, but the alterations were significantly in-
hibited by Activin A treatment (Figure 2B). 

Activin A inhibited ER stress-induced autophagic cell 
death in PC12 cells 
To test the effects of exogenous Activin A on autophagy 
activation following ER stress, the expression of microtu-
bule-associated protein 1 light chain 3 (LC3-II) and Beclin-1, 
two autophagy indicators (Shi et al., 2012), was examined. 
As shown in Figure 3A, the relative expression of both 
Beclin-1 and LC3-II significantly increased following TG 
treatment, and Activin A significantly reduced this elevated 
expression. AO is a fluorescent substance that is often used 
to detect autophagy (Luo et al., 2014). As shown in Figure 
3D, compared with the DMSO group, TG treatment induced 
significantly more red AO spots in the cytoplasm of PC12 
cells. However, the effect was suppressed by treatment with 
Activin A. 

To determine the role of autophagy in ER stress-induced 
neuronal injury, PC12 cells were treated with the autophagy 
inhibitor, 3-MA, during ER stress. Treatment with 1 mM 
3-MA effectively blocked the ER stress-induced autophagy 
as evidenced by inhibiting the production of LC3-II and 
Beclin-1 (Figure 3B), whereas 3-MA treatment alone had 
no effect on the expression of LC3-II and Beclin-1. Further-
more, we found that 3-MA reduced the ER stress-induced 
cell death significantly, while treatment with 1 mM 3-MA 
alone had no effect on cell viability (Figure 3C). 
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Figure 2 Act A reduced endoplasmic 
reticulum stress-induced apoptosis in 
PC12 cells. 
Cells were pretreated with Act A (100 
ng/mL) for 24 hours, and then co-treat-
ed with TG for 20 hours. (A) The mor-
phological features of apoptosis were 
monitored by fluorescence microscopy 
after staining with Hoechst 33342. Scale 
bars: 100 μm. (B) Western blot assay 
of the expression of cleaved-caspase-3, 
cleaved-caspase-12 and CHOP. Protein 
expression was quantified by optical 
density and normalized to β-actin. The 
fold change compared with the DMSO 
group for each protein is expressed as 
the mean ± SD of three independent ex-
periments. One-way analysis of variance 
followed by Bonferroni post hoc tests 
were used for statistical analysis. *P < 
0.05, vs. DMSO group; #P < 0.05, vs. TG 
group. DMSO: Dimethyl sulfoxide; TG: 
thapsigargin; Act A: Activin A.

Cells were pretreated 
with Act A (100 ng/mL) 
or autophagy inhibitor 
(3-MA) for  the indi-
cated time followed by 
co-treatment with TG. 
(A, B) Western blot assay 
of the expression of the 
autophagy hallmark pro-
teins, Beclin-1 and LC3-
II. Protein expression 
was quantified by optical 
density and normalized 
to β-actin. The results 
are expressed as the fold 
change compared with 
the DMSO group for each 
protein. (C) Cell viability 
was measured by the cell 
counting kit-8 assay. Data 
are expressed as the mean 
± SD of three indepen-
dent experiments. One-
way analysis of variance 
followed by Bonferroni 
post hoc tests were used 
for statistical analysis. 
*P < 0.05, **P < 0.01, vs. 
DMSO group; #P < 0.05, 
##P < 0.01, vs. TG group. 
(D) Autophagic vacu-
oles (white arrows) were 
visualized by acridine 
orange staining. Scale 
bars: 100 μm. DMSO: 
Dimethyl sulfoxide; TG: 
thapsigargin; Act A: Ac-
tivin A; LC3: light chain 3; 
3-MA: 3-methyladenine. 
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Figure 3 Act A reduced endoplasmic reticulum stress-induced autophagic cell death in PC12 cells. 
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Figure 4 The JNK and p38 MAPK pathways were involved in the endoplasmic reticulum stress-induced apoptosis and autophagy in PC12 
cells. 
Cells were pretreated with MAPK inhibitors (SP600125 for JNK, SB203580 for p38) for 30 minutes, and then co-treated with TG for 20 hours. (A, 
B) Western blot assays of the expression of total and phosphorylated JNK1 and p38. (C) Western blot assays of the expression of cleaved-caspase-3, 
cleaved-caspase-12 and CHOP. (D) Western blot assays of the expression of the autophagy hallmark proteins, Beclin-1 and LC3-II. Protein expres-
sion was quantified by optical density and normalized to β-actin. The fold change compared with the DMSO group for each protein is expressed 
as the mean ± SD of three independent experiments. One-way analysis of variance followed by Bonferroni post hoc tests were used for statistical 
analysis. *P < 0.05, vs. DMSO group; #P < 0.05, vs. TG group. (E) Autophagic vacuoles (white arrows) were visualized by acridine orange staining. 
Scale bars: 100 μm. SP: SP600125; SB: SB203580; DMSO: dimethyl sulfoxide; TG: thapsigargin; Act A: Activin A; LC3: light chain 3; JNK1: c-Jun 
N-terminal kinase 1; p-JNK1: phospho-c-JNK1; p-p38: phospho-p38; MAPK: mitogen-activated protein kinases. 
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The JNK and p38 MAPK pathways were involved in ER 
stress-induced apoptosis and autophagy in PC12 cells
Recent studies have reported that the JNK and p38 MAPK 
pathways are involved in apoptosis and autophagy activa-
tion during cerebral ischemia and neuronal degeneration 
(Gomez-Santos et al., 2003; Sekine et al., 2006; Xue et al., 
2016). To determine the role of JNK and p38 MAPK signal-
ing in the ER stress-induced apoptosis, cells were pretreated 
with specific inhibitors of p38 (10 μM SB203580) and JNK 
(10 μM SP600125), followed by co-treatment with TG for 
20 hours. Western blot analysis showed that both JNK and 
p38 were activated by TG treatment, and pretreatment with 
SP600125 or SB203580 directly inhibited the TG-induced 
activation of JNK and p38 MAPK, respectively (Figure 4A, 
B). Furthermore, our results showed that both SP600125 

and SB203580 significantly attenuated the TG-induced ele-
vation in the protein levels of CHOP, cleaved-caspase-12 and 
cleaved-caspase-3 (Figure 4C). 

We then investigated the role of the JNK and p38 MAPK 
pathways in ER stress-induced autophagy. As shown in Fig-
ure 4D, pretreatment with either SB203580 or SP600125 
markedly attenuated the TG-induced elevation in the pro-
tein levels of Beclin-1 and LC3-II. Moreover, SB203580 and 
SP600125 treatments suppressed the TG-induced strong AO 
punctate fluorescence in the cytoplasm (Figure 4E).

Activin A suppressed ER stress-induced activation of the 
IRE1-TRAF2-ASK1-JNK/p38 cascade
To investigate the potential mechanisms by which Activin 
A inhibits ER stress-induced apoptosis and autophagy, we 
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examined the effects of exogenous Activin A on the JNK and 
p38 MAPK pathways during ER stress. We found that the 
TG-induced elevation in the protein levels of JNK, p-JNK, 
p38 and p-p38 was significantly inhibited by Activin A (Fig-
ure 5A, B). 

Studies have shown that JNK and p38 MAPK are the 
downstream effectors of the IRE1-TRAF2-ASK1 pathway 
during ER stress (Xin et al., 2014; Zou et al., 2015). ASK1 is 
a member of the large MAP3K family that activates both the 
JNK and p38 MAPK pathways (Xin et al., 2014). To further 
investigate the potential mechanisms by which exogenous 
Activin A suppresses JNK/p38 activation during ER stress, 
we examined the protein levels of IRE1, TRAF2 and ASK1 
in TG and Activin A-treated PC12 cells. Western blot assay 
revealed that IRE1, TRAF2 and ASK1 were upregulated in 
the TG group, while Activin A significantly attenuated this 
upregulation (Figure 5C, D). 

Discussion
ER stress-mediated apoptotic and autopahgic cell death has 
been implicated in many diseases, including cerebral isch-
emia (Lin, 2015), secondary brain damage (Sun et al., 2016), 
and a variety of neurodegenerative disorders, such as Alz-
heimer’s disease and Parkinson’s disease (Momoi, 2006; Kim 
et al., 2015). Many studies have focused on identifying ap-
proaches to attenuate ER stress-mediated cell death in neu-
rons. Activin A, a member of the transforming growth fac-
tor-beta superfamily, plays a neuroprotective role in multiple 
neurological diseases. In this study, we found that Activin A 
attenuated PC12 cell death induced by the representative ER 
stress inducer, TG, in a concentration-dependent manner. 
The highly differentiated rat pheochromocytoma (PC12) 
cells share many typical properties with neuronal cells, in-
cluding outgrowth of neurites, synthesis of neurotransmit-
ters, selective expression of certain proteins and interactions 
of compounds with membrane bound receptors (Shafer and 

Atchison, 1991). We thus used the PC12 cell lines to estab-
lish ER stress model in the present study.  

CHOP and caspase-12 are two hallmarks of ER stress, 
which are involved in ER stress-dependent apoptosis (Xin 
et al., 2014). Prolonged elevation in the expression of the 
pro-apoptotic transcription factor, CHOP, triggers apoptosis 
by affecting the intracellular calcium metabolism and by 
alterations in Bcl family members (Timmins et al., 2009). 
Caspase-12, an ER-specific caspase, is normally in the inac-
tive pro-caspase form (Nakagawa et al., 2000). During ER 
stress, caspase-12 dissociates from the ER membrane and 
is cleaved, resulting in its activation, which leads directly or 
indirectly to the cleavage of caspase-3 (Zhao et al., 2013). In 
this study, we found that the protein levels of CHOP, cleaved-
caspase-12 and cleaved-caspase-3 were greatly upregulated 
after TG treatment, whereas Activin A significantly reduced 
the expression of these proteins. Furthermore, Activin A sig-
nificantly suppressed TG-induced apoptosis as demonstrated 
by Hoechst 33342 staining. These results demonstrated that 
exogenous Activin A attenuated ER stress-induced apoptosis 
in PC12 cells. 

Mounting evidence suggests that ER stress is a potent 
trigger of autophagy, a process whereby eukaryotic cells re-
cycle their macromolecules and organelles (Høyer-Hansen 
and Jäättelä, 2007). Depending on the extent of ER stress, 
autophagy enhances cell survival through degradation of 
misfolded proteins that have been retained in the ER (Qin 
et al., 2003), or commits the cells to autophagic cell death 
through excessive self-digestion and degradation of essen-
tial cellular constituents (Wen et al., 2008). Because of the 
high activity and reliance on autophagy in neurons, these 
cells may be particularly susceptible to autophagic cell 
death (Button et al., 2015). Autophagic cell death has been 
observed in the brains of patients with cerebral ischemia 
(Wen et al., 2008), and neurodegenerative diseases such as 
Huntington’s disease and Parkinson’s disease (Kegel et al., 

Figure 5 Act A (100 ng/mL) suppressed the endoplasmic reticulum stress-induced IRE1-TRAF2-ASK1-JNK/p38 cascade in PC12 cells. 
(A, B) Western blot assays of the expression of total and phosphorylated JNK and p38. (C, D) Western blot assays of the expression of IRE1, TRAF2 
and ASK1. Protein expression was quantified by optical density and normalized to β-actin. The fold change compared with the DMSO group for 
each protein is expressed as the mean ± SD of three independent experiments. One-way analysis of variance followed by Bonferroni post hoc tests 
were used for statistical analysis. *P < 0.05, vs. DMSO group; #P < 0.05, vs. TG group. DMSO: Dimethyl sulfoxide; TG: thapsigargin; Act A: Activin 
A; JNK: c-Jun N-terminal kinase; p-JNK1: phospho-c-JNK1; p-p38: phospho-p38; IRE: inositol requiring enzyme-1; TRAF2: tumor necrosis fac-
tor-receptor-associated factor 2. 
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2000; Stefanis et al., 2001). In this study, we found that the 
expression of LC3-II and Beclin-1, two autophagy indica-
tors, increased following TG treatment. LC3 is found in 
the cytosolic form, LC3-I, and the membrane bound form, 
LC3-II. During autophagy maturation, LC3-I converts to 
LC3-II after cleavage of a few amino acids at the C-terminus, 
hence autophagic activity, defined in terms of autophago-
some amount, directly correlates with the LC3-II amount or 
with the ratio of LC3-II/LC3-I (Sheng et al., 2012). Beclin-1 
is essential for the recruitment of other autophagic proteins 
during the expansion of pre-autophagosomal membranes 
(Zhang et al., 2015). Our results suggest that autophagy 
was activated during ER stress. Furthermore, we found that 
inhibition of autophagy by 3-MA effectively decreased the 
TG-induced cell death. These data demonstrated that auto-
phagy was involved in the cell death induced by ER stress 
in PC12 cells.

To test the effects of exogenous Activin A on autophagy 
activation following ER stress, cells were pretreated with 
exogenous Activin A, followed by co-treatment with TG for 
20 hours. We found that Activin A significantly suppressed 
the TG-induced increase in the expression of LC3-II and 
Beclin-1 in PC12 cells. These results were further confirmed 
by AO staining. Autophagy is characterized by the develop-
ment of acidic vesicular organelles, which include lysosomes 
and autophagosomes (Paglin et al., 2001). AO is a nucleic 
acid-selective fluorescent cationic dye that stains the nucle-
us and cytoplasm green, and any acidic compartments red 
(Yang et al., 2014). In this study, we found that TG-induced 
red AO spots in the cytoplasm of PC12 cells were suppressed 
by Activin A. These results suggest that exogenous Activ-
in A inhibited ER stress-induced autophagy in PC12 cells. 
Combined with the autophagy effects on ER stress-induced 
cell death, we concluded that exogenous Activin A protected 
PC12 cells against ER stress-induced injury partly by attenu-
ating autophagic cell death.

JNK and p38 MAPK are two apoptosis-regulating MAP 
kinases, which are activated in response to a variety of cell 
stresses including reactive oxygen species, DNA damage 
and inflammatory-induced cytokines (Nozaki et al., 2001). 
Recent studies have shown that the JNK and p38 MAPK 
pathways are involved in apoptosis and autophagy activation 
during cerebral ischemia and neuronal degeneration (Go-
mez-Santos et al., 2003; Sekine et al., 2006; Xue et al., 2016). 
In this study, we found that JNK and p38 inhibition attenu-
ated TG-induced autophagy in PC12 cells. In addition, JNK 
and p38 inhibition markedly attenuated the TG-induced ele-
vation in the protein levels of CHOP, cleaved-caspase-12 and 
cleaved-caspase-3. These findings suggest that the JNK and 
p38 pathways were involved in the autophagy and apoptosis 
during ER stress.

Previously, we have found that Activin A simultaneously 
suppressed the activation of the JNK and p38 pathways 
during cerebral ischemia (Xue et al., 2016). In this study, 
we found that the TG-induced activation of the JNK/p38 
pathways was significantly inhibited by exogenous Activin 
A. The simultaneous reduction in both p38 and JNK acti-

vation indicated that exogenous Activin A may regulate a 
common upstream kinase during ER stress. Several studies 
have shown that JNK and p38 MAPK are the downstream 
effectors of the IRE1-TRAF2-ASK1 pathway during ER 
stress (Xin et al., 2014; Zou et al., 2015). In response to ER 
stress, IRE1 binds to TRAF2, which then recruits and ac-
tivates ASK, a MAP3K. This IRE1-TRAF2-ASK1 complex 
promotes activation of p38 and JNK during ER stress (Xin 
et al., 2014). In this study, Activin A inhibited the TG-in-
duced expression of IRE1, TRAF2 and ASK1 in PC12 cells. 
These results suggest that Activin A inhibited the activation 
of the IRE1-TRAF2-ASK1-JNK/p38 cascade during ER 
stress. 

In summary, Activin A inhibited ER stress-induced apop-
totic and autophagic cell death by suppressing the IRE1-
TRAF2-ASK1-JNK/p38 cascade in PC12 cells. Because ER 
stress has increasingly come into focus as a factor contribut-
ing to neuronal injury, further understanding of the protec-
tive effects of Activin A against ER stress may significantly 
enhance its pharmaceutical potential for treatment of neuro-
logical diseases. 
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