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Abstract. β-N-methylamino-L-alanine (BMAA) is a 

neurotoxin that is closely associated with the incidence of amyo-

trophic lateral sclerosis, Parkinson's disease and Alzheimer's 

disease. In cultured neuronal cells, BMAA notably induces 

the upregulation of endoplasmic reticulum (ER) chaperons and 

activates the unfolded protein response (UPR) receptor path-

ways of protein kinase RNA-like endoplasmic reticulum kinase, 

inositol-requiring kinase 1 and transcription factor 6. The ER 

stress-specific protein CCAAT/-enhancer-binding protein 

homologous protein (CHOP) affords pro-apoptotic responses 

that cause mitochondrial damage and caspase activation. 

BMAA also induces the activation of mitogen-activated protein 

kinase member c-JUN N-terminal kinase, p38 and extracel-

lular signal-regulated kinase, which have been suggested to be 

involved in the signaling pathway of UPR-mediated apoptosis. 

Inhibition of ER stress using ER stress antagonist, salubrinal, 

attenuated the expression of CHOP and alleviated neuronal 

death. Overexpression of heat shock protein 70 suppressed 

the activation of UPR receptors and UPR-evoked apoptotic 

signaling. The present findings demonstrated that ER stress 
induced by BMAA is the important mediator of neuronal 

injury and apoptotic death, and suggests development in novel 

therapeutic strategies for treatment.

Introduction

β-N-methylamino-L-alanine (BMAA) is a non-protein amino 

acid neurotoxin that attracts much attention since it associates 

with the incidence of neurodegenerative diseases of amyo-

trophic lateral sclerosis (ALS), Alzheimer's disease (AD) and 

Parkinson's disease (PD), or combination of them (1,2). BMAA 

is known to be produced by cyanobacteria (3). By means 

of biomagnification, BMAA has been identified in aquatic 
and terrestrial environments (4). A previous study demon-

strated that BMAA can be taken up into the brain across the 

blood-brain barrier via large neutral amino acid carriers, and 

this intake may be augmented in response to factors, including 

diet, metabolism, disease and age (5).

The neurotoxicity of BMAA was first concerned 

with the h igh incidence of amyotrophic latera l 

sclerosis/parkinsonism-dementia complex (ALS/PDC), a 

combination of ALS, PD and dementia (6). Significant levels 
of BMAA were detected in the brain and spinal cord tissues of 

patients succumbing to ALS/PDC, whereas no or few quantities 

of BMAA were detected in those controls (7). A large quantity 

of in vivo studies have demonstrated memory and behavior 

disabilities following exposure to BMAA, together with the 

degeneration and loss of neurons in the central nervous system, 

and these changes appear proportional to the dose of BMAA 

administered or the concentration of BMAA present in the 

nervous tissue (8,9).

Endoplasmic reticulum (ER) stress has been suggested to 

be involved in human neurodegenerative diseases, including 

ALS, AD and PD, as well as other disorders (10). Under the 

condition of stress circumstances, the normal function of the 

ER is disturbed to induce protein misfolding and aggregation 

in the lumen of the ER. The ER responds to the accumula-

tion of misfolded protein with the unfolded protein response 

(UPR) (11). Binding immunoglobulin protein (Bip/Grp78) 

senses and transfers to the misfolded protein, which makes 

it dissociate from the ER-transmembrane receptor protein 

kinase RNA-like endoplasmic reticulum kinase (PERK), 

inositol-requiring kinase 1 (IRE1) and transcription 

factor 6 (ATF6), leading to their activation. PERK phosphory-

lates the alpha subunit of eukaryotic initiation factor 2 (eIF2), 

which attenuates protein translation. IRE1α initiates the 
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splicing of transcription factor X-box binding protein (XBP1) 

mRNA, which upregulates the ER chaperon genes, as well 

as the genes involved in protein degradation. ATF6 (90 kDa) 

translocates to the Golgi apparatus and is cleaved there to form 

a 50 kDa transcription factor that translocates to the nucleus, 

where it activates the transcription of XBP1 and ER chaperon 

genes. The aim of these responses is to mitigate protein load 

and restore ER function.

If the disruption to ER is prolonged or aggravated, the UPR 

develops towards apoptosis. The activation of IRE1 recruits 

tumor-necrosis factor receptor associated factor 2 (TRAF2) 

and apoptosis signal-regulating kinase 1 (ASK1), and trig-

gers the c-JUN N-terminal kinase (JNK) signaling pathway. 

JNK triggers human procaspase-4 (or murine procaspase-12) 

and downstream caspases (12). The phosphorylation of 

PERK enhances the translation of activating transcription 

factor 4 (ATF4) via eIF2α phosphorylation, which induces the 

expression of ER stress‑specific CCAAT/-enhancer-binding 

protein homologous protein (CHOP) (13). CHOP downregu-

lates the antiapoptotic mitochondrial B-cell lymphoma (Bcl)-2 

family, favoring caspase activation.

Understanding the intracellular pathway of BMAA toxicity 

is important as it not only renders the target for treating 

BMAA-induced neurotoxicity, but also facilitates the explo-

ration of the pathogenesis of neurodegenerative disorders. 

Previous studies have indicated that ER stress is involved in 

the pathogenesis of ALS, PD and AD, and serves a pivotal 

role in the processing of neuronal degeneration and death (10). 

In the present study, the intracellular molecular mechanism of 

BMAA-induced ER stress and apoptosis was assessed in the 

cultured HT22 hippocampal cells, Neuro-2a and SH-SY5Y 

neuroblastoma cells.

Materials and methods

Materials. BMAA, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT), propidium iodide (PI) and salu-

brinal (Sal) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Thapsigargin (Tg) and tunicamycin (Tm) was 

obtained from Biomol Research Labs (Plymouth Meeting, 

PA, USA). Antibodies specific to Bcl-2 (cat. no. sc7382), 

Bcl-xl (cat. no. sc7195), Bcl-2-associated X protein (Bax; 

cat. no. sc493), CHOP (cat. no. sc7351), GRP78 cat. no. sc1050), 

GRP94 (cat. no. sc120647), ATF6α (p90; cat. no. sc22799), 

eIF2α (cat. no. sc133132) and sXBP-1 (cat. no. sc8015) were 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 

CA, USA). Antibodies specific to cleaved JNK (cat. no. 9252), 
p38 (cat. no. 9212), ERK (cat. no. 9102), caspase-9 (cat. no. 9508), 

cleaved caspase-3 (cat. no. 9664), poly-ADP ribose poly-

merase (PARP; cat. no. 9532), phosphorylated (P-)ASK1 

(cat. no. 3761), P-eIF2α (cat. no. 3597), P-JNK (cat. no. 9255), 

P-p38 (cat. no. 9211) and P-ERK (cat. no. 9101) were purchased 

from Cell Signaling Technology, Inc. (Danvers, MA, USA). 

Antibodies against cyclophilin B (CypB; cat. no. ab16045) 

and protein disulfide isomerase (PDI; cat. no. ab2792) were 

purchased from Abcam (Cambridge, UK). Antibodies against 

β-tubulin (cat. no. sc9104), α-actinin (cat. no. sc15336) and 

actin (cat. no. sc1616) were purchased from Santa Cruz 

Biotechnology, Inc. GAPDH antibody (cat. no. CSA-335) 

was purchased from Enzo Life Sciences, Inc. (Farmingdale, 

NY, USA). Lipofectamine 2000 was purchased from Gibco 

(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Small 
interfering (si)RNAs against control scrambled and CHOP 

were obtained from Santa Cruz Biotechnology, Inc. Gene 

Silencer siRNA transfection reagent was purchased from Gene 

Therapy System (San Diego, CA, USA). DAPI nucleic acid stain 

was purchased from Molecular Probes (Eugene, OR, USA). 

Phosphate-buffered saline (PBS), 4% paraformaldehyde, 

ethanol, methanol, sodium dodecyl sulfate (SDS), Triton-X-100 

and NaHCO3 were purchased from Sigma-Aldrich.

Cell culture. The human neuroblastoma cell line, SH-SY5Y, 

mouse hippocampal cell line, HT22 and mouse neuroblas-

toma cell line, Neuro-2a, were purchased from the American 

Type Culture Collection (Manassas, VA, USA). Cells were 

cultured in Dulbecco's modified Eagle's medium (DMEM), 
supplemented with 10% (v/v) fetal bovine serum (Hyclone; GE 

Healthcare Life Sciences, Logan, UT, USA) 100 U/ml penicillin 

and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.), in a humidified 5% (v/v) CO2 incubator at 37˚C. For the 
treatment, BMAA was dissolved in a physiological concentra-

tion (10 mM) of NaHCO3, as it has been reported that HCO3 is 

required for mediating BMAA toxicity (14,15). The cells were 

serum-starved for 1 h and incubated with BMAA, as previ-

ously described (14,15). On completion of incubation, the cells 

were washed thoroughly with PBS and subjected to various 

analyses.

MTT assay. Cell viability was evaluated using the conversion 

of MTT to MTT-formazan by mitochondrial enzymes. 

Neuronal cells were seeded into 12-well plates at a density 

of 4x105 cells/well in growth medium and cultured to ~70% 

confluence. Following serum starvation for 3 h, the cells were 
treated with various concentrations of BMAA. After 24 or 48 h 

incubation at 37˚C, the cells were washed three times with 

PBS, and 30 µl MTT solution (5 mg/ml) was added to the cells 

and subsequently incubated for 1 h at 37˚C. The medium was 
removed carefully and 300 µl dimethyl sulfoxide was added 

to dissolve the blue formazan in living cells. Finally, the 

absorbance at 540 nm was measured using an ELISA reader 

(Multiskan EX; Thermo Lab systems, Beverly, MA, USA).

Western blot analysis. For western blot analysis, neuronal 

cells (3x105 cells/well) were seeded for 24 h into a 6-cm 

culture dish. The cells were washed twice with ice-cold 

PBS and total cell lysates were prepared in a lysis buffer 

containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

1% Triton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 

1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF 

and protease inhibitor cocktail. The whole cell lysates were 

centrifuged (12,000 x g for 10 min at 4˚C) for removal of 
cellular debris. The protein concentration was determined 

by the Lowry method using a Bio-Rad DC protein assay kit 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Cell lysates 

containing equal quantities of protein (50 µg) were resolved 

by 8-15% SDS-polyacrylamide gel electrophoresis and 

transferred onto nitrocellulose membranes. Each membrane 

was blocked with a solution containing 5% non-fat milk in 

Tris-buffered saline with 0.05% Tween-20 (TBST) for 1 h at 

room temperature. Following blocking, the membranes were 
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incubated with the primary antibodies (dilution, 1:2,000) in 

TBST overnight at 4˚C. Following incubation, the membranes 
were washed for 1 h with TBST and were further probed 

with secondary HRP-conjugated anti-rabbit, anti-mouse or 

anti-goat immunoglobulin G (dilution, 1:2,000; AbFrontier, 

Seoul, South Korea) in TBST for 1 h at room temperature. 

The immune complexes were visualized using an enhanced 

chemiluminescence detection system (Pierce; Thermo Fisher 

Scientific, Inc.), according to the manufacturer's protocol.

siRNA. siRNA transfections were performed using Lipo-

fectamine 2000 transfection reagent (Thermo Fisher 

Scientific, Inc.). CHOP siRNA target sequences, purchased 
from Dharmacon (GE Healthcare Life Sciences, Chalfont, 

UK) were as follows: Sense, 5'-CUG GGA AAC AGC GCA 

UGA A-3' and antisense, 5'-UUC AUG CGC UGU UUC 

CCAG-3'. The universal negative control (Dharmacon; GE 

Healthcare Life Sciences) was used as the scrambled siRNA. 

HT22 cells were seeded into 6-well plates overnight and 

transferred into 1 ml serum-free DMEM prior to transfection. 

Scrambled control and CHOP siRNA were incubated with 

transfection reagent for 5 min at room temperature, and the 

mixtures were subsequently added to the cells. Following 12 h 

incubation, 1 ml DMEM containing 20% calf serum was 

added to each well. For experiments, the cells were trans-

fected with siRNA for 24 h and were subsequently exposed to 

BMAA for 24 h. The efficiency of siRNA‑based interference 
of CHOP was monitored by western blot analysis.

Flow cytometry for DNA content. The cells were seeded 

at 2x105 cells/ml density in 100-mm dishes. Following 

incubation for 24 h, the cells were harvested, washed twice 

with PBS, and fixed with ice‑cold 75% ethanol at 4˚C 
for 24 h. The cells were subsequently pelleted by centrifuga-

tion at 1,000 x g for 5 min at 4˚C and the ethanol layer was 
discarded. Following washing with PBS, the fixed cells were 
treated with 0.5 µg/ml RNase A in PI buffer for 30 min at 

37˚C. At the end of the treatment, PI (20 µg/ml) was added 

and the cells were stained for 30 min in the dark. The cell 

cycle was then analyzed for DNA content using Kaluza flow 
cytometry software (Beckman Coulter, Orange County, CA, 

USA).

Plasmid construction and transfection. Full-length cDNA of 

Hsp70 was obtained by reverse transcription-polymerase chain 

reaction (PCR). The primers, synthesized by Macrogen, Inc. 

(Seoul, South Korea), used for PCR amplification were 5'‑CAC 
CAC CTA CTC CGA CAA CCA-3' and 5'-GCC CCT AAT CTA 

CCT CCT CAA TG-3'. The PCR reaction mixture (40 µl) 

contained 2 mM MgCl2, 0.2 mM dNTP, 1 µM primers and 

1 unit Taq DNA polymerase. The samples were amplified 

using 30 cycles of 60 sec denaturation at 94˚C and 30 sec 
annealing at 62˚C. The product was subsequently cloned into 
pcDNA3.1‑HA plasmid (Invitrogen; Thermo Fisher Scientific, 
Inc.) using BamHI and KpnI enzymes. The plasmids were trans-

fected into cells with Lipofectamine 2000 reagent, according 

to the manufacturer's protocol. The cells were treated with 

BMAA 24 h after transfection. The efficiency of transfection 
was monitored by western blot analysis with anti-HA antibody 

(cat. no. sc138; Santa Cruz Biotechnology, Inc.).

DAPI staining and confocal microscopy. Equal numbers 

of neuronal cells were seeded onto glass coverslips in 

a 12-well microplate. Following harvesting, the cells 

were washed in PBS and fixed in 4% paraformaldehyde 

containing 0.25% Triton X‑100 for 10 min at 22˚C. Cell nuclei 
were stained with 6.5 µg/ml DAPI, 16% polyvinyl alcohol 

and 40% glycerol C for 30 min at 37˚C. The cells on the glass 
coverslips were covered with histological mounting medium 

(National Diagnostics, Atlanta, GA, USA). Fluorescence was 

evaluated in three independent high-power fields (magni-

fication, x400) using an LSM510 confocal laser microscope 

(Carl Zeiss, Oberkochen, Germany). The excitation/emission 

wavelengths for DAPI was 358/461 nm. Apoptotic cells were 

identified with nuclear morphology of apoptosis, involving 
chromatin condensation and DNA fragmentation.

Statistical analyses. The results were expressed as the 

mean ± standard deviation from at least three independent 

experiments. Statistical analyses were performed using 

Student's t-test. Unless indicated otherwise, P<0.05 was 

considered to indicate a statistically significant difference.

Results

BMAA induces apoptotic neuronal death in a dose‑ and 

time‑dependent manner. Previous studies have demonstrated 

that the induction of neuronal degeneration and death, rather 

than of excitotoxicity or oxidative stress, requires high concen-

trations of BMAA (≥1.0‑3.0 mM) (14‑16). The present study first 
estimated the neurotoxic effect of BMAA on the viability of 

neuronal cells using an MTT reduction assay. HT22, Neuro-2a 

and SH-SY5Y cells were treated with increasing doses of 

BMAA (1.0, 2.0 and 3.0 mM). At 24 h after the beginning of 

exposure to BMAA, no significant injury occurred with BMAA 
concentrations <1.0 mΜ, whereas a mild cell death occurred at 
the 1.0 mΜ level, a moderate cell death occurred at 2.0 mM and 
a marked cell death occurred at 3.0 mΜ (Fig. 1A). Next, to detect 
cell injury in the different stages, cell viability was measured 

at 12, 24 and 48 h, and the results revealed a time-dependent 

increase in cell death (Fig. 1B).

In response to BMAA exposure, the expression of 

anti-apoptotic Bcl-2 and Bcl-xL revealed much lessened levels 

compared with the control; however, the level of pro-apoptotic 

Bax was notably increased, which shifted the Bax/Bcl-2 

ratio to withdraw the survival signal and favor apoptosis in a 

dose-dependent manner. Cytochrome c is released by the regu-

lation of the Bcl-2 family proteins and binds to pro-caspase-9, 

which cleaves initiator caspase-9 and in turn cleaves the effector 

caspase-3. The cleavage of poly (ADP-ribose) polymerase 

(PARP) is also involved in DNA repair and programmed cell 

death. The cleavage of the caspases and PARP was detected in 

BMAA-treated cells, however, not in control cells (Fig. 1C). 

Collectively, these data indicated that BMAA treatment 

induces apoptotic neuronal injury and death in a dose- and 

time-dependant manner.

Activation of UPR signaling and UPR signaling‑evoked 

apoptotic pathway. In response to BMAA exposure, the phos-

phorylation of PERK and eIF2α, and the splicing of XBP1 were 

increased in a BMAA dose-dependent manner. By contrast 
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to the increased level of the above proteins, the expression of 

full length ATF6 (ATF6 p90) was detected with decreasing 

levels in the cytosol, suggesting the cleavage and translocation 

of ATF6 into the nucleus (Fig. 2A). ER chaperons have been 

demonstrated as monitors of ER stress. The predominant ER 

chaperon proteins involve Bip/Grp78, protein disulfide isom-

erase, Grp94 and Cyp B (17-19). The much increased levels 

of the ER chaperons Bip/Grp78, Grp94, PDI, and CypB were 

represented in BMAA-treated cells compared with control 

(Fig. 2B), suggesting the result in response to the accumulation of 

misfolding proteins in the ER. The persistent ER stress initiates 

UPR signaling-mediated pro-apoptotic signaling. The phos-

phorylated ASK1 and CHOP were detected in BMAA-treated 

cells in a dose-dependent manner, however, not in the control 

cells, suggesting the activation of ER stress-mediated apoptotic 

pathway in response to BMAA (Fig. 2C).

In order to confirm the pro‑apoptotic action of CHOP, the 
present study performed RNA interference experiments using 

siRNA to reduce the levels of CHOP. HT22 and Neuro-2a 

cells were transfected with CHOP siRNA, followed by BMAA 

treatment. Western blot analysis revealed that the cells trans-

fected with CHOP siRNA exhibit enhanced expression of 

Bcl-2, whereas this reduces the expression of cleaved-PARP 

compared with those untreated, suggesting that the inhibition 

of ER‑specific CHOP pathway inhibits pro‑apoptotic signaling 
(Fig. 2D). To further evaluate DNA fragmentation in each 

neuronal cell, the percentage of subG1 cells was analyzed 

via flow cytometry as a measure of apoptotic index. Cells 

transfected with CHOP siRNA exhibited a reduced population 

with cell cycle arrest in the sub-G1 phase compared with those 

without transfection or transfected with control scrambled 

siRNA (Fig. 2E). Taken together, these findings notably 

indicate that the UPR signaling proteins and UPR-mediated 

apoptotic pathway are activated as a result of ER stress in 

BMAA-treated neuronal cells.

Activation of the ERK, JNK and p38 MAPK pathway. 

Extracellular signal-regulated kinase (ERK), JNK and 

p38 mitogen-activated protein kinase (MAPK) are the three 

major members of the MAPK family. These MAPK members 

have been suggested to be involved in the signaling pathway 

of UPR-mediated apoptosis (20). Activated IRE1 recruits 

TRAF2 to trigger the JNK-induced apoptotic signaling 

pathway (12). IRE1 also leads to apoptosis by stimulating 

the phosphorylation of ERK and p38 MAPK during ER 

stress (21). CHOP is also post-translationally regulated upon 

phosphorylation on serine residues 78 and 81 by p38 MAPK, 

which increases its activity and confers p38 as a substrate 

of ASK1 along the IRE1-ASK1-p38 pathway (22). Western 

blot analysis revealed that the phosphorylation of ERK, JNK 

and p38 MAPK were markedly activated in BMAA-treated 

neurons (Fig. 3A). The findings revealed that ERK, JNK and 
p38 MAPK are involved in the UPR-evoked apoptotic pathway 

to contribute to the induction of neuronal death.

Sal is a selective inhibitor of phosphatase complexes that 

dephosphorylate eIF-2α and has been primarily used to inves-

tigate ER stress-induced apoptosis (23). Neuronal cells were 

pretreated with 20 µΜ Sal for 30 min. As a positive control, 
cells were exposed to UPR inducers, Tg (an inhibitor of 

Sarco-ER Ca2+ ATPase pump) and Tm (an inhibitor of N-linked 

glycosylation). BMAA-induced ER stress was significantly 

inhibited by Sal treatment, as assessed by the phosphorylation 

of eIF2α, JNK and p38 MAPK, and protein expression levels 

Figure 1. Effects of BMAA on cell viability and apoptosis of neuronal cells. 

(A) Neuronal cells were treated with 1.0, 2.0, or 3.0 mM BMAA and were 

analyzed at 24 h after the beginning of exposure to BMAA. The percentage 

cell viabilities are representative of at least three different experiments and 

are expressed as the mean ± standard deviation (*P<0.05 vs. untreated cells; 
#P<0.05 vs. 2.0 mM-treated cells). (B) The cell viabilities were measured at 12, 

24 and 48 h after treatment with 2.0 mΜ BMAA. The data are expressed as the 
mean ± standard deviation obtained from at least three independent experi-

ments (*P<0.05 vs. untreated cells; #P<0.05 vs. 24 h-treated cells). (C) The 

cells were treated with increasing doses of BMAA (1.0, 2.0 and 3.0 mM) 

for 24 h. The protein expression levels of Bcl-2 family members, and the 

cleavage of caspase and PARP, were assessed by western blot analysis. 

α-actinin was used as a loading control. The data are representative of at 

least three different experiments. BMAA, β-N-methylamino-L-alanine; Bcl, 

B-cell lymphoma; Bax, Bcl-2-associated X protein; PARP, poly-ADP ribose 

polymerase.

  A

  B
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of Bip/Grp78, GRP94 and CHOP. Similar suppression effect of 

Sal also occurred in ER stress induced by Tg and Tm (Fig. 3B). 

Pretreatment of Sal notably increases neuronal survival, as 

monitored by MTT assay, while the cell death rate appears to 

remain higher compared with the control (Fig. 3C). These find-

ings indicated that suppressing ER stress can effectively restrain 

apoptotic neuronal death induced by BMAA treatment and 

facilitate cell survival with protective effect.

Overexpression of Hsp70 suppresses UPR‑evoked apoptotic 

signaling. Molecular chaperons have been demonstrated to 

serve the role of correcting misfolded protein and preventing 

them from aggregation (24). A previous study suggested 

that Hsp70 takes multiple protective effects on ER stress and 

stress-induced apoptosis (25). Neuronal cells were treated with 

BMAA following transfection with Hsp70. We first confirmed 
the overexpression of Hsp70 by western blot assay. Under the 

condition of Hsp70 overexpression, the phosphorylation of 

IRE1 and PERK, and the cleavage of ATF6 were significantly 
attenuated compared with the cells without transfection. The 

expression of ER chaperon GRP94 and PDI were lowered in 

Hsp70 transfected cells compared with non-transfected cells. 

Bcl-2 and Bcl-xL exhibited an increased level, while CHOP and 

Bim/Bax, and cleavage of caspases and PARP were at lower 

levels in Hsp70-transfected cells (Fig. 4A). Hsp70 transfection 

markedly increases neuronal survival, as measured using an 

MTT reduction assay, and the defensive role of HSP70 is not 

limited to cell type (Fig. 4B). The present study subsequently 

examined the protective effect using confocal microscopy. As 

visualized by DAPI nuclear staining, Hsp70 protected neuronal 

Figure 2. Treating BMAA induces the activation of UPR signaling and the UPR signaling-evoked apoptotic pathway. Neuronal cells were exposed to increasing 

concentrations of BMAA and detected at 24 h. Western blot analysis was performed with antibodies specific to (A) P‑PERK and eIF2α, spliced XBP1, IRE1α 

and full length ATF6α, (B) ER chaperon, and (C) ASK1 and CHOP. (D) Neuronal cells were transfected with con-siRNA and CHOP-siRNA for 24 h and were 

subsequently treated with 3.0 mM BMAA for 24 h. Knockdown efficiency of CHOP‑siRNA, the protein expression levels of the Bcl‑2 family, the cleaved 
caspases and PARP were assessed by western blot analysis. β-tubulin, GAPDH α-actinin or actin were used as a loading control. The results are representative 

of at least three independent experiments. (E) The cells were transfected with con-siRNA and CHOP-siRNA, and the percentage of subG1 cells was deter-

mined by flow cytometry. The data are expressed as the mean ± standard deviation from at least three independent experiments (*P<0.05 vs. untreated cells; 
#P<0.05 vs. BMAA-treated cells transfected with con-siRNA). BMAA, β-N-methylamino-L-alanine; Bcl, B-cell lymphoma; Bax, Bcl-2-associated X protein; 

PARP, poly-ADP ribose polymerase; P-, phosphorylated; PERK, protein kinase RNA-like endoplasmic reticulum kinase; ATF, transcription factor 6; XBP, 

X‑box binding protein; ER, endoplasmic reticulum; PDI, protein disulfide isomerase; CypB, cyclophilin B; ASK, apoptosis signal‑regulating kinase; CHOP, 
CCAAT/-enhancer-binding protein homologous protein; con, control; si, small interfering; eIF2, eukaryotic initiation factor 2.

  A   B

  C

  D

  E
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cells against nuclear condensation and fragmentation induced 

by BMAA, when compared with those without transfection 

(Fig. 4C). To further evaluate DNA fragmentation in each 

neuronal cell, flow cytometry was performed as an apoptotic 

index. Cells transfected with HSP70 represented a lower 

population of cell cycle arrest in the sub-G1 phase, indicating 

that HSP70 effectively inhibits BMAA-induced apoptosis 

(Fig. 4D). Taken together, these data clearly demonstrated that 

HSP70 overexpression suppresses the activation of UPR sensors 

and UPR-evoked apoptotic signaling as a protective effect.

Discussion

An important sign of neurodegenerative diseases is the accu-

mulation and aggregation of misfolded proteins (26). Recent 

studies suggested that BMAA is incorporated into proteins 

by mischarged transfer RNA synthetase (tRNAs), and this 

misincorporation causes protein misfolding and aggregation 

in neuronal cells (27). A previous study also showed that 

BMAA can be assembled into protein chains via binding 

to serine transfer RNA, resulting in improper folding of the 

protein (28). These findings were consistent with the fact that 
a large fraction of BMAA was detected from protein precipi-

tates in ALS, PD and AD samples.

Previous studies also implicated that the excito-

toxicity of BMAA is mediated by the activation of 

α-amino-3-hydroxy-5-isoxazolepropionic acid (AMPA) 

receptors (29), N-methyl-D-aspartate (NMDA) receptors and 

metabotropic glutamate receptors (mGluR) (30). This activa-

tion causes the increase of intracellular calcium levels (31), 

and results in reactive oxygen species (ROS) production and 

oxidative stress state (32). Misfolded protein accumulation, 

glutamate-induced excitotoxicity, calcium dyshomeostasis 

and oxidative stress are involved in the factors that induce ER 

stress (33).

ER is the important organelle that facilitates protein folding 

and an accumulation of misfolded proteins in the lumen of the 

ER is activated in response to ER stress (34). The hallmark of 

this response is the transcriptional upregulation of ER chap-

erone proteins. The present study detected increased expression 

of the ER chaperon protein Bip/Grp78, Grp94, PDI and CypB 

in response to BMAA-exposure. These ER-resident chaperons 

and folding enzymes serve multiple roles in promoting protein 

folding and endoplasmic reticulum-associated protein degra-

dation (ERAD). Their upregulation indicates the disturbance 

of protein folding and the accumulation of misfolded proteins 

in the ER. The present results revealed the phosphorylation 

of PERK and eIF2α, the activation of IRE1, and the splicing 

of XBP1, as well as the reduction of ATF6 p90. The response 

of the three UPR pathways aims to mitigate the overload of 

misfolded protein in the ER. It indicates that BMAA treatment 

causes the dysfunction of ER and the aggregation of misfolded 

proteins in the ER.

CHOP is activated to initiate the ER stress-induced apoptotic 

response of cells, which amplifies the pro‑apoptotic signal by 
altering the balance between Bcl-2 and Bax (35). The expression 

of CHOP was markedly induced in response to BMAA treat-

ment. The role of CHOP was confirmed by siRNA-mediated 

knockdown of the protein, which significantly diminished 

apoptosis. This suggested that CHOP serves a critical role in 

BMAA-induced cell death. Previous studies demonstrated 

that the MAPKs are activated by ER stress inducers and are 

involved in ER stress-induced apoptosis (20). Activated JNK 

and p38, which mainly contribute to stress-induced apoptosis, 

are suggested serve a role of increasing the expression and 

Figure 3. BMAA initiates ER stress-induced phosphorylation of p38, JNK, 

and ERK. (A) HT22, Neuro-2a and SH-SY5Y cells were treated with BMAA 

at 1.0, 2.0 or 3.0 mM for 24 h. The protein expression levels of P- and total 

p38, JNK and ERK were measured by western blotting. (B) The cells were 

pretreated with 20 µM Sal for 30 min, followed by 3.0 mM BMAA, 1 µM Tg 

or 10 µg/ml Tm for 24 h, respectively. Sal inhibits ER stress-induced phos-

phorylation of eIF2α, p38, and JNK, and the expression levels of CHOP, 

Bax and cleaved caspases. The results shown are representative of at least 

three independent experiments. (C) Cell viability was measured using 

an MTT assay under the above conditions. The data are expressed as the 

mean ± standard deviation obtained from at least five independent experi-
ments (*P<0.05 vs. untreated cells. #P<0.05 vs. Sal-treated cells). BMAA, 

β-N-methylamino-L-alanine; Bax, B-cell lymphoma-2-associated X protein; 

P-, phosphorylated; ATF, transcription factor 6; ER, endoplasmic reticulum; 

CHOP, CCAAT/-enhancer-binding protein homologous protein; JNK, c-Jun 

N-terminal kinases; ERK, extracellular signal-regulated kinase; Sal, salu-

brinal; Tg, thapsigargin; Tm, tunicamycin.
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transcriptional activity of CHOP (35). The phosphorylation 

of ERK, JNK and p38 MAPK was observed, indicating the 

intense cellular stress caused by BMAA-exposure.

Sal has been reported to protect against neuronal injury in 

the rat brain through inhibiting ER stress, and Sal is capable 

of penetrating into brain tissue in vivo (36). Sal, which 

inhibits eIF2a dephosphorylation, alleviates the phosphory-

lation of JNK and p38 MAPK, and the translation of ATF4, 

thus suppressing the expression of CHOP. Pretreatment with 

Sal alleviates BMAA-induced ER stress and expression of 

CHOP, and enhances neuronal survival. Hsp70 prevents the 

misfolded proteins from aggregation, and allows them to 

refold (37). Hsp70 also affects the apoptotic pathway at the 

levels of cytochrome c release and caspase activation, and 

protects cells against stress-induced apoptosis (25). Overex-

pression of Hsp70 reduces the expression of ER chaperons and 

UPR receptors, suggesting that the initial UPR signaling is 

suppressed. The pro-apoptotic signaling proteins, CHOP and 

Bax, are downregulated, and the cleaved caspase-9 and -3 are 

attenuated, indicating that ER stress-mediated apoptotic cell 

death is inhibited. These findings indicated that ER stress 
is a highly promising therapeutic target for BMAA-induced 

neuronal injury and death, and implicated ER stress inhibi-

tors and molecular chaperons as potential pharmacological 

agents.

The present findings demonstrated that BMAA induces 
ER stress-mediated apoptosis in the cultured neuronal cells. 

BMAA induces the upregulation of ER chaperons and the 

activation of UPR receptors of PERK, IRE1 and ATF6, as well 

as the phosphorylation of MAPK member JNK, p38 and ERK. 

The ER stress‑specific protein CHOP is activated and drives 
pro-apoptotic responses that causes mitochondrial damage 

and caspase activation. Furthermore, the present study demon-

strated that inhibition of ER stress using ER stress antiagonist 

Figure 4. Overexpression of HSP70 suppresses ER stress-mediated neuronal death induced by BMAA, Tg and Tm. Following transfection with DNA con-

structs of pcDNA and HSP70 for 24 h, the cells were treated with 3.0 mM BMAA, 1 µM Tg, or 10 µg/ml Tm for 24 h. Con cells are untreated cells. (A) Western 

blotting for ER stress and apoptosis markers was performed. HSP70 was tagged with HA and the expression of HSP70 in the indicated transfectants was 

analyzed by western blotting. Consistent results are representative of at least three different experiments. (B) Cell viability was measured using an MTT assay. 

The percentage viability was plotted as the mean ± standard deviation of at least five experiments (*P<0.05 vs. untreated cells; #P<0.05 vs. BMAA-treated 

cells transfected with pcDNA only). (C) Nuclear morphology was visualized by DAPI nuclear staining. Mock are untransfected cells and con are untreated 

cells. The experiments were performed in triplicate and visualized under a confocal microscope. (D) The percentage of subG1 cells was analyzed via flow 
cytometry. The data are expressed as the mean ± standard deviation obtained from at least three independent experiments (*P<0.05 vs. untreated cells; #P<0.05 

vs. BMAA-treated cells transfected with pcDNA only). BMAA, β-N-methylamino-L-alanine; Bcl, B-cell lymphoma; Bax, Bcl-2-associated X protein; P-, 

phosphorylated; ATF, transcription factor 6; ER, endoplasmic reticulum; CHOP, CCAAT/-enhancer-binding protein homologous protein; Tg, thapsigargin; 

Tm, tunicamycin; HSP, heat shock protein; HA, hemagglutinin; XBP, X‑box binding protein; PARP, poly‑ADP ribose polymerase; PDI, protein disulfide 
isomerase; PERK, protein kinase RNA-like endoplasmic reticulum kinase; con, control; eIF2, eukaryotic initiation factor 2.
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Sal and Hsp70 protein mitigates neuronal damage and apop-

tosis as a protective effect.
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