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Abstract. Glutamate neurotoxicity has been implicated in 
the initiation and progression of various neurological and 
neurodegenerative disorders. Therefore, it is necessary to 
develop therapeutics for the treatment of patients with these 
devastating diseases. Mitochondrial fission plays an import 
role in the mediation of cell death and survival. The objective 
of the present study was to determine whether B355252, a 
phenoxythiophene sulfonamide derivative, reduces glutamate‑ 
induced cell death by inhibiting mitochondrial fission and 
the nuclear translocation of apoptosis‑inducing factor (AIF) 
in glutamate‑challenged HT22 neuronal cells. The results 
revealed that glutamate treatment led to large increases 
in the mitochondrial levels of the major fission proteins 
dynamin‑related protein 1 (Drp1) and mitochondrial fission 1 
protein (Fis1), but only small elevations in the fusion proteins 
mitofusin 1 and 2 (Mfn1/2) and optic atrophy 1 (Opa1). In 
addition, glutamate toxicity disrupted mitochondrial reticular 
networks and increased the translocation of AIF to the nucleus. 
Pretreatment with B35525 reduced glutamate‑induced cell 
death and prevented the increases in the protein levels of 
Drp1, Fis1, Mfn1/2 and Opa1 in the mitochondrial fraction. 
More importantly, the architecture of the mitochondria was 

protected and nuclear translocation of AIF was completely 
inhibited by B35525. These findings suggest that the regulation 
of mitochondrial dynamics is central to the neuroprotective 
properties of B355252, and presents an attractive opportunity 
for potential development as a therapy for neurodegenerative 
disorders associated with mitochondria dysfunction.

Introduction

Glutamate is a major mediator of excitatory neurotransmission 
in the mammalian central nervous system (CNS), and plays 
crucial roles in the physiology of numerous CNS functions 
ranging from learning to memory and cognition (1). The 
tonic concentrations of glutamate are tightly regulated in 
the synapse by high‑affinity glutamate reuptake systems (2). 
However, high concentrations of glutamate in the CNS 
are potentially neurotoxic. The neurotoxic effects are 
generally characterized by neuronal hyperexcitability and 
excitotoxicity. Glutamate‑induced excitotoxicity has been 
associated with inflammation and oxidative stress, and has 
emerged as an important pathological mechanism in a wide 
range of acute and chronic neurological disorders, including 
cerebral ischemia, epilepsy, traumatic brain injury and 
neurodegenerative diseases such as Alzheimer's disease, 
Parkinson's disease and Huntington's disease (3‑6). The 
physiological basis for glutamate‑induced neurotoxicity is 
beginning to emerge, but there is considerable uncertainty 
surrounding the underlying mechanisms. Several lines 
of evidence point to mitochondrial dysfunction as a 
defining event in glutamate‑induced neurotoxicity. 
Mitochondria‑dependent calcium influx and the depletion 
of the intracellular antioxidant glutathione promote acute 
oxidative stress by elevating the levels of reactive oxygen 
species (ROS), which in turn leads to an imbalance in 
mitochondrial dynamics and, ultimately, cell death (7).

Mitochondria are bioenergetic and biosynthetic organ‑
elles with a well‑recognized role in the production of ATP 
and other macromolecules. It has become apparent that 
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mitochondria perform various signaling functions, as evidence 
has emerged on their crucial role in the maintenance of 
intracellular calcium [Ca2+]i homeostasis, regulation of the 
intracellular level of ROS and, most importantly, programmed 
cell death (8,9). Mitochondria are highly dynamic intracellular 
entities that undergo biogenesis, clearance and fission/fusion. 
In these mitochondrial dynamics, the continuous cycles of 
fission and fusion are maintained in a delicate balance and are 
essential for mitochondrial homeostasis (10,11). Fission and 
fusion events are tightly and coordinately regulated by several 
nuclear‑encoded proteins with GTPase hydrolysis activities. 
Among them, dynamin‑related protein 1 (Drp1) and mitochon‑
drial fission 1 protein (Fis1) mediate mitochondrial fission, 
while mitofusin 1 and 2 (Mfn1/2) and optic atrophy 1 (Opa1) 
proteins mediate mitochondrial fusion (12). Drp1, the master 
regulator of mitochondrial fission, exists predominantly in the 
cytoplasm where, when being activated, it interacts with GTP 
and lipids to form oligomers that are subsequently recruited 
to the mitochondrial outer membrane to form an integral part 
of the fission machinery (13). Fis1 is a component protein of 
the fission complex that includes mitochondrial fission factor 
(Mff), mitochondrial division protein 1, and mitochondrial 
dynamics proteins of 49 kDa (MiD49) and 51 kDa (MiD51). 
Fis1 is anchored in the outer membrane of the mitochondria 
where it mediates the recruitment of oligomerized Drp1 to 
fission sites on the membrane. The translocation of Drp1 to 
the mitochondrial membrane initiates a series of events that 
culminates in the division of the mitochondria or the activation 
of apoptosis, depending on the triggering stimulus (10,11,13). 
In contrast to mitochondrial fission, the process of mitochon‑
drial fusion is positively regulated by Mfn1/2 and Opa1, and 
occurs in two phases. In the first phase, the dimerization and 
binding of mitofusins facilitates the tethering of the outer 
membranes of neighboring mitochondria via a process that 
involves lipid hydrolysis. In the second phase, Opa1 coordi‑
nates the formation of cristae and fusion of the mitochondrial 
inner membranes, thus completing the fusion process (12). 
The view that mitochondrial fusion is a requirement for the 
transport of mitochondria within the cell and essential for cell 
survival is commonly accepted.

The small molecule 4‑chloro‑N‑(naphthalen‑1‑ylmethyl)‑5‑ 
[3‑(piperazin‑1‑yl)phenoxy]thiophene‑2‑sulfonamide (B355252) 
is an pheneoxythiophene sulfonamide with intrinsic nerve 
growth factor (NGF) potentiating activity. B35525 has been 
shown to enhance the ability of NGF‑primed NS‑1 pheocromo‑
cytoma cells to differentiate into a neuron‑like phenotype with 
extensive networks of branched neurites (14,15). B35525 does 
not induce neurite outgrowth alone, but enhances the effect of 
sub‑physiological concentrations of NGF on neurons in vitro. 
In addition, B355252 has exhibited unique activity in several 
in vitro models of chronic neurological and neurodegenerative 
disorders (16,17). In our previous study, B355252 was shown 
to protect HT22 neuronal cell against glutamate‑induced 
excitotoxicity via the potent suppression of the oxidative injury 
caused by ROS production and [Ca2+]i overload (16). Given that 
mitochondria are the major site of [Ca2+]i and ROS production 
during glutamate excitotoxicity, the present study examined 
the effect of B355252 on HT22 cell viability and markers of 
mitochondrial structural dynamics and apoptosis following 
glutamate exposure.

Materials and methods

Cell culture and experimental treatment. HT22 murine 
hippocampal neuronal cells (donated by Dr June Panee; 
University of Hawaii, Honolulu, Hawaii) were cultured 
in Dulbecco's Modified Eagle's Medium (DMEM; 
Invitrogen; Thermo Fisher Scientific, Inc.) supplemented 
with 10% heat‑inactivated fetal bovine serum (FBS; 
cat. no. MT35011CV; Thermo Fisher Scientific, Inc.), 2 mM 
L‑glutamine and 200 mM streptomycin/penicillin (Invitrogen; 
Thermo Fisher Scientific, Inc.) and maintained at 90‑95% rela‑
tive humidity in 5% CO2 at 37˚C. Glutamate (Sigma‑Aldrich; 
Merck KGaA) was dissolved in water while B355252 (donated 
by Dr Alfred Williams; North Carolina Central University, 
Durham, North Carolina) was dissolved in dimethyl sulfoxide 
at a concentration of 10 mM. Stock solutions were diluted with 
cell culture medium for each experiment. Cells were subjected 
to glutamate stress for 18 h alone or after pretreatment for 2 h 
with B355252 in full culture medium. Various concentrations 
of glutamate (0.25‑16 mM) and B355252 (0.16‑10 µM) were 
evaluated to determine their optimal working concentrations 
prior to their combined use.

Cell viability assay. The viability of the HT22 cells was quan‑
tified in 96‑well plates using 7‑hydroxy‑3H‑phenoxazin‑3‑one 
10‑oxide (resazurin). A stock solution of resazurin was prepared 
in deionized water at a concentration of 1 mg/ml. Following 
the aforementioned treatment of cells with glutamate and/or 
B355252, a 10 µl aliquot of resazurin was dispensed into each 
well containing 100 µl DMEM to achieve a final concentration 
of 0.1 mg/ml. After 3 h of incubation in 5% CO2 at 37˚C, the 
cells were equilibrated to room temperature for 15 min and 
the fluorescence was measured with a PHERAstar Microplate 
Reader (BMG Labtech GmbH) with a 540‑20/590‑20 nm 
filter. The relative fluorescence of the untreated, control cells 
represented 100% cell viability and the cell viability of each 
experimental group was converted to a percentage relative to 
the control.

Western blotting. For immunoblotting, treated cells were lysed 
in RIPA buffer (cat. no. R0278; Sigma‑Aldrich; Merck KGaA) 
with complete protease (cat. no. P1860; Sigma‑Aldrich; 
Merck KGaA) and phosphatase (cat. no. 52‑462‑51SET; 
MilliporeSigma) inhibitor cocktails. Following lysis, subcel‑
lular fractions of the cytosol, mitochondria and nucleus were 
isolated through differential centrifugation steps as previously 
described (18). The purity of the fractions was verified as 
previously reported (19). Protein concentrations were deter‑
mined using the Bradford assay. Equal amounts of protein 
(20 µg/lane) in the total cell fractions were separated on 
4‑12% NuPAGE SDS‑PAGE gels (Invitrogen; Thermo Fisher 
Scientific, Inc.), transferred to nitrocellulose membranes, and 
then probed overnight at 4˚C with the following antibodies: 
Phospho‑(Ser616)Drp1 (p‑Drp1; 1:1,000; cat. no. 3455; Cell 
Signaling Technology, Inc.), Drp1 (1:500; cat. no. PIPA577924; 
Invitrogen; Thermo Fisher Scientific, Inc.), Fis1 (1:500; cat. 
no. sc‑98900; Santa Cruz Biotechnology, Inc.), Opa1 (1:1,000; 
cat. no. sc‑30572; Santa Cruz Biotechnology, Inc.), Mfn1 
(1:1,000; cat. no. sc‑50330; Santa Cruz Biotechnology, Inc.), 
Mfn2 (1:1,000; cat. no. sc‑50331; Santa Cruz Biotechnology, 
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Inc.), apoptosis‑inducing factor (AIF; 1:500; cat. no. sc‑55519; 
Santa Cruz Biotechnology, Inc.), mitochondrial cytochrome c 
oxidase subunit IV (Cox‑IV; 1:1,000; cat. no. ab14744; Abcam) 
or β‑actin (1:1,000; A1978; Sigma‑Aldrich; Merck KGaA). 
The membranes were incubated with IRDye® 680RD goat 
anti‑rabbit IgG (H+L) (1:2,000; cat. no. 926‑68171; LI‑COR 
Biosciences) or IRDye® 800 CW goat anti‑mouse IgG (H+L) 
(1:2,000; cat. no. 926‑32210; LI‑COR Biosciences) for 1 h 
at room temperature. β‑actin, Cox‑IV and lamin B (1:1,000; 
cat. no. ab16048; Abcam) were used as internal loading 
controls. Membranes were scanned with an Odyssey LI‑COR 
imaging system (LI‑COR Biosciences). The targeting band 
densities were quantified using Image Studio (4.x CLx; 
LI‑COR Biosciences) and ratios of the targeted proteins and 
loading control were calculated and presented.

Mitochondrial imaging. H922 cells were grown on a 
Lab‑Tek™ II Chamber Slide™ (Thermo Fisher Scientific, 
Inc.), and were treated with glutamate and/or B3552525 as 
aforementioned. After the treatment, the cells were labeled 
with MitoTracker™ Red CM‑XRos (M7512; Invitrogen; 
Thermo Fisher Scientific, Inc.) at 37˚C in a humidified 5% 
CO2 atmosphere for 30 min. The cells were thereafter fixed 
with 4% paraformaldehyde in DMEM culture medium for 
15 min at room temperature. The fixed cells were rinsed 
twice with PBS, mounted with Vectashield mounting medium 
containing DAPI (Vector Laboratories, Inc.) and analyzed 
using a BD Pathway™ 855 High‑Content Bioimager (BD 
Biosciences) at x100 final magnification. The experiment was 
repeated three times and images of a minimum of three fields 
per group were captured. The number of cells containing 
fragmented mitochondria was manually counted in each 
experimental condition and presented as percentage of total 
counted cells.

AIF immunostaining. HT22 cells were grown on Lab‑Tek II 
Chamber Slides (cat. no. 12‑565‑5; Thermo Fisher Scientific, 
Inc.). Following 18 h of glutamate exposure with or without 
B355252 pretreatment 37˚C, the cells were fixed for 20 min 
at room temperature with 4% paraformaldehyde, washed with 
PBS and permeabilized in 0.3% Triton X‑100 for 5 min. The 
cells were blocked with 10% donkey serum (5664605ML; 
MilliporeSigma) for 1 h at room temperature and then incu‑
bated overnight at 4˚C with anti‑AIF primary antibody (1:200; 
cat. no. sc‑55519). The cells were washed with PBS and then 
incubated for 2 h at room temperature with Alexa Fluor 
488‑conjugated secondary antibodies (1:500; cat. no. R37114; 
Invitrogen; Thermo Fisher Scientific, Inc.). Finally, the slides 
were mounted with Vectashield mounting medium containing 
DAPI. The slides were scanned with a BD Pathway 855 
High‑Content Bioimager. The experiment was repeated three 
times and images of a minimum of three fields per group were 
captured and processed for analysis.

Statistical analysis. Data are presented as the mean ± SD of 
at least three independent experiments and were analyzed 
using Graph Pad Prism 7 software (GraphPad Software, Inc.). 
One‑way ANOVA followed by Tukey's test was used to analyze 
differences among groups. P<0.05 was considered to indicate 
a statistically significant difference.

Results

B355252 protects HT22 cells against glutamate‑induced 
cell death. Concentrations of glutamate >1.0 mM caused 
significant concentration‑dependent reductions in HT22 cell 
viability compared with that of the untreated control, with 
2.0 mM decreasing cell viability by ~60% (P<0.001; Fig. 1A 
and D) and higher concentrations decreasing cell viability 
>90%. Based on this result, 2.0 mM glutamate was selected for 
subsequent experiments. B355252 alone exhibited no toxicity 
on HT22 cell viability at concentrations ≤5 µM relative to the 
control (Fig. 1B and D). However, a 75% loss of viability was 
observed when the cells were exposed to 10.0 µM B355252. 
On the basis of these results, 2.5 µM B355252 was selected for 
further experiments.

The pretreatment of HT22 cells with B355252 essentially 
prevented the toxic effect of 2.0 mM glutamate on viability 
(P<0.001; Fig. 1C and D). Notably, glutamate‑induced cell 
death was also prevented by the simultaneous application 
of 5 µM B355252, although the level of protection was less 
robust compared with that of pretreatment with the compound 
prior to glutamate exposure (data not shown). These results 
demonstrate that B355252 pretreatment significantly reduced 
cell death and improved the survival of HT22 cells under 
glutamate exposure.

B355252 suppresses the glutamate‑induced increase of 
mitochondrial fission proteins Drp1 and Fis1. The exposure 
of HT22 cells to glutamate led to a significant 7‑fold increase 
in the level of p‑Drp1 in the mitochondrial protein fraction 
(P<0.001; Fig. 2) and a 4‑fold reduction in the cytosolic 
level of this protein compared with the respective levels in 
unexposed control cells (P<0.01; Fig. 2), which suggests that 
p‑Drp1 translocated from the cytosol to the mitochondria. 
Pretreatment with B355252 prior to glutamate exposure 
blocked the activation and translocation of Drp1 and thereby 
restored the balance between cytosolic and mitochondrial 
p‑Drp1 to levels similar to those in control cells. In the 
mitochondrial fraction, the band densities of total Drp1 rela‑
tive to those of the internal loading control COX‑IV were 
not significantly altered by the treatments. Analysis of Fis1 
showed a slight but significant 1.5‑fold (P<0.01) upregula‑
tion of the protein in the mitochondria following glutamate 
exposure. Pretreatment with B355252 prevented the gluta‑
mate‑dependent increase, resulting in the level of Fis1 in the 
cells remaining at baseline levels. No significant change in 
Fis1 protein was observed in the cytosolic fraction in the 
presence of glutamate with or without B355252. In addition, 
treatment of the cells with B355252 alone did not alter the 
levels of p‑Drp1 or Fis1 in the mitochondria or cytosol of the 
HT22 cells.

B355252 prevents glutamate‑induced changes of 
mitochondrial fusion markers Opa1, Mfn1 and Mfn2. Western 
blotting revealed that B355252 caused small, statistically insig‑
nificant changes in Opa1, Mfn1 and Mfn2 protein levels in the 
mitochondria in comparison with those in untreated control 
cells, and glutamate exposure significantly increased Opa1, 
Mfn1 and Mfn2 expression by ~40% (P<0.05), 25% (P<0.01) 
and 40% (P<0.05), respectively (Fig. 3). Furthermore, B355252 
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pretreatment significantly decreased the glutamate‑induced 
elevations in Opa1 and Mfn1 proteins by 40% (P<0.05) and 
in Mfn2 protein by 65% (P<0.01) relative to the levels in cells 
treated with glutamate alone.

B355252 decreases glutamate‑induced mitochondrial frag‑
mentation. Based on the preceding results, morphological 
imaging was performed to evaluate the dynamic changes 
occurring in the mitochondria. Consistent with the protein 

Figure 1. B355252 reduces glutamate‑induced HT22 cell death. (A) HT22 cells were treated with the indicated concentrations of glutamate and cell viability 
was assessed with a resazurin assay. Cells exposed to glutamate concentrations >2 mM showed a significant reduction in cellular viability after 18 h. Values 
represent the means ± SD as a percentage of the control. ***P<0.001 vs. 0 mM glutamate. (B) Concentration‑dependent effect of B355252 on HT22 cell viability. 
HT22 cells tolerated B355252 well at concentrations ≤5 µM, while 10 µM B355252 reduced cell viability to ~25% of the control after 20 h. ***P<0.001 vs. 0 µM 
B355252. (C) B355252 protected cells from glutamate‑induced cell death when applied 2 h before glutamate exposure. ***P<0.001 vs. untreated control and 
###P<0.001 vs. Glu group. (D) Representative photomicrographs of HT22 cells treated with glutamate and/or B355252. Data were collected from three or more 
independent experiments conducted in triplicate. Values are mean ± SD and analyzed by one‑way ANOVA followed by Tukey's multiple comparison test. Glu, 
2 mM glutamate. 
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levels of the mitochondrial fission regulators p‑Drp1 and Fis1, 
mitochondrial imaging using MitoTracker Red revealed that 
marked morphological changes were induced by glutamate in 
the mitochondria. As seen in Fig. 4, the mitochondria in control 
cells displayed rod and wire shapes with a reticular mitochon‑
drial network in the cell body. By contrast, the reticulitis of 
the mitochondrial network was broken into prominent small, 
rounded specks after glutamate exposure. However, pretreat‑
ment with B355252 protected the mitochondrial tubular 
network in glutamate‑exposed cells, while B355252 treatment 
alone had no adverse effect on the HT22 cells. Counts of 
the numbers of cells that contain fragmented mitochondria 
revealed that glutamate treatment resulted in mitochondrial 

fragmentation in ~60% of the cells, a 6‑fold increase compared 
with that in the control group (P<0.01), whereas only 30% of 
cells with fragmented mitochondria was observed in B355252 
pre‑treated, glutamate exposed cells. These results suggest 
that B355252 ameliorated glutamate‑induced mitochondrial 
fragmentation.

B355252 suppresses the glutamate‑induced elevation of 
proapoptotic AIF. Glutamate treatment significantly increased 
the AIF content in HT22 cell nuclei nearly 2‑fold compared 
with that in the untreated control cells (P<0.05; Fig. 5A). 
However, the nuclear content of AIF was markedly reduced 
to a level approaching that in the untreated control cells 

Figure 2. B355252 inhibits glutamate‑induced changes in mitochondrial fission markers. Representative western blots and quantitative analysis of the protein 
bands of the mitochondrial fission proteins p‑Drp1 and Fis1. Glutamate exposure significantly increased the levels of mitochondrial fragmentation markers 
p‑Drp1 and Fis1 without affecting the levels of total Drp1 in the mitochondria after 18 h. By contrast, B355252 significantly attenuated the glutamate‑induced 
increase of p‑Drp1 and Fis1 in the mitochondria of these cells. Glutamate exposure significantly reduced the cytosolic level of p‑Drp1 without affecting the 
level of β‑actin after 18 h. B355252 attenuated the glutamate‑induced reduction of p‑Drp1 in the cytosol. Data are from three or more independent experiments 
conducted in triplicate. Values are presented as means ± SD and were analyzed by one‑way ANOVA followed by Tukey's multiple comparison test. **P<0.01 
and ***P<0.001 vs. untreated control; #P<0.05, ##P<0.01 and ###P<0.0001 vs. Glu. Glu, 2 mM glutamate; Ctr, control; Drp1, dynamin‑related protein 1; p‑Drp1, 
phospho‑Drp1; Fis1, mitochondrial fission 1 protein; Cox‑IV, mitochondrial cytochrome c oxidase subunit IV.
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following glutamate exposure with B355252 pretreatment; 
B355252 alone had no effect on the level of AIF in the nucleus. 
The mitochondrial content of AIF was not significantly altered 
by glutamate and/or B355252. These immunoblot findings 
were further confirmed by AIF immunocytochemistry, which 
showed the presence of ~70% AIF positive cells following 
glutamate treatment, as measured by immunofluorescence 
localization in the nucleus. This significant increase compared 
with the untreated control (P<0.001) was significantly inhibited 
and maintained at control levels by pre‑exposure of the cells to 
B355252 (P<0.001; Fig. 5B).

Discussion

Neurodegenerative diseases are a set of disorders that typi‑
cally lead to deterioration in the function of cells of the 
CNS. The prevalence of these diseases is increasing owing to 
numerous factors, including advances in medicine that have 
led to increased lifespans, poor insight into the mechanisms 
responsible for disease initiation and progression, and the 
absence of effective therapies that reduce or prevent their 
incidence. The identification of B355252, a phenoxythiophene 
compound from a proprietary chemical library, as a novel 
agent that potentiates neurotrophin‑dependent neuronal cell 
signaling was reported in our previous study (14‑17). B355252 
has been shown to exhibit a wide range of pharmacological 
actions, including the potentiation of NGF‑initiated neurite 

Figure 3. B355252 inhibits glutamate‑induced change mitochondrial fusion markers. Representative western blots and quantitative analysis of the protein 
bands of the mitochondrial fusion proteins Opa1, Mfn1 and Mfn2. Glutamate exposure significantly increased the levels of the mitochondrial fusion markers 
Opa1, Mfn1 and Mfn2 without affecting the levels of Cox‑IV after 18 h, and B355252 attenuated the glutamate‑induced increase of these markers. Data are 
from three or more independent experiments conducted in triplicate. Values are presented as means ± SD and were analyzed by one‑way ANOVA followed by 
Tukey's multiple comparison test. *P<0.05 and **P<0.01 vs. untreated control; #P<0.05 and ##P<0.01 vs. Glu. Glu, 2 mM glutamate; Mfn1, mitofusin 1; Mfn2, 
mitofusin 2; Opa1, optic atrophy 1; Cox‑IV, mitochondrial cytochrome c oxidase subunit IV.

Figure 4. B355252 preserves mitochondrial morphology. Photomicrographs 
showing the mitochondrial morphology of HT22 cells treated with 5 µM 
B355252 and/or 2 mM glutamate. Mitochondrial morphology was studied 
using MitoTracker Red CM‑XRos with a BD Pathway 855 High‑Content 
Bioimager (final magnification, x100). Images were processed and analyzed 
for structural alterations. Glutamate exposure (18 h) disrupted the mitochon‑
drial reticular network, resulting in small, rounded mitochondrial fragments. 
B355252 pretreatment attenuated the changes in the mitochondrial tubular 
network in glutamate‑exposed cells. Data are from three or more independent 
experiments conducted in triplicate. Values are presented as means ± SD and 
were analyzed by one‑way ANOVA followed by Tukey's multiple comparison 
test. **P<0.01.
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Figure 5. B355252 prevents glutamate‑induced AIF release. (A) Representative western blots and quantitative analysis of the AIF protein bands in the mito‑
chondrial and nuclear fractions of HT22 cells. Mitochondrial AIF levels were similar in the mitochondrial fractions of HT22 cells, regardless of treatment 
regimen. By contrast, glutamate (2 mM) exposure significantly increased the nuclear translocation of AIF. B355252 (5 µM) pretreatment blocked the nuclear 
translocation of AIF in cells exposed to glutamate. Values are presented as means ± SD and were analyzed by one‑way ANOVA followed by Tukey's multiple 
comparison tests. *P<0.05 vs. untreated control; #P<0.05 vs. Glu. (B) Representative immunocytochemical photomicrographs and quantitative analysis of AIF 
positive cells. Perinuclear staining is observed in the control cells and cells treated with B355252 alone. The translocation of AIF to the nucleus following 
glutamate exposure is shown by green aggregates in the nuclei, and B355252 blocked the glutamate‑induced nuclear localization of AIF. Data is representative 
of three or more independent experiments conducted in triplicate. Values are presented as means ± SD and were analyzed by one‑way ANOVA followed by 
Tukey's multiple comparison tests. ***P<0.001 vs. untreated control; ###P<0.001 vs. Glu. Glu, glutamate; AIF, apoptosis‑inducing factor; Cox‑IV, mitochondrial 
cytochrome c oxidase subunit IV.
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outgrowth and extension, and the promotion of cell survival 
and neuroprotection in a serum‑deprivation model (15) and 
an in vitro model of Parkinson's disease (17). Furthermore, 
the rescue of neuronal cells from glutamate‑induced oxida‑
tive mitochondrial injury by B355252 has been demonstrated 
to occur through the inhibition of ROS production and the 
robust blockade of [Ca2+]i influx (16). In the present study, the 
aim was to define the role of B355252 in the attenuation of 
glutamate‑induced injury and dysfunction of the mitochon‑
dria. The results reveal that B355252 protected HT22 neurons 
via the regulation of key mitochondrial remodeling proteins, 
preservation of the mitochondrial architecture, and prevention 
of the translocation of proapoptotic AIF to the nucleus.

The viability of HT22 cells was assessed using resazurin, 
a dye of low cytotoxicity that is reduced by viable cells 
to resorufin. The resazurin assay reflects mitochondrial 
dysfunction. Therefore, whether the decreased viability of 
glutamate‑exposed cells and preventive effects of B355252 
indicated by the resazurin assay results reflect the real cell 
survival status is contentious. However, images of the cells 
clearly show a reduction in cell density following exposure to 
glutamate and the restoration of cell density when B355252 
was applied prior to glutamate treatment, indicating that 
B355252 prevented glutamate‑induced cell death.

Glutamate is a major excitatory neurotransmitter in the 
CNS where it regulates the activity of two major classes of 
postsynaptic receptors, namely ionotropic and metabotropic 
glutamate receptors. At physiological concentrations, gluta‑
mate plays a crucial role in memory, cognition and neuronal 
plasticity. However, abnormally high concentrations of 
glutamate can lead to neuronal dysfunction, excitotoxicity 
and cell death, mediated in part by the overexcitation of 
postsynaptic glutamate receptors (20). In accordance with 
previous findings, the exposure of HT22 cells to increased 
extracellular concentrations of glutamate led to a significant 
concentration‑dependent reduction in cell viability.

Previous studies have shown that the toxicity exerted by 
glutamate in HT22 cells is largely mediated via the induc‑
tion of oxidative stress (16,21). The formation of ROS is a 
consequence of glutamate‑induced oxidative stress, and mito‑
chondria are a major source of ROS in neuronal cells exposed 
to glutamate, acutely or chronically. ROS are produced as 
a normal consequence of cellular metabolism and can be 
harmful or beneficial, depending on homeostatic systems in 
the cell. However, high concentrations of glutamate can over‑
whelm antioxidant defense systems and result in the disruption 
of cellular homeostasis by increasing the accumulation of ROS, 
and decrease cell survival by a mechanism involving mito‑
chondrial hyperpolarization and dysfunction (18,22). It is not 
known whether the protective effect of B355252 against gluta‑
mate toxicity is due only to its antioxidant property. The role 
of B355252 in ROS, Ca2+, glutathione (GSH) and ERK kinase 
modulation was defined in our previous study (16). The inhibi‑
tory effect of B355252 on the glutamate‑induced increases in 
ROS and Ca2+ levels and depletion of GSH appears similar 
to the antioxidant activity of N‑acetylcysteine (NAC) (23). 
However, the changes observed using NAC, although signifi‑
cant, were less pronounced compared with those induced by 
B355252 in naïve cells. Therefore, the effectiveness of B355252 
in the protection of neurons is not likely to be limited to its role 

as an antioxidant, and other mechanisms may be contributing 
to the protection conferred against glutamate‑induced injury. 
Given that mitochondria are the major site of ROS and Ca2+ 
production during glutamate‑dependent injury, and glutamate 
has been reported to affect the mitochondrial dynamics of 
neuronal cells (18,24), the role of B355252 in the mitochon‑
drial dynamics of HT22 cells was investigated in the present 
study. The results support the hypotheses that B355252 has 
a role in mitochondrial remodeling, and that an additional 
mechanism other than antioxidation contributes to the ability 
of the compound to completely protect neuronal cells from 
glutamate‑induced stress.

The association between glutamate toxicity and mitochon‑
drial fragmentation has previously been established. It has 
been reported that mitochondrial dynamic events controlled 
by the fission proteins Drp1 and Fis1, and the fusion proteins 
Opa1 and Mfn1/2, are altered during glutamate‑induced 
stress (18,24,25). Drp1, a cytoplasmic GTPase is the master 
regulator of mitochondrial fission. Mitochondrial fission 
occurs through a series of steps involving the translocation 
of the activated form of Drp1 from the cytoplasm to the 
outer mitochondrial membrane, where it drives membrane 
fission (12). The recruitment of Drp1 is facilitated by Fis1, a key 
receptor located in the outer mitochondrial membrane. Other 
proteins that mobilize Drp1 to the mitochondria independent 
of Fis1, such as Mff and the mitochondrial dynamics proteins 
MiD49 and MiD51, have since been identified (26,27). These 
proteins serve critical roles in mitochondrial fission events.

Activation of Drp1 by phosphorylation leads to division 
of the mitochondria to generate two daughter organelles (28). 
Earlier studies into the role of Drp1 showed that the over‑
expression of mutant Drp1 caused abnormal mitochondrial 
morphology in mammalian cells (29,30), while the inhibition 
of Drp1 via the overexpression of a dominant‑negative mutant 
prevented the loss of transmembrane potential and release of 
cytochrome c, and protected against cell death (31). Likewise, 
the overexpression of Fis1 causes mitochondrial fragmenta‑
tion in mammalian cells, while Fis1 knockdown alleviates 
it (32,33). Furthermore, a study of small molecule inhibitors of 
Drp1 activation revealed that they protected PC12 cells against 
ischemic neuronal injury in an oxygen‑glucose deprivation 
model via the attenuation of mitochondrial dysfunction 
promoted by [Ca2+]i uptake (34).

Drp1 can be phosphorylated at distinct serine residues, 
including Ser618 by Cdk1/cyclin B, and Ser637 or 656 by 
protein kinase A (35,36). Previous studies have demon‑
strated that mitochondrial fission is promoted when Drp1 is 
phosphorylated at Ser616 and inhibited when phosphorylation 
occurs at Ser637 or Ser656 (37,38). In the present study, a 
significant increase in phosphorylated Drp1 levels in the 
mitochondria of HT22 cells was observed using a p‑Drp1 
(Ser616)‑targeting antibody following glutamate exposure. 
Fis1 was also increased in the mitochondria of cells treated 
with glutamate, suggesting that an interaction between 
Drp1 and Fis1 leads to excessive mitochondrial fission and 
contributes to glutamate‑mediated cell death. B355252 
decreased the glutamate‑induced increase in the levels of 
p‑Drp1 in the mitochondria, and restored p‑Drp1 levels in the 
cytoplasm. Therefore, these effects of B355252 support the 
hypothesis that the compound reduces mitochondrial fission 
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by decreasing the glutamate‑induced activation of Drp1 and 
its recruitment to the mitochondrial membrane, as well as 
restoring the Drp1 balance in the cytoplasm. In the present 
study, a 7‑fold upregulation of Drp1 accompanied by increased 
Fis1 expression in the mitochondrial fraction was observed 
when cells were exposed to glutamate. These increases are 
consistent with the observation that the percentage of cells 
containing fragmented mitochondria increased significantly 
in glutamate‑treated cells. These data suggest that glutamate 
activates the mitochondrial fission machinery that causes 
mitochondrial fragmentation and eventually cell death. 
The pretreatment of glutamate‑exposed cells with B355252 
completely blocked the glutamate‑induced increases of 
p‑Drp1 and Fis1 in the mitochondria and reduced mitochon‑
drial fragmentation, suggesting that the protective effect of 
B355252 against glutamate‑induced excitotoxicity is at least 
partially mediated through the inhibition of mitochondrial 
fission. One limitation of the study must be noted. Ideally 
the ratio of p‑Drp1 to Drp1 should be calculated to evaluate 
whether the observed changes in p‑Drp1 reflect a change in 
phosphorylation per se or a change of total Drp1 protein. 
Since total Drp1 was not detected alongside with p‑Drp1 in 
the cytosol, whether the observed change in p‑Drp1 in the 
cytosol reflects a change in total Drp1 is not known.

Mitochondria constantly undergo cycles of fission and 
fusion in order to maintain the morphology and functions 
of the organelle (39). The fusion process is controlled by 
Opa1, Mfn1 and Mfn2, three large GTPases belonging to 
the dynamin family of proteins. Mfn1 and Mfn2 are located 
on the outer mitochondrial membrane and are key regula‑
tors of outer membrane fusion, while Opa1 is embedded in 
the inner membrane and is involved in inner mitochondrial 
membrane fusion (40). Several lines of evidence demonstrate 
that mitochondrial fusion serves an essential role in mamma‑
lian development (41,42). Opa1 is a key regulator of neuronal 
fate during excitotoxic cell death (43,44). The association 
of glutamate‑induced mitochondrial fragmentation with 
reduced levels of mitochondrial fusion proteins has been 
observed in various studies. For example, glutamate toxicity 
reduces the levels of Opa1 and promotes neuronal cell death 
by inducing mitochondrial morphology defects, whereas the 
upregulation of Opa1 confers significant protection against 
N‑methyl‑D‑aspartate‑induced neuronal death (45). Studies 
have also shown that Mfn2 deficiency leads to mitochondrial 
fragmentation and neuronal death, and renders motor neurons 
vulnerable to glutamate excitotoxicity, while the overexpres‑
sion of Mfn2 prevents glutamate‑induced fragmentation of 
the mitochondria, and blocks the death of spinal cord motor 
neurons and cortical neurons in vitro and in vivo (46‑50). 
However, in the present study, 0.25‑ to 0.4‑fold increases in 
the levels of the pro‑fusion proteins Opa1 and Mfn1/2 were 
observed in the mitochondrial fraction after glutamate incuba‑
tion. This could be a protective reaction of the mitochondria 
to glutamate stress, similar to the expression of certain 
pro‑survival genes following glutamate or ischemic stress. 
Nevertheless, even with the slight increases of pro‑fusion 
proteins, the mitochondria were destined for fragmentation, 
as evidenced by mitochondrial imaging, suggesting that 
glutamate predominantly induced mitochondrial fission even 
in the presence of slightly elevated levels of fusion proteins. 

Pretreatment with B355252 prevented the increases in mito‑
chondrial Opa1 and Mfn1/2 levels, in addition to blocking the 
glutamate‑induced increases p‑Drp1 and Fis1, suggesting that 
maintenance of the mitochondrial dynamic balance plays a 
key role in the rescue of the cells by B355252.

A direct consequence of glutamate‑induced toxicity in 
cells is bioenergetic failure provoked by collapse of the mito‑
chondrial membrane potential. Dissipation of the membrane 
potential triggers prolonged opening of mitochondrial 
permeability transition pores (MPTPs) under the control of 
cyclophilin‑D. The formation of MPTPs leads to permeabi‑
lization of the mitochondria and the influx of molecules into 
the mitochondrial matrix, which in turn causes the mitochon‑
dria to swell and rupture, releasing several apoptotic factors 
that promote cell death (51). AIF, a key signaling molecule 
of the caspase‑independent apoptotic pathway, is localized 
in the mitochondrial intermembrane space. AIF is released 
into the cytoplasm in response to mitochondrial damage, 
where its interaction with pro‑death protein partners, such 
as cyclophilin A, initiates translocation into the nucleus, 
leading to DNA fragmentation (52). Previous studies have 
demonstrated the neuroprotective effects of AIF inhibition 
in vitro and in vivo (53,54). The results of the present study 
confirmed previous observations of glutamate‑mediated 
increases in the transfer of AIF from the mitochondria to the 
nucleus in HT22 cells (55). Immunocytochemical staining 
revealed a high number of AIF positive cells under acute 
glutamate challenge. B355252 abrogated the nuclear translo‑
cation of AIF, and was neuroprotective when applied prior to 
glutamate insult.

In conclusion, the phenoxythiophene compound B355252 
conferred neuroprotective effects on HT22 cells in vitro by 
attenuating glutamate‑induced dysfunction of the mitochon‑
drial fission process. The glutamate‑induced upregulation of 
Drp1 and Fis1 was effectively blocked by B355252. In contrast 
with previous studies, glutamate increased, rather than inhib‑
ited Opa1 and Mfn1/2 expression to promote mitochondrial 
dysfunction in the HT22 cell model. B355252 inhibited the 
glutamate‑induced effects on these proteins and protected the 
cells against mitochondrial dysfunction. In addition, B355252 
prevented the translocation of AIF from the mitochondria 
to the nucleus. These results suggest that B355252 exerts its 
neuroprotective effects through mitochondria‑dependent 
events. However, the molecular targets of B355252 and its 
mechanisms of action remain to be elucidated.
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