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ABSTRACT Glutamate is an essential neurotransmitter in the central nervous sys-
tem (CNS). However, high glutamate concentrations can lead to neurodegenerative
diseases. A hallmark of glutamate toxicity is high levels of reactive oxygen species
(ROS), which can trigger Ca2� influx and dynamin-related protein 1 (Drp1)-mediated
mitochondrial fission. Peroxiredoxin 5 (Prx5) is a well-known cysteine-dependent per-
oxidase enzyme. However, the precise effects of Prx5 on glutamate toxicity are still
unclear. In this study, we investigated the role of Prx5 in glutamate-induced neuro-
nal cell death. We found that glutamate treatment induces endogenous Prx5 expres-
sion and Ca2�/calcineurin-dependent dephosphorylation of Drp1, resulting in mito-
chondrial fission and neuronal cell death. Our results indicate that Prx5 inhibits
glutamate-induced mitochondrial fission through the regulation of Ca2�/calcineurin-
dependent dephosphorylation of Drp1, and it does so by scavenging cytosolic and
mitochondrial ROS. Therefore, we suggest that Ca2�/calcineurin-dependent mitochon-
drial dynamics are deeply associated with glutamate-induced neurotoxicity. Conse-
quently, Prx5 may be used as a potential agent for developing therapies against
glutamate-induced neurotoxicity and neurodegenerative diseases where it plays a
key role.
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Glutamate, an important endogenous neurotransmitter in the mammalian central
nervous system (CNS), acts as a crossroad in neuronal cell signaling in processes

such as differentiation, migration, and survival (1). However, high concentrations of
extracellular glutamate lead to neuronal cell death by excitotoxicity. Glutamate-mediated
neuronal cell death contributes to critical neurodegenerative disorders, including brain
trauma, cerebral ischemia, epilepsy, stroke, Parkinson’s disease, and Alzheimer’s disease
(2–4). Several studies have reported that glutamate-mediated excitotoxicity is closely
associated with the activation of glutamate receptors and nonglutamate receptor
toxicity. There are three types of glutamate ionotropic receptors, viz., �-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, and N-methyl-D-aspartate
(NMDA). These receptors are widely distributed in the cortex, the ventral striatum, and
the hippocampus, respectively, at various concentrations (5). Nonglutamate receptor
toxicity occurs via the overproduction of reactive oxygen species (ROS), the excessive
influx of calcium (Ca2�), and the following neurotoxic cascades without the involve-
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ment of the glutamate receptor (6–8). Excessive ROS derived from the mitochondria
induces oxidative stress, and it plays an active role in the early and late steps of
apoptosis regulation. Notably, ROS causes a rapid Ca2� influx, intracellular Ca2�

overload, and mitochondrial membrane depolarization, which leads to additional ROS
generation and secondary messenger/enzyme activation, which eventually trigger
neuronal cell death (9, 10). The release and translocation of the apoptosis-inducing
factor from the mitochondria to the cytosol initiate the subsequent events related to
apoptosis, including up/downregulation of Bax and Bcl-2, release of cytochrome c,
activation of caspase-3, and cleavage of poly(ADP-ribose) polymerase 1 (PARP-1) (11,
12). Previous studies have emphasized that controlling ROS production and Ca2� influx
may be an effective therapeutic strategy for neurodegenerative diseases (13, 14).

Peroxiredoxins (Prxs), a family of cysteine-dependent peroxidase enzymes, play a
crucial role in scavenging peroxide and peroxynitrite in mammalian cells. Prxs are
categorized as Prx1 to Prx6 depending on their subcellular localization. Notably, since
Prx5 is located within the cytosol and the mitochondria, it can effectively remove
intracellular ROS (15). Previous studies have determined that Prx5 is a potent antioxi-
dant enzyme that contributes to cellular homeostasis by scavenging intracellular ROS
(16–19). However, the role of Prx5 in protection against glutamate-induced neuronal
cell death remains unclear. The distribution of Prxs in mammalian tissues has been
reported. In the brain tissue, Prx2 is expressed in the habenular nuclei of the hypo-
thalamus, whereas Prx1 and Prx6 are expressed in the astrocyte and microglia. Prx5 in
particular is observed in the hippocampus (20). These findings imply that Prx5 is
essential for the functional maintenance of the hippocampus and is related to neuro-
degenerative diseases.

Mitochondria are very dynamic cytoplasmic organelles that experience successive
fission/fusion events (mitochondrial dynamics) and are involved in the production of
ATP and the regulation of intracellular Ca2� (21, 22). Mitochondrial dynamics are
primarily controlled by mitochondrial fission and fusion proteins. Some of these proteins
are dynamin-related protein 1 (Drp1), mitochondrial fission 1 protein (Fis1), mitofusin-1
and -2 (Mfn1 and Mfn2), and Opa1. Drp1 and Fis1 regulate mitochondrial fission, and
Mfn1, Mfn2, and Opa1 regulate mitochondrial fusion (23). Several studies have reported
that the imbalance of mitochondrial fission/fusion accelerates mitochondrial fragmen-
tation and dysfunction and is closely associated with neuronal cell death (24–26). Drp1
activity, which is controlled by its phosphorylation/dephosphorylation, functions as a
key regulator of mitochondrial functions, and modulating Drp1 activity can inhibit
glutamate-induced neuronal cell death (27, 28). In particular, the dephosphorylation of
the 637th serine residue in Drp1 induces the translocation of Drp1 to mitochondria,
where it promotes mitochondrial fission and, in turn, apoptosis (29). This residue is
dephosphorylated by calcineurin, which is a Ca2�/calmodulin-dependent serine/thre-
onine phosphatase and comprises the family of protein phosphatase 2B (30). A previ-
ous study has reported that Ca2�/calmodulin-dependent protein kinase I (CaMK I), a
CaMK II family member, phosphorylates the 637th serine residue of Drp1 in the brain
(31). Therefore, the precise mechanisms that control the activation of calcineurin may
be important for neurodegenerative diseases. In this study, we investigated the role of
Prx5 and ROS in glutamate-induced neuronal death using mouse hippocampal HT22
cells. In addition, we also demonstrated mitochondrial dynamics and the calcineurin
pathway in glutamate-induced neuronal cell death. In this study, we determined that
Prx5 protected HT22 cells from glutamate-induced cell death by scavenging ROS. We
further demonstrated that Prx5 attenuated mitochondrial fission by inhibiting the
calcineurin pathway. Our results suggest that Prx5 exerts a protective effect on
glutamate-induced neuronal cell death, implying that Prx5 is a potential agent for the
treatment of neurodegenerative diseases.

RESULTS
Glutamate induces expression of apoptosis-related proteins in HT22 cells.

Glutamate-induced excitotoxicity is well known to induce neuronal cell death (32). First,
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using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) as-
say, we confirmed that glutamate treatment decreased cell viability in a concentration-
dependent manner; the 50% inhibitory concentration (IC50) values were 5 mM (Fig. 1A).
We also performed a time-based MTT assay and observed that the viability of HT22 cells
decreased to approximately 50% after 12 h of treatment with 5 mM glutamate (Fig. 1B).
We next examined the change in the expression of apoptosis-related proteins, includ-
ing cleaved PARP, cleaved caspase-3, and Bax, using Western blot analysis. As shown in
Fig. 1C and D, the expression of apoptosis-related proteins was significantly upregu-
lated in HT22 cells treated with glutamate.

Prx5 expression is induced by glutamate treatment in an ROS-dependent
manner. Using 2,7-dichlorofluorescein diacetate (CM-H2DCF-DA) and MitoSOX staining,
we investigated whether glutamate induced intracellular or mitochondrial reactive
oxygen species (ROS) accumulation, respectively (Fig. 2A and B). We observed that
glutamate increased the levels of intracellular and mitochondrial ROS, indicating that
glutamate-induced neuronal cell death is associated with an increase in ROS genera-
tion. We next treated HT22 cells with glutamate for 3, 6, 9, and 12 h to determine
whether the increase of ROS levels induced by glutamate has an effect on the expression
of peroxiredoxins (Fig. 2C and D). With increased glutamate treatment time, we
observed a slight increase in the levels of Prx1 to Prx6 (Prx1-6). Notably, Prx5 was
significantly upregulated after 12 h of glutamate treatment. Altogether, these results
indicate that the glutamate-dependent increase of Prx5 is closely linked to glutamate-
induced ROS generation and that Prx5 has the potential to protect HT22 cells from
glutamate-induced apoptosis.

Prx5 protects HT22 cells against glutamate-induced cell death through the
regulation of ROS generation. To evaluate the effects of Prx5 on glutamate-induced
apoptosis, we created HT22 cell lines stably expressing Prx5 (V5 tagged) or siPrx5

FIG 1 Increased cell death and ROS generation after glutamate treatment in HT22 cells. HT22 cells were treated with 5 mM glutamate for up to 12 h. (A and
B) Cell viability was measured with the MTT reduction assay in a glutamate dose- or time-dependent manner. (C and D) Expression of apoptotic proteins
(cleaved PARP, cleaved caspase-3, and Bax) was detected by Western blotting. Untreated HT22 cells were used as a negative control. Values are presented as
means � SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; each versus the control.
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(silenced Prx5). To begin, we confirmed the expression of Prx5 by Western blotting with
Prx5 and V5 tag antibodies. Indeed, our results showed that exogenous and endoge-
nous Prx5 was successfully overexpressed in HT22-Prx5 cells and silenced in HT22-
siPrx5 cells, respectively (Fig. 3A). We next examined ROS levels, which are closely
related to cell death, using oxidative-reactive fluorescent dyes. We used H2DCF-DA,
which is specific to intracellular ROS, and MitoSOX, which is specific to mitochondrial
ROS. As shown in Fig. 3B and C, we observed that Prx5 overexpression mildly attenu-
ated intracellular and mitochondrial glutamate-induced ROS generation, whereas Prx5
silencing increased glutamate-induced ROS generation. These results indicate that the
ROS scavenging activity of Prx5 protects HT22 cells from glutamate toxicity. In addition,
we determined the cell viability of HT22, HT22-Prx5, and HT22-siPrx5 cells treated with
glutamate using the MTT assay. We observed that the cell viability (relative to that of
untreated HT22 cells) was higher in HT22-Prx5 cells treated with glutamate than in
HT22-siPrx5 and HT22 cells treated with glutamate (Fig. 3D). Subsequently, a quanti-
tative evaluation of apoptosis was carried out via flow cytometry with annexin V/pro-
pidium iodide (PI) staining. Notably, the rate of apoptosis after glutamate treatment
was lower in cells stably expressing Prx5 than in HT22-siPrx5 and HT22 cells (Fig. 3E).
Accordingly, Prx5 overexpression inhibited the cleavage of caspase-3 (Fig. 3F). In
contrast to HT22-Prx5 cells, HT22-siPrx5 cells displayed markedly lower cell viability,
increased apoptotic cell rate, and high levels of cleaved caspase-3. Overall, our results
imply that Prx5 prevents glutamate-induced cell death, which is linked to apoptosis, by
regulating excessive ROS generation.

Prx5 prevents glutamate-induced mitochondrial fission by regulating Drp1
phosphorylation. Glutamate-induced apoptosis is usually accompanied by mitochon-
drial fission (33). To investigate whether Prx5 is involved in the change of mitochondrial
morphology, we established HT22 and HT22-siPrx5 cell lines stably expressing DsRed2-
mito and an HT22 cell line stably coexpressing DsRed2-mito and Prx5. Via confocal

FIG 2 Effects of glutamate on the production of reactive oxygen species (ROS) and the expression of peroxiredoxins (Prxs).
HT22 cells were incubated with 5 mM glutamate for up to 12 h. (A) Intracellular ROS levels were detected with the 2,7-
dichlorofluorescein diacetate (CM-H2DCF-DA) assay. (B) Mitochondrial ROS levels were detected with MitoSOX staining. (C and D)
Western blotting was used to measure the expression level of peroxiredoxins (Prxs). Untreated HT22 cells were used as a negative
control. Values are presented as means � SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; each versus the control.
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microscopy, we then observed the morphology of the mitochondria in these three
types of HT22 cells after glutamate treatment for 12 h. Our results showed that
Prx5-overexpressing HT22 cells had a more elongated mitochondrial morphology than
HT22 and HT22-siPrx5 cells. In particular, HT22-siPrx5 cells showed severely damaged
and fragmented mitochondrial morphology (Fig. 4A). Also, we assessed the levels of
phosphorylation of Drp1 (Ser637), which is implicated in mitochondrial fission. As
shown in Fig. 4B, the p-Drp1 (Ser637) levels decreased after glutamate treatment was
restored to control (untreated) levels by Prx5 overexpression, whereas Prx5 silencing
downregulated p-Drp1 (Ser637) levels after glutamate treatment. However, we did not
detect any significant change in the expression of other proteins related to mitochon-
drial fusion (Mfn1 and Mfn2). Altogether, these results suggest that Prx5 inhibits
glutamate-induced mitochondrial fission by modulating the phosphorylation of Drp1
(Ser637).

Prx5 inhibits the dephosphorylation of Drp1 by regulating Ca2�-mediated
calcineurin activation. The dephosphorylation of Drp1 at serine 637 is mediated by
Ca2�-dependent calcineurin activation. Intracellular Ca2� accumulation induces the
cleavage and activation of calcineurin by promoting the interaction of calmodulin with
subunit A of calcineurin (CnA) (34). Therefore, we investigated the impact of Prx5
expression on calcineurin activation by quantifying the cleavage of calcineurin. Before
assessing calcineurin activation, we measured intracellular Ca2� levels by flow cytom-
etry using Fluo-4 AM after glutamate treatment. Our results showed that intracellular

FIG 3 Protective effect of Prx5 in glutamate-induced apoptosis. After treating HT22 cells with 5 mM glutamate for 12 h, we detected intracellular ROS levels.
HT22 cells treated with 10 mM N-acetyl-L-cysteine (NAC) were used as a positive control. (A) Stable expression of exogenous Prx5 and silenced Prx5 (siPrx5) was
detected in HT22 cells by Western blotting with Prx5 and V5 tag antibodies. (B and C) Flow cytometry analysis of intracellular ROS levels (detected with
CMH2DCF-DA) and mitochondrial ROS levels (detected with MitoSOX) in HT22, HT22-Prx5, and HT22-siPrx5 cells treated with glutamate. (D) Cell viability was
assessed with the MTT assay in HT22, HT22-Prx5, and HT22-siPrx5 cells treated with glutamate. (E) Flow cytometry analysis of cell apoptosis using annexin
V-FITC/PI dual staining and the derived histogram showing the percentage of apoptotic cells calculated by densitometry. (F) Expression level of cleaved
caspase-3 was measured by Western blotting (exo-Prx5, exogenous Prx5; endo-Prx5; endogenous Prx5). Untreated HT22 cells were used as a control. Values
are presented as means � SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001; each versus the control.
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Ca2� levels increased along with an increase in glutamate treatment time (Fig. 5A). We
then confirmed the effect of Prx5 expression on glutamate-induced Ca2� accumulation;
as shown in Fig. 5B, Prx5 remarkably reduced intracellular Ca2� levels, whereas siPrx5
significantly increased Ca2� levels. We next assessed the levels of cleaved calcineurin in
the presence of glutamate with or without the calcineurin inhibitor cyclosporine (CsA)
and the Ca2� chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N=,N=-tetraacetic acid
(BAPTA) (Fig. 5C). We found that Prx5 overexpression effectively blocked the increase
in calcineurin cleavage, whereas siPrx5 increased the levels of cleaved calcineurin. As
expected, inhibition of calcineurin and chelation of Ca2� slightly decreased the expres-
sion of cleaved calcineurin. These results indicate that Prx5 inhibits the activation of
calcineurin by regulating intracellular Ca2� accumulation.

Subsequently, we analyzed the change in mitochondrial morphology induced by
CsA and BAPTA in HT22 and HT22-siPrx5 cells expressing DsRed2-mito. We observed
that the inhibition of calcineurin activity and Ca2� accumulation rescued glutamate-
induced mitochondrial fission regardless of whether endogenous Prx5 was expressed
(Fig. 5D). This result suggests that the severe mitochondrial fission induced by silencing
Prx5 depends on the Ca2� influx and calcineurin activation. In addition, we found that
CsA and BAPTA reversed the glutamate-induced dephosphorylation of Drp1 (Ser 637)
and the cleavage of caspase-3 (Fig. 5E and F). Therefore, it is likely that Prx5 prevents
glutamate-induced apoptosis by controlling the levels of intracellular Ca2� and cal-
cineurin activity upstream of Drp1.

FIG 4 Positive regulation of glutamate-induced mitochondrial dysfunction by Prx5. The three types of cells (HT22, HT22-Prx5, and HT22-siPrx5) were treated
with 5 mM glutamate for 12 h. HT22 cells treated with 10 mM N-acetyl-L-cysteine (NAC) were used as the positive control. (A) Confocal microscopy images
depicting the change in mitochondrial morphology induced by glutamate treatment in HT22 and HT22-siPrx5 cells stably expressing DsRed2-mito and HT22
cells stably coexpressing DsRed2-mito and Prx5. The images in the second row correspond to a higher magnification of the area within the white square in
the images in the first row. The histogram below the images shows the quantification of the average mitochondrial length. Mitochondrial lengths were analyzed
based on individual mitochondria. (B) The molecular footprint of mitochondrial dynamics was determined by Western blotting with Drp1, p-Drp1 (Ser 637),
Mfn1, and Mfn2 antibodies. Untreated HT22 cells were used as a control. Values are presented as means � SD (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001;
ns, not significant; each versus the control.

Kim et al. Molecular and Cellular Biology

October 2019 Volume 39 Issue 20 e00148-19 mcb.asm.org 6

https://mcb.asm.org


DISCUSSION

To determine whether Prx5 has a protective effect against glutamate neurotoxicity,
we established two HT22 cell lines: one that stably overexpressed Prx5 and one that
silenced endogenous Prx5 expression (Fig. 3A). This study’s results demonstrate that
Prx5 overexpression effectively protected HT22 cells from glutamate-induced neuro-
toxicity through the regulation of intracellular ROS levels and excessive calcium influx
(Fig. 3 and 5). In addition, we showed that Prx5 rescued seriously damaged mitochon-
drial morphology by controlling the expression of mitochondrial fusion/fission proteins.
Notably, overexpression of Prx5 blocked the dephosphorylation of Drp1 (Ser 637) by
modulating Ca2�-calcineurin signaling (Fig. 5). On the other hand, knockdown of Prx5
aggravated glutamate-induced neurotoxicity (Fig. 4). These findings suggest that Prx5
has a protective effect against glutamate-induced cell death in hippocampal neuronal
HT22 cells (Fig. 6).

The Prx family is a large family of cysteine-dependent peroxidases that reduce
hydrogen peroxide (H2O2), peroxynitrite, and alkyl hydroperoxides, thereby contribut-

FIG 5 Effect of Prx5 on glutamate-induced calcineurin activation through regulating Ca2� level in HT22 cells. Three types of cells were treated with 5 mM
glutamate for 12 h in the presence or absence of CsA (1 �M) or BAPTA (0.25 �M). (A) The change of intracellular Ca2� level in a time-dependent manner was
detected with Fluo-4 AM. (B) The levels of intracellular Ca2� in HT22, HT22-Prx5, and HT22-siPrx5 cells were detected with Fluo-4 AM. (C) The levels of calcineurin
and cleaved calcineurin were assessed by Western blotting. (D) The changes in mitochondrial morphology after glutamate treatment were observed by confocal
microscopy. The images in the second row correspond to a higher magnification of the area within the white square in the images in the first row. The histogram
below the images shows the quantification of the average mitochondrial length. Mitochondrial lengths were analyzed based on individual mitochondria. (E)
The alteration of mitochondrial dynamics was characterized by assessing the levels of Drp1 and p-Drp1 (Ser 637) by Western blotting. (F) Expression level of
cleaved caspase-3 was assessed by Western blotting. Untreated HT22 cells were used as a control. Values are presented as means � SD (n � 3). *, P � 0.05; **,
P � 0.01; ***, P � 0.001; each versus the control.
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ing to redox balance in mammalian cells. The Prx family has 6 subtypes (Prx1-6), each
with a characteristic subcellular localization. Prx1, Prx2, and Prx6 are strongly expressed
in the cytosol, Prx3 in the mitochondria, Prx4 in the endoplasmic reticulum, and Prx5
in both the cytosol and mitochondria (35, 36). There are numerous studies about the
relationship between the Prx family and oxidative stress (37–40). In particular, Prx5 has
been shown to have intensive antioxidant effects in various cellular systems, such as
cancer cells, immune cells, neuronal cells, and adipocytes (17–19, 41, 42). Notably, Prx5
is an essential antioxidant for maintaining the redox balance in neuronal cells (43).
However, the precise relationship between Prx5 and glutamate-induced ROS is still
unknown. Therefore, we focused on the role of Prx5 in HT22 cells, the immortalized
mouse hippocampal neuronal cell model. In the present study, although the expression
of all Prxs was slightly increased by glutamate treatment in HT22 cells, Prx5 was
expressed more than other Prxs, suggesting the important role of Prx5 in glutamate-
induced neurotoxicity (Fig. 2). We demonstrated that Prx5 overexpression inhibited
glutamate-induced cell death by preventing intracellular and mitochondrial ROS pro-
duction (Fig. 3). These findings suggest that Prx5 can stabilize redox balance in
glutamate-induced neuronal cell death.

Glutamate is a well-known neurotransmitter in the CNS. However, excessive gluta-
mate accumulation can not only damage neuronal signaling functions but also trigger
cell death through excitotoxicity (44). Excitotoxicity is a major cause of several neuro-
degenerative diseases, such as Alzheimer’s disease, Huntington’s disease, lateral amy-
otrophic sclerosis, Parkinson’s disease, hypoglycemia, epilepsy, stroke, and traumatic
brain injury (45–47). Glutamate-mediated excitotoxicity is triggered by the activation
of the NMDA receptor or the AMPA receptor or by the activation of nonglutamate
receptors mediated by oxidative stress (14, 48). Glutamate toxicity results in different
reactions based on the cell types and the existence of glutamate receptors (49). In the
present study, we used HT22 cells, which lack functional glutamate receptors, to study
glutamate-induced oxidative neurotoxicity. The HT22 cell line is widely used to study
non-receptor-mediated glutamate toxicity. We showed that glutamate treatment de-
creased cell viability and induced cleavage of caspase-3 in HT22 cells (Fig. 1); this
finding confirms that the observed glutamate-induced cell death was due to apoptosis.

FIG 6 Proposed schematic of the Prx5 protective effect against glutamate-induced toxicity in HT22 cells.
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Oxidative neurotoxicity is accompanied by high levels of glutamate, resulting in
inhibition of cysteine uptake and depletion of intracellular glutathione (GSH). In neu-
ronal cells, it can lead to increased ROS and nitric oxide (NO) production, expression of
cytotoxic transcription factors, and damaged intracellular Ca2� homeostasis (excessive
Ca2� influx) (50). Previous studies have addressed the neuroprotective effects of
antioxidant enzymes using cell models overexpressing ROS-related enzymes like Cu/Zn
superoxide dismutase 1 (SOD1), SOD2, and Prx6 (51–53). In addition, there are several
studies that show that immoderate ROS production is closely related to unstable Ca2�

homeostasis (54). Results from our study also showed that glutamate treatment in-
creased intracellular and mitochondrial ROS and Ca2� accumulation in HT22 cells (Fig.
2 and 5A). Also, we showed that Prx5 overexpression remarkably decreased ROS level
and intracellular Ca2� levels in glutamate-treated HT22 cells, whereas Prx5 silencing
resulted in the opposite (Fig. 3B and C and 5B). These results support the hypothesis
that Prx5 can prevent neuronal cell death by blocking ROS generation and Ca2� influx
and imply that glutamate-induced neurotoxicity is associated with ROS generation and
Ca2� influx. Moreover, Ca2� influx stimulates mitochondrially localized Nox2 (homolog
of NADPH oxidase), which contributes to ROS generation in cells.

Mitochondria are dynamic organelles that undergo continuous mitochondrial fis-
sion/fusion (called mitochondrial dynamics) to maintain their functions in cellular
energy metabolism, Ca2� signaling, and generation of ROS (55, 56). Therefore, the
equilibrium of mitochondrial fission and fusion is crucial for cellular homeostasis.
Several factors are tightly linked and involved in mitochondrial dynamics. Mitochon-
drial fusion is regulated by Mfn1, Mnf2, and Opa1. Mfn1 and Mfn2 participate in the
fusion of outer mitochondrial membranes, whereas Opa1 participates in the fusion of
inner mitochondrial membranes. Mitochondrial fission is regulated by Drp1 through
interaction with the mitochondrial receptor protein Fis1. Fis1 mediates the binding of
Drp1 to the mitochondrial membrane (57, 58). Drp1-mediated mitochondrial dynamics
depend on the phosphorylation status of Drp1. The activity of Drp1 is determined by
protein kinase A (PKA) and calcineurin activation (30, 59). Calcineurin-dependent
dephosphorylation of the 637th serine residue in Drp1 inhibits mitochondrial fusion,
eventually causing mitochondrial fragmentation and dysfunction (30). In the current
study, we examined the calcineurin-dependent dephosphorylation of Drp1 (Ser 637)
and change of mitochondrial morphology in glutamate-treated HT22, HT22-Prx5, and
HT22-siPrx5 cells. As expected, our results showed that Prx5 overexpression inhibited
dephosphorylation of Drp1 and the cleavage of calcineurin. Furthermore, we observed
that Prx5 prevented glutamate-induced mitochondrial fission, whereas knockdown of
Prx5 (siPrx5) enhanced mitochondrial fission through calcineurin-dependent dephos-
phorylation of Drp1 (Fig. 4 and 5). Moreover, when we cotreated with glutamate and
CsA (calcineurin inhibitor)/BAPTA (Ca2� chelator), we observed that mitochondrial
morphology recovered despite glutamate treatment. These results support the hypoth-
esis that glutamate-induced mitochondrial fragmentation is triggered by the Ca2�/
calcineurin pathway. Consistent with this hypothesis, after treatment with glutamate,
HT22-siPrx5 cells displayed severely fragmented mitochondrial morphology and in-
creased apoptotic rates compared with those of control HT22 cells. On the contrary,
Prx5 overexpression protected HT22 cells from glutamate-induced cell death (Fig. 3 and
4). Overall, these results demonstrate that mitochondrial fission induced by glutamate
treatment aggravates apoptosis and that Prx5 regulates mitochondrial dynamics by
modulating calcineurin activity.

In conclusion, our study provides valuable information regarding the relationship
between Prx5 and glutamate-induced neuronal death and explains the need to further
study Prx5 for its potential applications in neurodegenerative diseases. Taken together,
our data indicate that Prx5 can alleviate severe mitochondrial fission and improve
glutamate-induced apoptosis through inhibiting ROS-dependent Ca2�/calcineurin sig-
naling and dephosphorylation of Drp1 (Ser 637) in HT22 cells (lacking specific gluta-
mate receptors). Furthermore, based on these results, we hypothesize that Prx5 exerts
a protective effect against excitotoxicity in other neuronal cell lines that have glutamate
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receptors. In future studies, we will focus on the relationship between Prx5 and
glutamate receptor-mediated excitotoxicity. In summary, these findings suggest that
Prx5 acts as a crucial regulator in glutamate-induced neurotoxicity and that it may be
used in the treatment of neurodegenerative diseases.

MATERIALS AND METHODS
Chemicals and reagents. Glutamate, CsA, and BAPTA were purchased from Sigma-Aldrich (MO).

Dulbecco’s modified Eagle’s medium (DMEM) and penicillin-streptomycin were purchased from Welgene
(Daegu, South Korea).

Cell culture and glutamate treatment. Mouse hippocampal neuronal HT22 cells were cultured at
5% CO2 and 37°C in DMEM containing 4,500 mg/liter glucose and supplemented with 1% penicillin-
streptomycin and 10% fetal bovine serum (FBS; Gibco, New Zealand). For the glutamate treatment, the
cells were cultured in 6-well plates (SPL Life Sciences Co., Pocheon-si, South Korea), and 12 h later, the
cells were incubated with 5 mM glutamate (Sigma-Aldrich, MO) for 12 h.

Plasmid cloning and establishment of stable Prx5-expressing HT22 cell line. The Prx5 gene was
provided by Tae-Hoon Lee (Chonnam National University, Gwangju, South Korea). The Prx5 coding
sequence was amplified by PCR using LA Taq polymerase (TaKaRa, Shiga, Japan) and cloned into the
pCR8/GW/TOPO vector (Invitrogen, CA). The Prx5 gene then was inserted into pLenti6.3/V5-DEST using
LR clonase (Invitrogen). This particular vector encodes a 14-amino-acid V5 epitope at the C terminus that
helps in the detection of recombinant proteins during immunoblot analysis (60). Therefore, although
mammalian Prx5 is about 17 kDa in molecular size (61), it ends up being detected as more than 20 kDa
in size. To establish a stable cell line, HT22 cells were seeded in 6-well plates. After 24 h, the cells were
transfected with 2 �g of pLenti6.3-DsRed2-Mito and pLenti6.3-Prx5 using Effectene (Qiagen, CA) accord-
ing to the manufacturer’s instructions. After 24 h, the transfected cells were selected using 8 �g/ml
blasticidin (Invitrogen) for 7 days.

RNA interference assay. Once the HT22 cells reached 50% confluence, they were transfected with
10pmol of short interfering RNA (siRNA) against Prx5 (siPrx5; Bioneer, Daejeon, South Korea) using
Lipofectamine RNAiMAX (Thermo Fisher Scientific, MA) as previously described (16, 62). The siRNA
sequences were the following: siPrx5 sense, 5=-GUCUGAGCGUUAAUGACGU-3=; siPrx5 antisense, 5=-ACG
UCAUUAACGCUCAGAC-3=.

Analysis of cell viability. Cell viability was measured with the MTT assay; HT22 cells (density, 5 � 103

cells for each cell type) were cultured in 6-well plates for 12 h before treatment with glutamate. The cells
were then incubated with 5 mM glutamate for 12 h. The culture medium then was carefully removed and
replaced with 0.5 mg/ml MTT solution dissolved in phenol red-free DMEM. The cells were then incubated
for 1 h at 37°C. The medium next was removed, and 500 �l dimethyl sulfoxide (DMSO) was added to each
well to dissolve the formazan crystals. Absorbance was measured at 550 nm with an Infinite F50
microplate reader (TECAN, Männedorf, Switzerland).

Flow cytometry. Intracellular and mitochondrial ROS were detected using 2,7-dichlorofluorescein
diacetate (CM-H2DCF-DA; Invitrogen) and MitoSOX Red (Molecular Probes, OR), respectively. Intracellular
calcium levels were measured by using Fluo-4 AM (Thermo Fisher Scientific). HT22, HT22-Prx5, and
HT22-siPrx5 cells were seeded in 6-well plates. Following 12 h of incubation, they were left untreated or
were treated with 5 mM glutamate for 12 h. After treatment with glutamate, cells were harvested using
0.05% trypsin-EDTA. The collected cells were washed with phosphate-buffered saline (PBS; pH 7.4) and
incubated with 2.5 �M DCF-DA, MitoSOX, and Fluo-4 AM for 20 min at 37°C. The cells then were washed
with PBS twice and analyzed by flow cytometry (BD Bioscience, CA).

Annexin V and PI staining. The annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis detection
kit (BD Bioscience) was used to detect apoptosis by flow cytometry. The staining was conducted
according to the manufacturer’s instructions. After glutamate treatment, cells were collected and washed
with PBS. Annexin V (5 �l) and PI (5 �l) next were added to the cell suspensions, and cells were incubated
for 10 min at 37°C in the dark. They were then analyzed by flow cytometry.

Protein extraction and Western blot analysis. Proteins were extracted from cells using the
PRO-PREP protein extraction solution (Intron Biotechnology, Seongnam, South Korea). Proteins were
separated by 12% SDS-PAGE and then transferred onto nitrocellulose membranes (Pall, FL). Membranes
were incubated with antibodies against Drp1 (catalog number sc-32898), Mfn1 (number sc-50330), and
Mfn2 (number sc-50331) (Santa Cruz, CA); phosphorylated Drp1 (p-Drp1) (Ser 637) (number 4897S),
cleaved caspase-3 (number 9661s), and calcineurin (number 2614S) (Cell Signaling, Danvers, MA); and
peroxiredoxin 1 (Prx1) (number LA-PA0095), Prx2 (number LF-MA0144), Prx3 (number LF-MA0329), Prx4
(number LF-PA0009), Prx5 (number LF-PA0210), Prx6 (number LF-MA0018), and �-actin (number LF-
PA0207) (Abfrontier, South Korea). We used horseradish peroxidase-conjugated anti-mouse and anti-
rabbit IgGs (Thermo Scientific) as secondary antibodies. Protein bands were visualized with the Clarity
Western ECL substrate (Bio-Rad, CA), and band intensities were analyzed with Multi Gauge, version 3.0,
software (Fujifilm, Japan).

Mitochondrial imaging and analysis. DsRed2-mito-expressing HT22 cells were seeded on a poly-
D-lysine-coated glass. The cells were then treated with glutamate for 12 h. Subsequently, the cells were
fixed with 4% paraformaldehyde (Sigma-Aldrich). Images of the cells were acquired with an LSM-710
confocal microscope (Carl Zeiss, Jena, Germany), and the mitochondrial length was measured with
ImageJ software (NIH, Bethesda, MD). The mitochondrial length was randomly measured, as previously
described, from more than 50 mitochondrial particles per cell in more than 20 cells (63).
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Statistical analysis. All experiments were repeated at least three times. Quantitative data are
presented as the means � standard deviations (SD) for the replicates. Data were analyzed by using
analysis of variance on Prism 5.01 software (GraphPad Software Incorporated, CA). P values lower than
0.05 were considered statistically significant.
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