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A B S T R A C T

Diethylhexyl phthalate (DEHP) is used in many plastic products, such as perfumes, lunch boxes, bags, and
building materials. As DEHP is not covalently bound to the plastic, humans can be easily exposed to it. DEHP
induces neurobehavioral changes and neuronal cell death; however, the exact mechanism behind this is still
unclear. We hypothesized that the neurotoxic mechanism is related to DEHP-induced oxidative stress leading to
apoptosis through mitochondrial fission. We demonstrated that DEHP-induced oxidative stress triggers neuronal
cell death via mitochondrial fission in mouse hippocampal HT-22 cells. Furthermore, we identified that per-
oxiredoxin 5 (Prx5), an antioxidant enzyme induced by DEHP, prevents DEHP-induced mitochondrial fission by
inhibiting the production of reactive oxygen species. We conclude that Prx5 may be a promising therapeutic
target for mitigating DEHP-induced neuronal cell death.

1. Introduction

Phthalates are environmental esters used as plasticizers. They are
routinely used in the production of perfumes, carpets, and shower
curtains, among other products. Phthalates are not chemically bound to
plastic products, thus facilitating human exposure to these compounds
(Lee et al., 2014). Diethylhexyl phthalate (DEHP) is among the phtha-
lates most commonly used as plasticizers (Zhang et al., 2018). Several
studies have identified DEHP’s reproductive, developmental, and en-
docrine toxicity (Chen et al., 2015; Erkekoglu et al., 2011; Tyl et al.,
1988). Furthermore, DEHP causes neurotoxicity, including harmful
effects on hippocampal network plasticity and neurodevelopment
(Holahan and Smith, 2015; Rowdhwal and Chen, 2018). However, the
precise mechanism of DEHP-mediated neurotoxicity is still unclear.

Mitochondria play important roles in adenosine triphosphate (ATP)
production, lipid metabolism, redox homeostasis, and apoptosis (Otera
and Mihara, 2012; Picard et al., 2013). They change their morphology
in response to conditions, such as stress and proliferation, by either
fission or fusion (McCarron et al., 2013). In mammals, dynamin-related
protein 1 (Drp1) and mitochondrial fission 1 (Fis1) are involved in
fission, whereas mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) are in-
volved in mitochondrial outer membrane fusion (Westermann, 2008).

Drp1 induces cytochrome C release by promoting Bax/Bak during
apoptosis (Cho et al., 2010). Also, deleting Mfn1 and Mfn2 increases
mitochondrial fission, thus inducing apoptosis (Suen et al., 2008). Im-
balances in mitochondrial dynamics are associated with cell death and
neuronal synaptic loss in neurodegenerative diseases (Cho et al., 2010;
Knott et al., 2008). DEHP induces apoptosis via mitochondrial path-
ways in GC-2spd cells (Fu et al., 2017). However, the mechanisms
underlying the association between changes in DEHP-induced mi-
tochondrial dynamics and neuronal cell death have not been studied
yet.

Free radicals created from natural byproducts, abnormal reactions,
and environmental stress are highly reactive molecules containing
oxygen. Reactive oxygen species (ROS), a subset of free radicals, in-
clude peroxyl radicals (ROH), superoxide (O2

•−), non-radical mole-
cules, hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). At low
concentrations, they are involved in cell signaling cascades and immune
responses; however, at high concentrations, ROS can lead to oxidative
stress, resulting in damage to lipids, DNA, and proteins (Berlett and
Stadtman, 1997; Coluzzi et al., 2014; Hauck and Bernlohr, 2016).
Oxidative stress can also cause mitochondrial dysfunction and caspase
activation, thus inducing apoptosis (Ryter et al., 2007). DEHP produces
ROS, leading to oxidative stress (Cho et al., 2015). Peroxiredoxins
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(Prxs), a family of antioxidant enzymes, can eliminate H2O2 and par-
ticipate in cellular signaling through intracellular oxidative signaling
pathways (Kang et al., 2005; Knoops et al., 2011; Rhee et al., 2005).
While Prx overexpression protects various cells, including neuronal
cells, knockdown of Prxs generally makes cells more sensitive to cell
death by means of oxidative stress (Hampton and O’Connor, 2016; Park
et al., 2015). Prxs play important roles in redox-sensitive signaling.
However, there has been limited research on the relationship between
Prxs and DEHP-induced oxidative stress.

In this study, we investigated, for the first time, the mechanism
underlying DEHP-induced oxidative stress and mitochondrial fission
with regard to neuronal cell death in hippocampal HT-22 cells.
Furthermore, we examined the effect of Prx5 on DEHP-induced neu-
rotoxicity related to oxidative stress-dependent mitochondrial fission.

2. Materials and methods

2.1. Materials

N-Acetyl-L-cysteine (NAC), dimethyl sulfoxide (DMSO), and di-(2-
ethylhexyl) phthalate (DEHP) were obtained from Sigma-Aldrich (St.
Louis, MO, USA).

2.2. Cell culture and treatment

HT-22 cells were derived from HT-4 cells immortalized from pri-
mary mouse hippocampal neuronal cultures (Davis and Maher, 1994).
Cells were maintained in Dulbecco's modified Eagle’s medium (Wel-
gene, Daegu, Korea) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific Inc., MA, USA) and 1% penicillin/strepto-
mycin (Welgene) at 37 °C in a humidified 5% CO2 incubator (Panasonic
Corporation, Osaka, Japan). The cells were grown to a density of
1× 104 in a 6-well plate (SPL Life Sciences Co. Pocheon-si, Korea) for
24 h at 37 °C before initiating the experiments.

2.3. Plasmid construction

DsRed2-Mito gene was obtained from pDsRed2-Mito (Clontech, CA,
USA). DsRed2-Mito and mouse Prx5 were amplified by polymerase
chain reaction (PCR) using LA Taq polymerase (TaKaRa, Shiga, Japan).
These genes were cloned into pCR8/GW/TOPO (Thermo Fisher) and
inserted into pLenti6.3/V5-DEST (Thermo Fisher) using LR clonase
(Thermo Fisher). The constructed vectors were confirmed by restriction
mapping and DNA sequencing.

2.4. Transfection and selection of stably expressing cells

HT-22 cells (1× 105 cells) were seeded in 6-well plates. After 24 h,
cells were transfected with 1 μg of plasmids, such as pLenti6.3-DsRed2-
Mito and pLenti6.3-Prx5 using Effectene reagent (Qiagen, CA, USA),
according to the manufacturer’s instructions. After transfection for 1
day, DsRed2-Mito- and Prx5-transfected HT-22 cells were selected with
8 μg/mL blasticidin (Thermo Fisher).

2.5. Western blotting

Protein lysates were prepared using ice-cold PRO-PREP protein
extraction solution (iNtRON Biotechnology Inc, Seongnam, Korea).
Protein quantification was performed using an Infinite F50 microplate
reader (TECAN, Männedorf, Switzerland). Protein lysates totaling
15–20 μg were separated on 8%–12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel. The separated proteins were then transferred onto
nitrocellulose membranes (Pall Corporation, NY, USA). Membranes
were blocked with 5% skimmed milk (BD Biosciences, New Jersey,
USA) and incubated overnight with primary antibodies against Mfn1,
Mfn2, and Drp1 (Santa Cruz Biotechnology, Texas, USA); PARP, cleaved

caspase 3, Drp1 Ser616, and Drp1 Ser637 (Cell Signaling, MA, USA); β-
actin, Prx1, Prx2, Prx3, Prx4, and prx5 (Ab Frontier, Seoul, Korea); and
V5 epitope (Thermo Fisher Scientific) at 4 °C. Membranes were washed
six times with 10mM Tris–HCl (pH 7.5) containing 150mM NaCl and
0.1% Tween-20 (TBST) and subsequently incubated with horseradish
peroxidase-conjugated goat anti-rabbit and anti-mouse antibodies
(Thermo Fisher Scientific) before being incubated overnight at 4 °C.
After removing excess secondary antibodies, membranes were washed
six times with TBST. Specific binding was detected using Clarity
Western ECL Substrate (Bio-Rad, CA, USA), according to the manufac-
turer's instructions.

2.6. Flow cytometry

HT-22 cells were treated with or without 100 μM DEHP for 24 h. To
measure intracellular ROS levels and mitochondrial ROS levels, we
washed harvested cells with phosphate-buffered saline (PBS) and then
incubated them with 2.5 μMCM-H2DCFDA and 2.5 μM MitoSOX
(Thermo Fisher Scientific) for 15min at 37 °C. Cells were then washed
twice with PBS before being analyzed by flow cytometry (FACSCalibur,
FACSVerse; BD Biosciences).

2.7. Cell viability assay

Cell viability was assessed using the D-Plus™ CCK cell viability assay
kit (Donginbio, Korea). Mock vector- and Prx5-expressing HT-22 cells
(at a density of 5× 104 cells for each cell type) were cultured in 6-well
plates and incubated for 24 h before treatment. Cells were then treated
with 100 μM DEHP and incubated for 24 h. Subsequently, cells were
treated with 50 μl CCK per well and incubated for 1 h at 37 °C.
Absorbance was measured at 450 nm using an Infinite F50 microplate
reader (TECAN).

2.8. Imaging and measurement of mitochondrial length

HT-22 cells were seeded on 0.1% poly-D-lysine-coated round cov-
erslips (diameter, 24mm; Marienfeld, Lauda-Königshofen, Germany)
and incubated for 24 h. The cells were then incubated with 100 μM
DEHP for 24 h, washed twice with PBS, and fixed with 4% paraf-
ormaldehyde in PBS for 1 h. After washing twice with PBS, the cover-
slips were mounted on slides using VECTASHIELD mounting medium
(VECTOR Laboratories, CA, USA). Images were obtained using an LSM-
710 confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped
with a plan apochromatic 100×/1.40 oil DIC M27 objective lens.
Images were processed using a Zeiss LSM image examiner, ZEN 2009
Light Edition (Carl Zeiss). The mitochondrial length was measured
using ImageJ software (NIH, MD, USA) and was calculated using more
than 50 mitochondrial particles per cells in over 20 cells. The over 20
cells in all experimental group were analyzed as one independent ex-
periment, respectively.

2.9. RNA interference assay

HT-22 cells were grown to 50% confluence and then transfected
with 10 pmol of siRNA against Prx5 (siPrx5; Bioneer, Daejeon, Korea)
using Lipofectamine RNAiMAX (Thermo Fisher Scientific), according to
the manufacturer's instructions. The siRNA sequence is as follows:
siPrx5 sense, 5′-GUCUGAGCGUUAAUGACGU-3′ and siPrx5 antisense,
5′-ACGUCAUUAACGCUCAGAC-3′.

2.10. Statistics

Data are represented as the mean ± standard error of the mean
(SEM) of at least three independent experiments. Statistically sig-
nificant differences were determined using one-way or two-way
ANOVA in GraphPad Prism 5 software (San Diego, CA, USA).). We used
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one-way ANOVA to analyze comparisons between the control and
DEHP groups (Dunnett's Multiple Comparison Test) and between the
DEHP and NAC groups (Bonferroni's Multiple Comparison Test). We
used two-way ANOVA to analyze the comparison between the HT-22
and HT-22 Prx5 groups. A p-value of< 0.05 was deemed to be statis-
tically significant and is indicated on graphs by an asterisk. A p-value
of< 0.01 and<0.001 are indicated by two and three asterisks, re-
spectively.

3. Results

3.1. DEHP promotes neuronal cell death and mitochondrial fission in HT-22
cells

To determine the concentration of DEHP that can induce cell death
in HT-22 cells, we first assessed cell viability in HT-22 cells cultured
with different concentrations (50–150 μM) of DEHP for 24 h. At con-
centrations above 100 μM, cell viability was significantly lower in
DEHP-treated HT-22 cells (Fig. 1A). Based on this observation, we used
100 μM DEHP in the subsequent experiments. To investigate whether
DEHP induces apoptosis, we assessed the expression levels of the known
apoptotic markers cleaved caspase 3 and cleaved PARP. Levels of both

Fig. 1. Determination of mitochondrial fission and neuronal cell death in DEHP-treated HT-22 cells. HT-22 cells were incubated with different concentrations
(50–150 μM) of diethylhexyl phthalate (DEHP) for 24 h. (A) Cell viability was confirmed using via CCK assay. (B) The levels of cleaved caspase 3 and cleaved PARP
were evaluated via western blotting in DEHP-treated HT-22 cells. (C) Mitochondrial morphology was monitored via confocal microscopy in DEHP-treated HT-22
DsRed2-Mito cells. (D) The average length of mitochondria was measured using ImageJ software. (E) The levels of Drp1, p-Drp1 (Ser637), p-Drp1 (Ser616), Mfn1,
and Mfn2 were evaluated using western blotting in DEHP-treated HT-22 cells. Data are presented as mean ± standard deviation (n= 3). *p < 0.05, **p < 0.01,
and ***p < 0.001.
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markers increased in DEHP-treated HT-22 cells at 24 h and 48 h
(Fig. 1B). Then, we examined changes in mitochondrial morphology in
DEHP-treated HT-22 cells using confocal microscopy. For this, we
stably expressed DsRed2-Mito, targeting mitochondria in HT-22 cells.
Mitochondria became shorter, and the average mitochondrial length
was reduced by DEHP in a time-dependent manner (Fig. 1C and D).
Furthermore, phosphorylation and dephosphorylation of Drp1 at serine
616 (Ser616) and serine 637 (Ser637), respectively, activate Drp1
(Cereghetti et al., 2008; Cho et al., 2013). It is also known that Mfn1
and Mfn2 are involved in mitochondrial fusion (Westermann, 2008).
Thus, we confirmed changes in the expression of mitochondrial dy-
namics factors in DEHP-treated HT-22 cells via western blotting. We
found that in HT-22 cells, the levels of Drp1 and activated Drp1 (in-
creased phosphorylation at Ser616 and decreased phosphorylation at
Ser637) were increased by DEHP, whereas the levels of Mfn1 and Mfn2
were decreased (Fig. 1E). In addition, we investigated alteration in
Drp1 localization post DEHP stimulation. Our results indicated that
translocation of Drp1 to the mitochondria increased, whereas the level
of cytosolic Drp1 decreased (Supplementary Fig. 2A). These findings
indicated that DEHP induces mitochondrial fission and neuronal cell
death in HT-22 cells.

3.2. NAC attenuates DEHP-induced ROS and mitochondrial ROS
production

As DEHP increases ROS levels and an imbalance in mitochondrial
dynamics is associated with mitochondrial ROS (Cho et al., 2015; Suen
et al., 2008), we confirmed ROS levels and mitochondrial ROS levels in
DEHP-treated HT-22 cells with CM-H2DCFDA and MitoSOX, respec-
tively, followed by flow cytometry. Intracellular ROS and mitochon-
drial ROS levels were significantly increased by DEHP in a time-de-
pendent manner (Fig. 2A and B). Furthermore, to investigate whether
DEHP-induced ROS trigger mitochondrial fission and neuronal cell
death in HT-22 cells, we used NAC as a ROS scavenger in DEHP-treated

HT-22 cells. We confirmed intracellular ROS and mitochondrial ROS in
DEHP-treated HT-22 cells with or without NAC treatment for 24 h.
DEHP-induced intracellular ROS and mitochondrial ROS levels were
attenuated in DEHP-treated HT-22 cells pretreated with NAC compared
to that in cells that were not pretreated (Fig. 2C and D). These results
indicated that NAC alleviates DEHP-induced intracellular ROS and
mitochondrial ROS production in HT-22 cells.

3.3. DEHP-induced ROS triggers mitochondrial fission and neuronal death

As stated above, DEHP increased ROS production in HT-22 cells.
ROS activate apoptotic signaling pathways (Redza-Dutordoir and
Averill-Bates, 2016). Thus, we investigated the relationship between
apoptosis and DEHP-induced ROS using NAC as a ROS scavenger. We
assessed the viability of DEHP-treated HT-22 cells untreated or pre-
treated with NAC. NAC pretreatment attenuated DEHP-induced neu-
ronal cell death (Fig. 3A). Moreover, the expression levels of cleaved
caspase 3 and cleaved PARP were decreased by NAC (Fig. 3B). We then
investigated the effect of NAC against DEHP-induced mitochondrial
fission. HT-22 DsRed2-Mito cells were incubated with 100 μM DEHP in
the presence or absence of 5mM NAC for 24 h, and mitochondrial
morphology was observed using confocal microscopy. Pretreatment
with NAC ameliorated the shortening of mitochondrial morphology
induced by DEHP and mitigated the decreasing average mitochondrial
length induced by DEHP (Fig. 3C and D). We also assessed the ex-
pression levels of mitochondrial dynamic factors via western blotting
and found that NAC attenuates the increasing levels of Drp1 and
phosphorylated Drp1 (Ser616) induced by DEHP as well as the de-
creasing levels of phosphorylated Drp1 (Ser637), Mfn1, and Mfn2 in-
duced by DEHP (Fig. 3E). We also confirmed that NAC attenuated the
DEHP-induced Drp1 translocation to the mitochondria (Supplementary
Fig. 2A). This meant that NAC attenuates DEHP-induced mitochondrial
fission in HT-22 cells. These observations indicated that DEHP-induced
ROS mediate DEHP-induced mitochondrial fission and neuronal cell

Fig. 2. NAC attenuated DEHP-induced intracellular and mitochondrial ROS production. (A and B) HT-22 cells were incubated with 100 μM DEHP for 24 h and 48 h,
and intracellular (A) and mitochondrial ROS (B) levels were measured using CM-H2DCFDA and Mito-SOX, respectively, via flow cytometry. (C and D) HT-22 cells
were cultured with or without 5mM NAC for 30min before treatment with 100 μM DEHP for 24 h, and intracellular (C) and mitochondrial ROS (D) levels were
measured using CM-H2DCFDA and Mito-SOX, respectively, via flow cytometry. Data are presented as mean ± standard deviation (n= 3). *p < 0.05, **p < 0.01,
and ***p < 0.001.
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death in HT-22 cells.

3.4. Prx5 attenuates DEHP-induced ROS production

Previous studies have shown that Prx5 exhibits protective effects
against neurotoxicity (Kim et al., 2016; Lee et al., 2018). As shown in
Fig. 3, we found that DEHP-induced ROS play an important role in
DEHP-induced mitochondrial fission and neuronal death in HT-22 cells.
Therefore, we hypothesized that Prxs might be protective against
DEHP-induced neurotoxicity. Thus, we first checked the expression le-
vels of Prxs in DEHP-treated HT-22 cells using western blotting and
observed that Prx5 levels were significantly increased by DEHP,
whereas Prx1, Prx2, Prx3, Prx4, and Prx6 levels hardly changed in
DEHP-treated HT-22 cells (Fig. 4A). These observations suggested that
Prx5 has a protective effect against DEHP-induced neurotoxicity. To
investigate the role of Prx5 in DEHP-induced neurotoxicity, we gener-
ated constitutively Prx5-expressing HT-22 cells using a V5-tagged Prx5

(Prx5-V5) lentiviral vector. We verified the expression of Prx5-V5 by
western blotting with V5 antibody (Fig. 4B). Then, we confirmed
whether Prx5 overexpression effectively reduces the levels of in-
tracellular ROS and mitochondrial ROS in DEHP-treated HT-22 cells
using flow cytometry. We found that overexpression of Prx5 lowers
DEHP-induced intracellular and mitochondrial ROS production (Fig. 4C
and D). These results suggested that Prx5 protects against DEHP-in-
duced neurotoxicity by inhibiting ROS production in HT-22 cells.

3.5. Prx5 attenuates DEHP-induced mitochondrial fission and neuronal cell
death

The protective effect of Prx5 against DEHP-induced neuronal cell
death was examined by CCK assay and western blotting in HT-22 and
HT-22 Prx5 cells. Prx5 overexpression decreased neuronal cell death
induced by DEHP in DEHP-treated HT-22 cells (Fig. 5A) as well as the
levels of cleaved caspase 3 and cleaved PARP (Fig. 5B). These findings

Fig. 3. NAC attenuated DEHP-induced mitochondrial fission and neuronal cell death. HT-22 cells were incubated with or without 5 mM NAC for 30min before
treatment with 100 μM DEHP for 24 h. (A) Cell viability was assessed via CCK assay. (B) The levels of cleaved caspase 3 and cleaved PARP were confirmed using
western blotting. (C) Mitochondrial morphology was observed using confocal microscopy in DEHP-treated HT-22 DsRed2-mito cells with or without NAC. (D) The
average length of mitochondria was measured using ImageJ software. (E) The levels of Drp1, p-Drp1 (Ser637), p-Drp1 (Ser616), Mfn1, and Mfn2 were evaluated
using western blotting. Data are presented as mean ± standard deviation (n=3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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indicated that Prx5 ameliorates DEHP-induced neuronal cell death by
reducing ROS. We studied whether Prx5 overexpression affects DEHP-
induced mitochondrial fission using confocal microscopy and western
blotting and observed that Prx5 overexpression alleviates the mi-
tochondrial morphology changes and mitochondrial shortening induced
by DEHP in DEHP-treated HT-22 cells (Fig. 5C and D). Prx5 over-
expression also decreased the levels of Drp1 and phosphorylated Drp1
(Ser616) and increased the levels of phosphorylated Drp1 (Ser637),
Mfn1, and Mfn2 in DEHP-treated HT-22 cells (Fig. 5E). Moreover, Prx5
also alleviated Drp1 translocation to the mitochondria compared to that
in DEHP-treated HT-22 cells (Supplementary Fig. 2B). These findings
indicated that Prx5 has protective effects against DEHP-induced neu-
rotoxicity by inhibiting ROS-mediated mitochondrial fission in HT-22
cells.

3.6. Knockdown of Prx5 exacerbates DEHP-induced mitochondrial fission
and neuronal cell death

To further investigate the role of Prx5 against DEHP-induced neu-
rotoxicity, we used Prx5-silenced HT-22 cells using siPrx5 transfection.
We identified knockdown of endogenous Prx5 by western blotting in
siPrx5-transfected HT-22 cells with or without DEHP (Fig. 6A). Subse-
quently, we investigated the effect of Prx5 knockdown against DEHP-
induced neuronal cell death and ROS production. The results showed
that Prx5 silencing exacerbates DEHP-induced ROS production and
neuronal cell death (Fig. 6B and C). Prx5 silencing also increased the
levels of cleaved caspase3 and cleaved PARP compared to that in DEHP-
treated HT-22 cells (Fig. 6D). Moreover, we investigated the effect of

siPrx5 against DEHP-induced mitochondrial fission using confocal mi-
croscopy and western blotting. Our results showed that siPrx5 ag-
gravates DEHP-induced mitochondrial morphology changes and mi-
tochondrial shortening (Fig. 6E). Also, siPrx5 increased the levels of
Drp1 and phosphorylated Drp1 (Ser616) and decreased the levels of
phosphorylated Drp1 (Ser637), Mfn1, and Mfn2 in DEHP-treated HT-22
cells (Fig. 6F). In addition, siPrx5 increased Drp1 translocation to the
mitochondria much more compared to that in DEHP-treated HT-22 cells
(Supplementary Fig. 2B). These results indicated that knockdown of
endogenous Prx5 worsens DEHP-induced mitochondrial fission and
neuronal cell death.

4. Discussion

Phthalates are used as plasticizers; however, they are not covalently
bound to products, and therefore, humans are easily exposed to them
(Holahan and Smith, 2015). DEHP, the most common phthalate, affects
neurons—especially in the hippocampus (Barakat et al., 2018)—as well
as reproduction, development, and the endocrine system (Chen et al.,
2015; Erkekoglu et al., 2011; Tyl et al., 1988). Several studies have
identified that DEHP induces apoptosis by mediating endoplasmic re-
ticulum stress, autophagy, and mitochondrial dysfunction (Fu et al.,
2017; Sun et al., 2015, 2018). Imbalances of mitochondrial dynamics
induce mitochondrial dysfunction and apoptosis (Chen et al., 2005;
Suen et al., 2008; Westermann, 2012). However, the link between
DEHP and mitochondrial dynamics has not been well studied, and a
detailed understanding is lacking. We, therefore, investigated the re-
lationship between neuronal cell death and mitochondrial dynamics

Fig. 4. Prx5 attenuated DEHP-induced ROS production. HT-22 cells were cultured with 100 μM DEHP for 24 h and 48 h. (A) The levels of Prx1, Prx2, Prx3, Prx4,
Prx5, and Prx6 were confirmed by western blotting. (B) Constitutively Prx5-expressing HT-22 cells were verified using western blotting with anti-V5 antibody. (C and
D) HT-22 and HT-22 Prx5 cells were incubated with or without DEHP for 24 h, and intracellular (C) and mitochondrial (D) ROS levels were measured with CM-
H2DCFDA and Mito-SOX, respectively, via flow cytometry. Data are presented as mean ± standard deviation (n=3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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mediated by DEHP in mouse hippocampal neuron-derived HT-22 cells.
We first identified the effect of DEHP on neuronal cell death and

mitochondrial dynamics in HT-22 cells. As mentioned previously, mi-
tochondrial fusion is regulated by Mfn1/2, and mitochondrial fission is
regulated by Drp1, which is activated by its phosphorylation status, at
Ser616 (phosphorylation) and Ser637 (dephosphorylation) (Cho et al.,
2010; Knott et al., 2008). As shown in Fig. 1, DEHP induced neuronal
cell death as well as mitochondrial fission via Drp1 activation (phos-
phorylation and dephosphorylation of Ser616 and Ser637, respectively)
and decreased levels of Mfn1 and Mfn2. Oxidative stress plays a role in
mitochondrial dysfunction and caspase activation, and both induce
apoptosis (Hung et al., 2018; Ott et al., 2007). Previous research has
reported ROS induction by DEHP in primary cortical cells (Wojtowicz
et al., 2019). Furthermore, there is a strong correlation between mi-
tochondrial fission and mitochondrial ROS (Wu et al., 2011). Therefore,
we thought that ROS might play a crucial role in DEHP-induced mi-
tochondrial fission and neuronal cell death. Thus, we investigated

whether DEHP-induced mitochondrial fission and neuronal cell death
were mediated by ROS. As shown in Fig. 2, the levels of intracellular
ROS and mitochondrial ROS were increased by DEHP in a time-de-
pendent manner, and pretreatment with NAC, a ROS scavenger, atte-
nuated DEHP-induced ROS production. NAC also ameliorated DEHP-
induced mitochondrial fission and neuronal cell death (Fig. 3). We
further investigated the relationship between DEHP-induced mi-
tochondrial fission and neuronal cell death. We used Mdivi-1 as an
inhibitor of mitochondrial fission because many studies have reported
that Mdivi-1, a cell-permeable quinazolinone, acts as an inhibitor of
Drp1 and inhibits excessive mitochondrial fission (Cassidy-Stone et al.,
2008; Manczak et al., 2019; Smith and Gallo, 2017). Inhibition of mi-
tochondrial fission and mitochondrial ROS production, using Mdivi-1
and mito-TEMPO respectively, mitigated DEHP-induced mitochondrial
fission and neuronal cell death (Supplementary Fig. 1). Moreover, to
clearly elucidate the relationship between DEHP-induced mitochondrial
fission and neuronal cell death, we compared the time course of both

Fig. 5. Prx5 ameliorated DEHP-induced mitochondrial fission and neuronal cell death. HT-22 and HT-22 Prx5 cells were incubated with or without 100 μM DEHP for
24 h. (A) Cell viability was measured via CCK assay. (B) The levels of cleaved caspase 3 and cleaved PARP were confirmed using western blotting. (C) Mitochondrial
morphology was observed using confocal microscopy in DsRed2-Mito-transfected HT-22 and HT-22 Prx5 cells with or without DEHP. (D) The average mitochondria
length was measured using ImageJ software. (E) The levels of Drp1, p-Drp1 (Ser637), p-Drp1 (Ser616), Mfn1, and Mfn2 were confirmed via western blotting. Data are
presented as mean ± standard deviation (n= 3). **p < 0.01 and ***p < 0.001.

D.G. Lee, et al. Neurotoxicology 74 (2019) 242–251

248



mitochondrial fission and apoptosis. DEHP caused apoptosis after 24 h,
whereas factors associated with mitochondrial dynamics altered after
9 h (Supplementary Fig. 3A and B). The usage of Mdivi-1 to inhibit
mitochondrial fission is a bit controversial in research circles (Bordt
et al., 2017; Smith and Gallo, 2017); therefore, we provide additional
evidence of mitochondrial fission-mediated neuronal death by DEHP
stimulation. We used mutant Drp1 (K38A) stably expressing HT-22
cells. This GTPase-deficient mutation in Drp1 converts lysine into ala-
nine in the consensus G1 motif of the GTPase domain, thereby

inhibiting GTP binding by Drp1 (Ugarte-Uribe et al., 2014). Our results
showed that dominant-negative mutation in Drp1 alleviates DEHP-in-
duced neuronal cell death and mitochondrial fission (Supplementary
Fig. 3C–F). These results indicated that DEHP-induced ROS causes mi-
tochondrial fission, and consequently triggers neuronal cell death in
HT-22 cells.

The glutathione system protects the brain from oxidative stress
(Dringen and Hirrlinger, 2003). However, there is increasing evidence
that Prxs are also important antioxidants and play a protective role in

Fig. 6. Knockdown of Prx5 aggravated DEHP-induced mitochondrial fission and neuronal cell death. HT-22 and HT-22 siPrx5 cells were incubated with or without
100 μM DEHP for 24 h. (A) The levels of Prx5 were assessed using western blotting. (B) Intracellular ROS levels were measured with CM-H2DCFDA via flow
cytometry. (C) Cell viability was measured via CCK assay. (D) The levels of cleaved caspase 3 and cleaved PARP were confirmed using western blotting. (E)
Mitochondrial morphology was observed using confocal microscopy in DsRed2-Mito-transfected HT-22 and HT-22 siPrx5 cells with or without DEHP. (F) The average
mitochondrial length was measured using ImageJ software. (G) The levels of Drp1, p-Drp1 (Ser637), p-Drp1 (Ser616), Mfn1, and Mfn2 were confirmed via western
blotting. Data are presented as mean ± standard deviation (n=3). **p < 0.01 and ***p < 0.001.
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neurological damage, such as oxidative and inflammatory stresses (Bell
and Hardingham, 2011; Zhu et al., 2012). Furthermore, previous stu-
dies have identified that Prx5 protects neuronal cells against neurolo-
gical damage, including oxidative stress, inflammation and mitochon-
drial damage (Kim et al., 2016; Lee et al., 2018; Park et al., 2016).
Because DEHP induced ROS production (Fig. 2A and B), we in-
vestigated the expression levels of Prxs in DEHP-treated HT-22 cells to
study the relationship between DEHP-induced neurotoxicity and Prxs.
We found that among the Prxs, only Prx5 was significantly increased by
DEHP (Fig. 4A). Therefore, we hypothesized that Prx5 might have a
protective effect against DEHP-induced neurotoxicity in HT-22 cells.
Thus, we investigated the effects of Prx5 in DEHP-induced mitochon-
drial fission and neuronal cell death by overexpressing or silencing Prx5
in HT-22 cells. As shown in Figs. 4B and 6A, we confirmed the over-
expression of Prx5-V5 and the silencing of endogenous Prx5 using anti-
V5 and anti-Prx5 antibodies, respectively. We also found that Prx5
overexpression attenuates DEHP-induced ROS production, whereas
Prx5 knockdown aggravates it (Figs. 4C, D and 6B). Furthermore, Prx5
overexpression ameliorated DEHP-induced mitochondrial fission and
neuronal cell death (Fig. 5), whereas Prx5 silencing led to its ag-
gravation (Fig. 6). Several studies have shown that mitochondrial dy-
namics are closely associated with mitochondrial functions, including
mitochondrial respiration (Galloway et al., 2012; Zorzano et al., 2010).
Thus, we investigated the effects of Prx5 against DEHP-induced al-
teration of oxygen consumption rate (OCR). As shown in Supplemen-
tary Fig. 4, Prx5 alleviated ROS-dependent OCR reduction induced by
DEHP, whereas siPrx5 exacerbated it. These findings indicated that
Prx5 has a protective effect against DEHP-induced mitochondrial dys-
function (excessive fission and impairment of respiration) and neuronal
cell death, by inhibiting ROS production.

In conclusion, we demonstrated, for the first time, that DEHP-in-
duced mitochondrial fission and neuronal cell death are ROS-depen-
dent. Moreover, we found that Prx5, which is induced by DEHP, has a
protective effect against DEHP-induced neuronal cell death and mi-
tochondrial dysfunction by reducing ROS production. Our findings
suggested that Prx5 plays important roles in DEHP-induced neurotoxi-
city, and our results may provide a new therapeutic target for diseases
related to DEHP neurotoxicity.
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