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A B S T R A C T

Ischemia causes oxidative stress in the endoplasmic reticulum (ER), accelerates the accumulation of unfolded
and misfolded proteins, and may ultimately lead to neuronal cell apoptosis. In the present study, we investigated
the effects of protein disulfide-isomerase A3 (PDIA3), an ER-resident chaperone that catalyzes disulfide-bond
formation in a subset of glycoproteins, against oxidative damage in the hypoxic HT22 cell line and against
ischemic damage in the gerbil hippocampus. We also confirmed the neuroprotective effects of PDIA3 by using
PDIA3-knockout HAP1 cells. The HT22 and HAP1 cell lines showed effective (dose-dependent and time-de-
pendent) penetration and stable expression of the Tat-PDIA3 fusion protein 24 h after Tat-PDIA3 treatment
compared to that in the control-PDIA3-treated group. We observed that the fluorescence for both 2′,7′-di-
chlorofluorescein diacetate (DCF-DA) and terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL), which are markers for the formation of hydrogen peroxide (H2O2)-induced reactive oxygen species and
apoptosis, respectively, was higher in HAP1 cells than in HT22 cells. The administration of Tat-PDIA3 sig-
nificantly reduced the (1) DCF-DA and TUNEL fluorescence in HT22 and HAP1 cells, (2) ischemia-induced
hyperactivity that was observed 1 day after ischemia/reperfusion, (3) ischemia-induced neuronal damage and
glial (astrocytes and microglia) activation that was observed in the hippocampal CA1 region 4 days after
ischemia/reperfusion, and (4) lipid peroxidation and nitric oxide generation in the hippocampal homogenates
3–12 h after ischemia/reperfusion. Transient forebrain ischemia significantly elevated the immunoglobulin-
binding protein (BiP) and C/EBP-homologous protein (CHOP) mRNA levels in the hippocampus at 12 h and 4
days after ischemia, relative to those in the time-matched sham-operated group. Administration of Tat-PDIA3
ameliorated the ischemia-induced upregulation of BiP mRNA levels versus the Tat peptide- or control-PDIA3-
treated groups, and significantly reduced the induction of CHOP mRNA levels, at 12 h or 4 days after ischemia.
Collectively, these results suggest that Tat-PDIA3 acts as a neuroprotective agent against ischemia by attenuating
oxidative damage and blocking the apoptotic pathway that is related to the unfolded protein response in the ER.

1. Introduction

The transient interruption of blood flow to the brain decreases the

oxygen and glucose supply to neurons, causing neuronal damage,
especially in vulnerable regions such as the hippocampus. Although
numerous underlying mechanisms for this neuronal damage have been
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proposed, the mechanism of focus herein is the accumulation of un-
folded or misfolded proteins during endoplasmic reticulum (ER) stress
in neurons after ischemia/reperfusion (Kumar et al., 2003; Tajiri et al.,
2004). In the normal state, neurons adequately perform the protein-
folding process in the ER, and then the folded proteins exit the ER,
whereupon they are relocated to their respective destinations. Under
abnormal states, the expression of ER-resident chaperones compensates
for the protein misfolding (Kozutsumi et al., 1988). However, in chronic
neurodegenerative diseases, the ER-resident chaperones can alter ER
function, leading to the abnormal accumulation of misfolded proteins
(Kaufman, 2002). It is known that ER stress can cause cells to activate
adaptive processes via the unfolded protein response (UPR) that help to
restore normal ER function. In the normal state, immunoglobulin-
binding protein (BiP), an ER chaperone, is bound to the ER stress sen-
sors; however, BiP becomes dissociated from the ER sensors under ab-
normal condition and binds to the misfolded proteins as they accu-
mulate (Rutkowski et al., 2006). As such, BiP facilitates proper protein
folding and inhibits protein aggregation, while C/EBP-homologous
protein (CHOP), a transcription factor induced by ER stress, increases
pro-apoptotic pathway components, such as those of the BCL-2 protein
family, and thus induces apoptosis (Oyadomari and Mori, 2004).

Several lines of evidence demonstrate that protein disulfide iso-
merase (PDI) likely functions as an efficient terminator of native oxi-
dative protein folding with redox-dependent rearrangement of its
thioredoxin-like domains (Serve et al., 2010; Wang et al., 2013). PDI, an
ER-resident chaperone and a key UPR-induced chaperone, has diverse
and conflicting functions in various animal models and systems; in fact,
PDI is one of the major target genes induced by the UPR transcriptional
program (Matus et al., 2013). Generally, PDI is used for the PDIA1
gene/protein as well as for the protein family including PDIA1 and
PDIA3. For instance, PDI and PDIA3 can display Bak-dependent, pro-
apoptotic activity via permeabilization of the mitochondrial outer
membrane (Zhao et al., 2015a). Recently, research has shown that
PDIA3 is a potential candidate as an alternate membrane-associated
receptor that binds 1,25-dihydroxy-vitamin D3, which can regulate
bone formation and apoptosis (Sohn et al., 2016). Indeed, PDIA3 het-
erozygous mice show severe osteoblastic disorders characterized by
reduced growth plates and bone mass (Doroudi et al., 2014; Yuan et al.,
2017b). However, the brain displays an increase in PDI following hy-
poxia or ischemia and these increases may be associated with com-
pensatory mechanisms to reduce the neuronal damage after hypoxia or
ischemia (Hwang et al., 2005; Nomura, 2004; Tanaka et al., 2000;
Truettner et al., 2009). In addition, a heart-failure model revealed that
the PDI gene is upregulated in the viable, peri-infarct myocardial region
within the first few days following infarction, while a postmortem
model revealed an inverse correlation between the expression of PDI
and the apoptotic rate (Cominacini et al., 2015). Another recent study
demonstrated that the overexpression of PDI attenuates the ubiquiti-
nation of proteins and decreases the activation of pro-apoptotic cas-
pases in the SH-SY5Y cell line from human neuroblast from neural
tissue (Liu et al., 2015). Further, PDI transgenic animals display pro-
tective effects against sciatic nerve damage and enhanced locomotor
recovery after mechanical injury of sciatic nerve (Castillo et al., 2015).
In a previous study, we demonstrated that transient spinal cord
ischemia significantly changes the PDIA3 protein expression levels,
and, using a proteomic approach, we showed that PDIA3 may serve as a
therapeutic agent against ischemic damage in the spinal cord (Yoo
et al., 2017). Nevertheless, few reports have illustrated the neuropro-
tective properties of PDIA3 against ischemic damage in animal models
or hippocampal cell lines.

In the central nervous system, the blood-brain barrier and poor
cytoplasmic delivery can hinder the expected effects of bioactive
compounds on targets. Accumulating evidence suggests that the protein
transduction domain effectively facilitates the intracellular delivery of
proteins and synthetic drugs (Srimanee et al., 2015). Tat protein of
human immunodeficiency virus type 1 is widely used to deliver

different molecules into cells without any cellular toxicity. Tat protein
transduction domain can form transient pores and translocate across
the membranes by diffusing on these pores, on account of the strong
electrostatic attraction between positively-charged Tat and negatively
charged phospholipid (Chen et al., 2013b; Song et al., 2015). In pre-
vious studies, we demonstrated efficient delivery of Tat-reporter fusion
protein to the hippocampus after intraperitoneal injection the protein
(Eum et al., 2004) and significantly reduced ischemic insult-induced
neuronal damage following treatment with the Tat peptide and other
proteins with therapeutic action (Eum et al., 2004; Kim et al., 2015).

In the present study, we investigated the roles of Tat-PDIA3 on
hydrogen peroxide (H2O2)-induced neuronal damage in the HT22
mouse hippocampal cell line and ischemia-induced neuronal damage in
the gerbil hippocampus. We selected the hippocampus because it is
easier to detect cell death and its related mechanisms in this region and
because it shows less-severe neuronal damage than other regions af-
fected by middle cerebral artery occlusion-induced focal ischemia. To
confirm the roles of PDIA3, we also employed near-haploid PDIA3
knockout cells and observed the effects of Tat-PDIA3 on hydrogen
peroxide (H2O2)-induced neuronal damage in the HT22 mouse hippo-
campal cell line.

2. Materials and methods

2.1. Cell preparation

The HT22 murine hippocampal neuronal cells were cultured in
Dulbecco's modified Eagle's medium supplemented with 10% fetal bo-
vine serum and antibiotics at 37 °C under humidified conditions of 95%
air and 5% CO2. The near-haploid PDIA3 knockout cell line was pur-
chased from Horizon Genomics GmbH (Vienna, Austria). PDIA3
knockout cells were made with CRISPR/Cas9 edition in exon 3 with 8
bp mutation from HAP1 cells, which is a near-haploid cells derived
from male chronic myelogenous leukemia cell line (Carette et al.,
2011). HT22 and PDIA3 knockout HAP1 cells were plated in multiple-
well plates at 2×106 cells/cm2 and used for further study.

2.2. Construction of expression vectors

A Tat expression vector was prepared as described in a previous
study (Kim et al., 2015). To construct the Tat-PDIA3 protein, PDIA3
cDNA was amplified by polymerase chain reaction (PCR) with the fol-
lowing primers: sense primer 5′-CTCGAGATGCGCCTCCGC-3′ and an-
tisense primer 5′-GGATCCTTAGAGATCCTCCTGTGCC-3′. This PCR
product was subcloned in a TA cloning vector and ligated with a Tat
expression vector. A PDIA3 expression vector without the Tat protein
transduction domain was constructed for use as a control.

The Tat-PDIA3 and control-PDIA3 plasmids were expressed in
Escherichia coli BL21 treated with 0.1mM isopropyl-β-d-thiogalactoside
(Duchefa, Haarlem, Netherlands) at 18 °C for 8 h and purified using a
Ni2 +-nitrilotriacetic acid Sepharose affinity column and PD-10 column
chromatography (Amersham, Braunschweig, Germany). Endotoxins in
the purified proteins were eliminated using Detoxi-Gel™ endotoxin re-
moving gel (Pierce, Rockford, IL, USA). Endotoxin levels in the purified
proteins were below the detection limit (< 0.1 EU/mL) when tested
using a Limulus amoebocyte lysate assay (BioWhittaker, Walkersville,
MD, USA). The concentration of purified Tat-PDIA3 and control-PDIA3
proteins was estimated by the Bradford assay (Bradford, 1976).

2.3. Transduction of Tat-PDI3A proteins into HT22 and PDIA3 knockout
cells

We treated HT22 and PDIA3 knockout cells with different con-
centrations (0.5–3 μM) of Tat-PDIA3 protein and control-PDIA3 protein
for 1 h and with 3 μM of both proteins for various durations
(15–60min) to examine the concentration-dependent and time-
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dependent transduction abilities of Tat-PDIA3 protein, respectively.
The cells were then treated with trypsin-ethylenediaminetetraacetic
acid for 10min and washed with phosphate-buffered saline (PBS) to
eliminate proteins attached to the cellular membranes. Cells were lysed
with ice-cold radioimmunoprecipitation assay buffer (Thermo
Scientific, IL, USA) and the lysates were centrifuged at 13,000×g for
20min at 4 °C. The protein concentration of the supernatant was
quantified by the Bradford assay (Bradford, 1976). Equal amounts of
the proteins were separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and analyzed with western blots using a
rabbit anti-histidine primary antibody (1:2000; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and a goat anti-rabbit secondary
antibody (1:5000; Santa Cruz Biotechnology).

2.4. Confocal fluorescence microscopy

The intracellular distribution of transduced Tat-PDIA3 protein in
HT22 and PDIA3 knockout cells was observed by confocal fluorescence
microscopy, as described previously (Jeong et al., 2014; Shin et al.,
2014). Culture medium was placed on coverslips and treated with 3 μM
Tat-PDIA3 protein. After 1 h of incubation at 37 °C, cells were washed
twice with PBS and fixed with 4% paraformaldehyde for 5min. The
cells were treated with PBS containing 3% bovine serum albumin and
0.1% Triton X-100 (PBS-BT) at 25 °C for 30min, and washed with the
same solution. The cells were incubated at 25 °C for 4 h with primary
antibody (1:2000; His-probe, Santa Cruz Biotechnology) followed by
incubation in the dark for 1 h with the secondary antibody (1:1500;
Alexa Fluor 488; Invitrogen, Carlsbad, CA, USA). To detect the in-
tracellular ER localization of transduced Tat-PDIA3 protein in
HT22 cells, the cells were incubated at 25 °C for 4 h with a mixture of
His-probe antibody (1:2000; Santa Cruz Biotechnology) and KDEL ER
marker (1:50; 10C3 clone; Santa Cruz Biotechnology). Thereafter, the
cells were incubated in the dark for 1 h with a mixture of the Alexa
Fluor 488-conjugated goat anti-rabbit IgG (1:1500; Invitrogen) and
Alexa Fluor 594-conjugated anti-mouse IgG (1:1500, Invitrogen). Nu-
clei were stained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI;
Roche Applied Science, Mannheim, Germany) for 2min. A confocal
fluorescence microscope confocal laser-scanning system (LSM 510
META NLO; Zeiss GmbH, Jena, Germany) was used to image the stained
cells.

2.5. Assessment of cell viability and DNA damage

The biological activity of Tat-PDIA3 protein was measured by as-
sessing cell viability using a WST-1 assay kit (Daeillab Service, Seoul,
South Korea) after exposure to H2O2, as previously described (Jeong
et al., 2014; Shin et al., 2014) and shown in Fig. 2A. The HT22 and
PDIA3 knockout cells, plated at a confluence of 70% in a 96-well plate,
were exposed to the Tat peptide, control-PDIA3, or Tat-PDIA3 proteins
(0.5–3 μM). Following a 1-h incubation after exposure to the Tat pep-
tide, control-PDIA3, or Tat-PDIA3 proteins, cells were treated with
1mM H2O2 and incubated for 5 h. Cell viability was measured at
450 nm using an enzyme-linked immunosorbent assay (ELISA) micro-
plate reader (Labsystems Multiskan MCC/340, Helsinki, Finland) and
expressed as a percentage of untreated control cells.

To examine whether transduced Tat-PDIA3 proteins protect against
DNA damage in H2O2-treated cells, HT22 and PDIA3 knockout cells
were pre-treated with 3 μM Tat-PDI3A and control-PDIA3 protein for
1 h and exposed to 1mM H2O2 for 3 h. Terminal deoxynucleotidyl
transferase-mediated biotinylated dUTP nick end labeling (TUNEL) and
a Cell Death Detection kit (Roche Applied Science) were used to assess
cellular damage. Images were obtained using a fluorescence microscope
(Nikon eclipse 80i, Tokyo, Japan) (Shin et al., 2014). Fluorescence was
measured using a Fluoroskan ELISA plate reader (Labsystems Oy) at
485 nm excitation and 538 nm emission.

2.6. Measurement of intracellular reactive oxygen species levels

Intracellular reactive oxygen species (ROS) levels were measured
using 2′,7′-dichlorofluorescein diacetate (DCF-DA), which converts to
fluorescent DCF in cells when exposed to ROS, as described previously
(Kim et al., 2015; Shin et al., 2014). The ROS levels in HT22 and PDIA3
knockout cells were determined in the presence or absence of Tat-
PDIA3 protein (0.5–3 μM). After 1 h of pre-treatment with Tat-PDIA3
protein, the cells were treated with H2O2 (1mM) for 10min. Following
a PBS wash, the cells were treated with 20 μM DCF-DA for 30min.
Fluorescence levels were measured using a Fluoroskan ELISA plate
reader (Labsystems Oy) at 485 nm excitation and 538 nm emission.

2.7. Experimental animals

Male gerbils (3 months old, 50–60 g) were purchased from Japan
SLC Inc. (Shizuoka, Japan). They were housed under standard condi-
tions with adequate temperature (22 ± 2 °C) and humidity (60 ± 5%)
control and a 12:12 h light/dark cycle with ad libitum access to food and
water. The handling and care of the animals conformed to guidelines of
current international laws and policies (National Institutes of Health
Guide for the Care and Use of Laboratory Animals, Publication No.
85–23, 1985, revised 1996). The Institutional Animal Care and Use
Committee of Seoul National University approved the animal proce-
dures (SNU-160304-3). All experiments were conducted with an effort
to minimize the number of animals used and the physiological stress
caused by the procedures employed. All experimental procedures were
conducted according to ARRIVE guidelines (Kilkenny et al., 2010).

2.8. Induction of transient forebrain ischemia

The animals were anesthetized with a mixture of 2.5% isoflurane
(Baxtor, Deerfield, IL, USA) in 33% oxygen and 67% nitrous oxide.
Common carotid arteries were isolated and occluded bilaterally using
non-traumatic aneurysm clips, as described previously (Jung et al.,
2018). Complete interruption of blood flow was confirmed by observing
the central artery in the retinae using an ophthalmoscope (HEINE
K180®; Heine Optotechnik, Herrsching, Germany). After 5min of oc-
clusion, the aneurysm clips were removed. Body temperature under
free-regulating or normothermic (37 ± 0.5 °C) conditions was mon-
itored with a rectal temperature probe (TR-100; Fine Science Tools,
Foster City, CA, USA) and maintained using a thermometric blanket
before, during, and after surgery, until the animals completely re-
covered from anesthesia. Thereafter, animals were housed in a thermal
incubator (Mirae Medical Industry, Seoul, South Korea) to maintain
their body temperature until the animals were euthanized. Five animals
were excluded due to incomplete occlusion of the common carotid ar-
teries and uncontrolled body temperature. Sham-operated animals were
subjected to the same surgical procedures except that the common
carotid arteries were not occluded.

2.9. Spontaneous motor activity

To check the effects of Tat-PDIA3 on hyperactivity after ischemic
damage, the spontaneous motor activity of the gerbils was measured 1
day before and after the ischemia/reperfusion, as described previously
(Yoo et al., 2015). The gerbils were individually placed in a Plexiglas
cage (25 cm×20 cm×12 cm) within a soundproof chamber. A Pho-
tobeam Activity System-Home Cage (San Diego Instruments) was used
to record locomotor activity. Spontaneous motor activity was mon-
itored for 60min. Scores were generated from live observations, and
video sequences were used for subsequent re-analysis.

2.10. Tissue processing

The animals in the sham-operated group and ischemia-operated
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groups, which included the Tat peptide-treated, control-PDIA3-treated,
and Tat-PDIA3-treated groups (n=5 in each group), were anesthetized
with 1 g/kg urethane (Sigma-Aldrich, St. Louis, MO, USA) 4 days after
ischemia/reperfusion. They were then perfused transcardially with
0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde in 0.1M phos-
phate-buffer (pH 7.4), as described previously (Jeong et al., 2014; Jung
et al., 2018; Yoo et al., 2015). The brains were dissected out and post-
fixed for 12 h in the same fixative. The brain tissues were cryoprotected
by overnight infiltration with 30% sucrose. Serial brain sections were
cut in the coronal plane at a thickness of 30 μm using a cryostat (Leica,
Wetzlar, Germany) and collected in 6-well plates containing PBS for
further processing.

The sections were processed under the same conditions to ensure
that the immunohistochemical data were comparable among the
groups. Tissue sections between 1.4 and 2.0mm posterior to the
bregma, in reference to a gerbil atlas (Loskota et al., 1974), were se-
lected for each animal. Five sections, separated by 90-μm intervals,
were sequentially treated with 0.3% H2O2 in PBS for 30min and 10%
normal goat serum in 0.05M PBS for 30min at 25 °C. Sections first
underwent an overnight incubation with mouse anti-neuronal nuclei
(NeuN) antibody (1:1000; Milipore, Temecula, CA, USA), rabbit anti-
glial fibrillary acidic protein (GFAP; 1:1000; Milipore), or rabbit anti-
ionized calcium-binding adapter molecule 1 (Iba-1; 1:500; Wako,
Osaka, Japan) at 25 °C. Thereafter, the sections were treated with bio-
tinylated goat anti-rabbit IgG or anti-mouse IgG and a streptavidin-
peroxidase complex (1:200; Vector, Burlingame, CA, USA) for 2 h at
25 °C. Sections were visualized by reaction with 3,3′-diaminobenzidine
tetrachloride (Sigma) in 0.1M Tris-HCl buffer (pH 7.2) and mounted on
gelatin-coated slides. Sections were dehydrated and mounted in Canada
balsam (Kanto, Tokyo, Japan).

Counting of NeuN immunoreactive neurons at the center of the
hippocampal CA1 region was performed using an analysis system
equipped with a computer-based CCD camera (OPTIMAS software
version 6.5; CyberMetrics® Corporation, Phoenix, AZ, USA; magnifica-
tion,× 100). The image was converted to a gray-scale image and NeuN
immunoreactive neurons were automatically selected according to the
intensity of NeuN immunohistochemical staining. Cell counts were
averaged from 5 sections at 90-μm intervals from each gerbil. Values
are demonstrated as a percentage of that obtained from the control
group.

2.11. Measurement of lipid peroxidation and nitric oxide levels in the
hippocampal homogenates

The levels of 4-hydroxy-2-nonenal (HNE) and nitric oxide (NO)
were assessed to determine the protective mechanisms of Tat-PDIA3
against ischemic damage. Animals in the sham-operated and Tat pep-
tide-, control-PDIA3-, and Tat-PDIA3-treated groups (n=15 in each
group) were anesthetized with 1.5 g/kg urethane at 3, 12, and 24 h
after ischemia/reperfusion (n=5 at each time point). The hippocampi
were dissected out, and HNE was measured using a Bioxytech HAE-586
spectrophotometric assay kit (OxisResearch, Portland, OR, USA). We
indirectly measured NO by quantifying nitrite, a stable oxidation pro-
duct of NO, using Griess’ method (Guevara et al., 1998). Hippocampi
were homogenized in a buffer containing 10mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (pH 7.5), 200mM mannitol, 70mM su-
crose, 1 mM ethylene glycol tetraacetic acid, and 5mM butylated hy-
droxytoluene. We extracted 1mL of homogenate with dichloromethane,
and an aliquot of the lower organic phase was dried under nitrogen and
reconstituted with water. The sample was mixed with N-methyl-2-phe-
nylindole in acetonitrile and methanesulfonic acid before being in-
cubated and centrifuged (3000×g at 4 °C for 10min). The absorbance
of the clear supernatant was determined at 586 nm using a Beckman
DU-64 spectrophotometer (Beckman, Fullerton, CA, USA). The HNE
concentrations in the experimental samples were determined against
HNE standards provided in the assay kit.

2.12. Quantitative PCR

The levels of BiP and CHOP were assessed to observe the ER stress-
mediated activity of Tat-PDIA3 against ischemic damage. Animals in
the sham-operated and Tat peptide-, control-PDIA3-, and Tat-PDIA3-
treated groups (n=10 in each group) were anesthetized with 1.5 g/kg
urethane at 12 h and 4 days after ischemia/reperfusion (n=5 at each
time point), and the hippocampi were dissected out from the brain. We
performed RNA extraction using a total RNA isolation kit (Macherney-
Nagel, Düren, Germany). Spectrophotometric measurements were
conducted using the Nanodrop Spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA) to determine the RNA con-
centration and purity. We synthesized cDNA using 50 U of SuperScript
II reverse transcriptase (Thermo Fisher Scientific, Carlsbad, CA, USA).
Quantitative real-time PCR was performed as described by Cai et al.
(2014). The primers used for real-time quantitative PCR were as fol-
lows: 5′-GCGGATCAAGGTGAAGAAA-3′ (forward) and 5′-TCCTGACCA
GCCACGAAC-3′ (reverse) for BiP, 5′-GCCTTTCGCCTTTGAGACAGT-3′
(forward) and 5′-TGAGATATAGGTGCCCCCAATT-3′ (reverse) for
CHOP, and 5′-CACACTGTGCCCATCTATGA-3′ (forward) and 5′-CCAT
CTCTTGCTCGAAGTCT-3′ (reverse) for β-actin. Briefly, amplification
was performed using an initial 10-min step at 95 °C, followed by 50
cycles for 15 s at 95 °C, 5 s at 60 °C, and 4–12 s at 72 °C, and a final ex-
tension for 10min at 72 °C. Specificity of the product was confirmed
with a melting-curve analysis. Quantification was performed using re-
action kinetics data, and expression levels were related to β-actin.

2.13. Statistical analysis

The data were expressed as the mean of the experiments performed
for each experimental investigation. In order to determine the effec-
tiveness of Tat-PDIA3 against ischemic damage, mean differences
among the groups were analyzed statistically by one-way or two-way
analyses of variance followed by Bonferroni's post-hoc test using
GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA,
USA). All biochemical assays were conducted in triplicate. Biochemical
assays were conducted in triplicates. The results were considered to be
statistically significant if p < 0.05.

3. Results

3.1. Expression and purification of the Tat-PDIA3 protein

The human PDIA3 gene fused to a Tat peptide expression vector to
produce the Tat-PDIA3 fusion protein. The control-PDIA3 protein was
manufactured without a Tat domain (Fig. 1A). The Tat-PDIA3 fusion
protein was purified following overexpression using a Nib+- → Ni2+-
nitrilotriacetic acid Sepharose affinity column and PD-10 column
chromatography. Using SDS-PAGE and western blot analyses, we con-
firmed the separation of purified proteins. The use of 15% SDS-PAGE
and rabbit anti-polyhistidine antibody produced prominent bands on
the western blot (Fig. 1A).

3.2. Transduction of the Tat-PDIA3 protein into HT22 and PDIA3 knockout
cells

We treated HT22 and PDIA3 knockout cells with different con-
centrations (0.5–3 μM) of Tat-PDIA3 protein for various durations
(15–60min) to observe the in vitro efficacy of transducing Tat-PDIA3
protein into hippocampal cells. The Tat-PDIA3 fusion protein was
transduced efficiently into HT22 and PDIA3 knockout cells, in a dose-
dependent manner, by the 60-min time point (Fig. 1B). In addition,
treatment with 3 μM Tat-PDIA3 significantly increased the time-de-
pendent transduction of the protein into HT22 and PDIA3 knockout
cells by 60min after treatment (Fig. 1C). Following Tat-PDIA3 treat-
ment, the expression of PDIA3 protein was found in lower
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concentrations and at earlier time points in HT22 cells than in PDIA3
knockout cells, respectively (Fig. 1B and C). However, treatment with
control-PDIA3 did not show transduction of PDIA3, at any time or dose
exposure, in the HT22 and PDIA3 knockout cells (Fig. 1B and C).

The stability of transduced Tat-PDIA3 after treatment varied in the
HT22 cells. Intracellular PDIA3 expression was significantly increased

0.5 h after Tat-PDIA3 treatment, but decreased thereafter in a time-
dependent manner. Although prominent intracellular levels of trans-
duced Tat-PDIA3 were still detected 24 h after treatment in HT22 cells,
the expression was barely detectable at 36 h after treatment (Fig. 1D).

Cells were stained with histidine and DAPI to observe the in-
tracellular distribution of the transduced Tat-PDIA3 protein in the

Fig. 1. Purification and transduction of the Tat-PDIA3 protein into HT22 hippocampal cells and/or PDIA3-knockout (KO) HAP1 cells. (A) Overview of the Tat-PDIA3
protein. Expression and purification of the Tat-PDIA3 protein and control-PDIA3 protein, as assessed by western blot analyses using the anti-histidine antibody. (B)
Dose-dependent (0.5–3 μM) expression of PDIA3 1 h after Tat-PDIA3 treatment. (C) The time-dependent (0–60min) expression of PDIA3, analyzed after treatment
with 3 μM control-PDIA3 or Tat-PDIA3. (D) Time-dependent changes (1–36 h) in PDIA3 expression after control-PDIA3 or Tat-PDIA3 protein transduction for 1 h. (E)
Localization and (F) co-localization of transduced Tat-PDIA3 protein observed with histidine and/or KDEL ER marker immunocytochemical staining in HT22 cells
using confocal fluorescence microscopy. Images of orthogonal view are also shown to confirm the colocalization of Tat-PDIA3 protein with ER marker. Scale
bar= 20 μm. The bars indicate the mean ± the standard error of the mean.
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HT22 hippocampal cells. The cytoplasm and cell membrane were im-
munopositive for histidine 1 h after Tat-PDIA3 treatment, while histi-
dine immunoreactivity was not detectable in the control group or in the
cells treated with Control-PDIA3 (Fig. 1E).

We confirmed the localization of transduced Tat-PDIA3 proteins in
the HT22 hippocampal cells by double immunocytochemical staining
for PDIA3 and the KDEL ER marker at 24 h after treatment. This ex-
periment revealed the presence of some PDIA3-immunoreactive

structures in the ER of HT22 cells, although some PDIA3 im-
munoreactivity was also detected in the membrane or cytoplasm
(Fig. 1F).

3.3. Neuroprotective effects of transduced Tat-PDIA3 on H2O2-induced
oxidative damage

The neuroprotective effects of transduced Tat-PDIA3 on HT22 cells

Fig. 2. Protective effects of transduced Tat-PDIA3 protein on ROS damage following exposure to 1mM H2O2 in HT22 and PDIA3 knockout (KO) HAP1 cells. (A)
Schematic drawing of the experimental design. (B) Dose-dependent (0.5–3 μM) effects of control-PDIA3 or Tat-PDIA3 on H2O2-induced cell damage in HT22
hippocampal cells, analyzed by the WST-1 assay. (C) ROS production was determined by measuring the DCF-DA fluorescence intensity in HT22 and PDIA3 KO HAP1
cells using an ELISA plate reader. (D) DNA fragmentation was assessed by TUNEL staining HT22 and PDIA3 KO HAP1 cells. Scale bar= 50 μm (C and D). Data were
analyzed by two-way analyses of variance followed by Bonferroni's post-hoc tests. ∗p < 0.05 and #p < 0.05 vs. the H2O2-treated group and HT22 group, re-
spectively. The bars indicate the mean ± the standard error of the mean.
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with H2O2-induced oxidative damage were assessed by a WST-1 assay
for cell viability, as shown in Fig. 2A. Exposure to 1mM H2O2 caused
prominent cell death, with only 43.4–45.6% of HT22 cells remaining in
the control group. Treatment using Tat-PDIA3 significantly and dose-
dependently reduced the cell death of HT22 cells exposed to H2O2.
Following treatment with 3 μM Tat-PDIA3 after 5 h of exposure to 1mM
H2O2, 64.8% of the HT22 cells remained (Fig. 2B).

The presence of DCF-DA-positive and TUNEL-positive cells con-
firmed the formation of ROS in HT22 and PDIA3 knockout cells with
H2O2-induced oxidative damage. Treatment with H2O2 significantly
elevated DCF-DA and TUNEL fluorescence in HT22 and HAP1 cells
compared to those in control group, respectively (Fig. 2C and D). No-
tably, the DCF-DA fluorescence was significantly higher in PDIA3
knockout cells than in HT22 cells (Fig. 2C). Treatment with control-
PDIA3 protein did not induce any prominent changes in cell viability,
ROS formation, or TUNEL fluorescence in HT22 and PDIA3 knockout
cells exposed to H2O2. In contrast, treatment with Tat-PDIA3 sig-
nificantly reduced the DCF-DA and TUNEL fluorescence in both HT22
and PDIA3 knockout cells compared to those in H2O2 alone group, al-
though some DCF-DA and TUNEL fluorescence was present in PDIA3
knockout cells (Fig. 2C and D). In HT22 and PDIA3 knockout cells,
administration of Tat-PDIA3 reduced TUNEL fluorescence compared to
that in the H2O2 alone or Control-PDIA3-treated group and the differ-
ence in TUNEL fluorescence was similarly detected between HT22 and
PDIA3 knockout cells (Fig. 2C and D).

3.4. Neuroprotective effects of Tat-PDIA3 against ischemic damage in the
gerbil hippocampus

In the sham-operated group, animals did not show any significant
changes in locomotor activity either 1 day before or 1 day after the
sham operation (Fig. 3A). Moreover, NeuN-immunoreactive neurons
were abundant in all regions of the hippocampus, including the hip-
pocampal CA1 region 4 days after the sham operation (Fig. 3B). In the
Tat peptide-treated group, locomotor activity was significantly en-
hanced 1 day after ischemia/reperfusion compared to that in the sham-
operated group, and the average ratio of locomotor activity 1 day be-
fore ischemia/reperfusion to that 1 day after was 2.91. In this group,

NeuN-immunoreactive neurons were abundant in the hippocampal
CA2/3 region, while a few neurons were observed in the hippocampal
CA1 region 4 days after ischemia/reperfusion. In the control-PDIA3-
treated group, locomotor activity was significantly elevated 1 day after
ischemia/reperfusion compared to that in the sham-operated group,
and the ratio of locomotor activity was similar to that of the Tat pep-
tide-treated group. The number of NeuN-immunoreactive neurons in
the hippocampal CA1 region of the control-PDIA3-treated group was
significantly reduced compared to that in the sham-operated group 4
days after ischemia/reperfusion; however, it was similar to that of the
Tat peptide-treated group. In the Tat-PDIA3-treated group, locomotor
activity was significantly enhanced 1 day after ischemia/reperfusion
compared to that in the sham-operated group. However, the locomotor
activity ratio of the Tat-PDIA3-treated group was significantly lower
than that of the Tat peptide-treated group (Fig. 3A). In Tat-PDIA3-
treated group, there were many NeuN-immunoreactive neurons, i.e.,
51.2% of the hippocampal CA1 neurons were NeuN positive compared
to that in the sham-operated group (Fig. 3B).

3.5. Effects of Tat-PDIA3 on ischemia-induced glial activation in the
hippocampal CA1 region

In the sham-operated group, GFAP-immunoreactive astrocytes had
small cytoplasm with thin processes and Iba-1-immunoreactive micro-
glia had a small, round cytoplasm with long, thin processes 4 days after
the operation. In the Tat peptide-treated group, GFAP-immunoreactive
astrocytes exhibited hypertrophic cytoplasm with a punctuate mor-
phology and Iba-1-immunoreactive microglia had hypertrophic cyto-
plasm with retracted processes 4 days after ischemia/reperfusion. In
addition, the Iba-1-immunoreactive microglia, which are found fol-
lowing neuronal death, were abundant in the stratum pyramidale of the
Tat peptide-treated group. In the control-PDIA3-treated group, the
distribution and morphology of GFAP-immunoreactive astrocytes and
Iba-1-immunoreactive microglia were similar to those in the Tat pep-
tide-treated group 4 days after ischemia/reperfusion. In the Tat-PDIA3-
treated group, some GFAP-immunoreactive astrocytes and Iba-1-im-
munoreactive microglia showed hypertrophic cytoplasm with retracted
processes (Fig. 4).

Fig. 3. Protective effects of Tat-PDIA3 protein
against ischemic damage in gerbils. (A) The loco-
motor activity in gerbils 1 day before and after
ischemia/reperfusion in the sham-operated group
and the Tat peptide-, control-PDIA3-, and Tat-PDIA3-
treated ischemic groups. Spontaneous locomotor ac-
tivity was evaluated in terms of the entire distance
(meters) traveled for 60min before and 1 d after
ischemia/reperfusion (n=5 per group; *p < 0.05
vs. from the same group measured before surgery,
#p < 0.05 vs. the Tat peptide-treated group). The
bars indicate the standard error of the mean. (B)
Immunohistochemistry for NeuN in the hippocampus
and magnified CA1 region of the sham-operated
group and the Tat peptide-, control-PDIA3-, and Tat-
PDIA3-treated ischemic groups 4 d after ischemia/
reperfusion. The number of NeuN-immunoreactive
neurons in each group relative to that in the sham-
operated group, per section, is shown (n=5 per
group; *p < 0.05 vs. the sham-operated group,
#p < 0.05 vs. the Tat peptide-treated group). The
bars indicate the standard error of the mean. Scale
bar= 350 μm (whole hippocampus) and 50 μm (CA1
region).
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3.6. Effects of Tat-PDIA3 on ischemia-induced lipid peroxidation in the
hippocampus

The HNE protein levels in the hippocampal homogenates did not
significantly change at 3, 12, or 24 h after the sham operation among
groups. However, the ischemia-operated groups showed significant
changes in the hippocampal homogenate HNE levels at 3, 12, and 24 h
after ischemia/reperfusion compared to time-matched sham operated
group. The HNE level in all ischemia-operated groups was significantly
higher than that in the sham-operated group 3 h after ischemia/re-
perfusion, after which the HNE protein levels decreased. However, the
HNE level was significantly lower in the Tat-PDIA3-treated group than
in the Tat peptide-treated or control-PDIA3-treated group by 24 h after
ischemia/reperfusion. HNE level was similarly observed in the Tat-
PDIA3 treated group compared to sham operated group 24 h after
ischemia/reperfusion (Fig. 5A).

3.7. Effects of Tat-PDIA3 on NO generation in the hippocampus

Similar to the HNE levels, the NO levels in the hippocampal
homogenates did not significantly change at 3, 12, or 24 h after the
sham operation. However, the NO levels were significantly elevated 3 h
after ischemia/reperfusion and were further elevated 12 and 24 h after
ischemia/reperfusion in the Tat peptide-treated and control-PDIA3-
treated groups when compared to the sham-operated group. The NO
levels were significantly lower at 3 and 24 h after ischemia/reperfusion
in the Tat-PDIA3-treated group than in the Tat peptide-treated or
control-PDIA3-treated group (Fig. 5B).

3.8. Effects of Tat-PDIA3 on ischemia-induced BiP and CHOP in the
hippocampus

Sham-operated animals did not show any significant changes in UPR
elements at 12 h or 4 days after the sham operation. In all ischemic
groups, the BiP and CHOP mRNA levels were significantly elevated at
12 h and 4 days after ischemia/reperfusion compared to those in the
time-matched sham-operated animals. The BiP mRNA levels were
higher in the Tat-PDIA3-treated group than in the Tat peptide- or
control-PDIA3-treated group at 12 h and 4 days after ischemia/re-
perfusion, although the differences were not statistically significant. In
contrast, the CHOP mRNA levels were significantly higher in the Tat
peptide- or control-PDIA3-treated group than in the Tat-PDIA3-treated
group at 12 h and 4 days after ischemia/reperfusion (Fig. 5C).

4. Discussion

Prior research has shown that PDIA3, a multifunctional protein that
is located mostly at the ER lumen, participates in the folding of nu-
merous cysteine-rich glycoproteins (Ellgaard and Frickel, 2003). In
addition, PDIA3 functions as a molecular chaperone that prevents the
formation of protein aggregates during ER stress by facilitating the
function of disulfide isomerase in nascent and denatured proteins with
a thioredoxine-like domain (Ferrari and Söling, 1999; Grubb et al.,
2012; Hatahet and Ruddock, 2009; Kozlov et al., 2010; Määttänen
et al., 2010). However, PDI is known to be susceptible to oxidative
damage, as outlined by the effects of lipid aldehyde (Carbone et al.,
2005) and the significant inhibition of its thiol reductase activity in
neurons 24 h after hypoxia (Liu et al., 2015). As such, the goal of this
study was to test the hypothesis that the administration of Tat-PDIA3
would protect hippocampal neurons from ischemic damage. Further, to

Fig. 4. Immunohistochemistry for GFAP and Iba-1 in the CA1 region of the sham-operated group and the Tat peptide-, control-PDIA3-, and Tat-PDIA3-treated
ischemic groups 4 d after ischemia/reperfusion. High magnified images are also shown to demonstrate the morphology of astrocytes and microglia. SP, stratum
pyramidale; SO, stratum oriens; SR, stratum radiatum. Scale bar= 50 μm.
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confirm the effects of Tat-PDIA3 against oxidative stress, we also used
PDIA3 knockout cells.

To achieve our objective, we first generated a Tat-PDIA3 fusion
protein to facilitate the cell penetration of PDIA3 into HT22 hippo-
campal neurons and PDIA3 knockout cells. The transduction of Tat-
PDIA3 into HT22 hippocampal cells and PDIA3 knockout cells was ef-
ficient, dose-dependent, and stable by 24 h after treatment in
HT22 cells. This result is consistent with our previous study, in which
Tat-nucleolar protein 3 fusion protein can be detectable in HT22 cells
by 60 h after treatment (Sohn et al., 2016). The transduced PDIA3
proteins were localized in the cell surface and cytoplasm of the HT22
hippocampal cells, and we confirmed that some transduced Tat-PDIA3
immunoreactivity was present in the ER of cells in the hippocampal
CA1 region. The results of previous studies showing that PDIA3 is dis-
tributed over the surface and perinuclear area of the ER in MC3T3-E1
osteoblasts and motoneuron-like neural stem cells (Chen et al., 2013a;
Yoo et al., 2017) support our results. Thus, our findings suggest that the
Tat-PDIA3 fusion protein was efficiently transduced into the cytoplasm
and ER, without cell-surface binding.

It is known that ROS cause neuronal damage by interacting with the
cell membrane and DNA. In the present study, we found that Tat-PDIA3
exhibited neuroprotective effects against H2O2-induced oxidative da-
mage in HT22 hippocampal cells and PDIA3 knockout cells. Herein, we
measured cell death using TUNEL staining at 3 h after H2O2 exposure
and measured proliferating cells at 5 h after H2O2 exposure with WST-1
assays to confirm the roles of Tat-PDIA3 against neuronal damage in
HT22 and PDIA3 knockout cells. In HT22 cells, exposure to 1mM H2O2

significantly reduced cell viability, with about half of the cells ex-
hibiting signs of neuronal death stained with TUNEL. However, pre-
incubation with Tat-PDIA3 significantly enhanced the HT22 cell viabi-
lity after H2O2 exposure. In parallel with this result, ROS formation and
DNA fragmentation, which were measured using DCF-DA and TUNEL
staining, respectively, were significantly reduced in Tat-PDIA3-treated
HT22 cells after exposure to H2O2. This result is consistent with that of
a previous study showing that the overexpression of PDI protects

neurons exposed to anoxia (Liu et al., 2015). In addition, the over-
expression of PDI with cyclopentenone prostaglandins decreases cell
death via the inactivation of proapoptotic proteins, such as caspases 3
and 9, and the attenuation of ER stress (Liu et al., 2015). As for PDIA3
knockout cells, exposure to 1mM H2O2 induced ROS generation and
cell death that was more severe than that in HT22 cells; however,
treatment with Tat-PDIA3 protected against the H2O2-induced ROS
generation and TUNEL fluorescence in PDIA3 knockout cells. This re-
sult suggests that constitutively expressed PDIA3 may reduce the neu-
ronal damage induced by oxidative stress, while the supplementation of
Tat-PDIA3 further lowers the oxidative stress and cell damage. This
result is supported by a previous study demonstrating that ablation of
PDIA3 causes accelerated cell death in liver cells (Yuan et al., 2017a)
and chondrocytes (Linz et al., 2015). Moreover, the ablation of PDIA3
exhibited increased ROS levels in the liver during aging (Yuan et al.,
2017a).

In the present study, we also measured the neuroprotective effects
of Tat-PDIA3 against ischemic damage in the hippocampal neurons of
Mongolian gerbils, which are widely used as an animal model for
ischemia (Ginsberg and Busto, 1989). Given its incomplete circle of
Willis (Du et al., 2011), these animals lack the posterior communicating
arteries between the carotid and vertebral arteries. Since ischemic da-
mage can lead to hyperactivity 1 day after ischemia/reperfusion, we
observed locomotor activity at this time point, although we could not
observe any neuronal death in this time point (Andersen et al., 1997;
Suzuki et al., 1983). In the present study, Tat peptide-treated animals
showed significantly enhanced locomotor activity 1 day after ischemia/
reperfusion compared to sham-operated group. The control-PDIA3-
treated group showed a similar result, although locomotor activity in
this group was slightly reduced compared to that in the vehicle-treated
group. The administration of Tat-PDIA3 significantly ameliorated the
ischemia-induced hyperactivity 1 day after ischemia/reperfusion.
Consistent with the locomotor activity, morphological evidence based
on NeuN immunohistochemistry showed that the administration of Tat-
PDIA3, but not Tat peptide or Control-PDIA3, significantly increased

Fig. 5. Effects of Tat-PDIA3 protein on lipid perox-
idation and NO production, as well as on the BiP and
CHOP mRNA levels, in the gerbil hippocampus.
Analysis of (A) HNE, (B) NO, and (C) BiP and CHOP
mRNA levels in the hippocampal homogenates in the
sham-operated group and the Tat peptide-, control-
PDIA3-, and Tat-PDIA3-treated ischemic groups
(n=5 per time point, *p < 0.05 vs. the sham-op-
erated group, #p < 0.05 vs. the Tat peptide-treated
group. Bars indicate the mean ± the standard error
of the mean.
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the number of NeuN-immunoreactive neurons in the hippocampal CA1
region 4 days after ischemia/reperfusion. Several studies in a variety of
models have shown that PDI is protective and helps reduce damage. For
example, the overexpression of PDI significantly reduced the number of
TUNEL-positive CA1 neurons after transient forebrain ischemia
(Truettner et al., 2009); however, that study failed to observe PDI
mRNA changes in the hippocampus. In addition, PDI ameliorates the
reduction in the apoptotic rate and prevents cardiac remodeling in
human infarcted hearts (Severino et al., 2007). In our previous study,
we found reduced PDIA3 protein levels 3 h after spinal cord ischemia
and demonstrated that Tat-PDIA3 treatment significantly ameliorated
the spinal cord ischemia-induced behavioral and morphological
changes in rabbits (Yoo et al., 2017). Despite these known beneficial
effects, other studies have demonstrated that PDI can also exert detri-
mental effects. In a neurodegenerative model, the inhibition of PDI
reduced the toxicity of mutant huntingtin exon 1 and amyloid beta
peptides processed from amyloid precursor protein (Hoffstrom et al.,
2010). In murine embryonic fibroblast cells, the inhibition of PDIA3 by
short hairpin RNA significantly decreases cell death and caspase-3/7
activation by actinomycin D or tunicamycin (Zhao et al., 2015a).
Conversely, the overexpression of PDIA3 significantly increases cell
death and caspase-3/7 activation (Zhao et al., 2015a). Another study
showed that PDIA3 expression protects against methamphetamine-in-
duced cell toxicity, at least in neuroblastoma cell lines (Pendyala et al.,
2012). Likewise, in the prion-related model, PDI expression protects
cells against the scrapie isoform of prion protein toxicity (Hetz et al.,
2005). The discrepancy between beneficial and detrimental effects of
PDI may be associated with the S-nitrosylation of PDI by NO. That is,
while PDI itself attenuates the neuronal cell death that is caused by ER
stress, misfolded proteins, or proteasome inhibition, the S-Nitrosylation
of PDI by NO prevents PDI from exerting its neuroprotective effects
against various models of cell damage (Uehara et al., 2006). A recent
study demonstrated that PDI acts as an anti-apoptotic factor in initial
ER stress, but constant ER stress promotes the apoptosis by releasing
PDIA3 from the ER lumen to induce Bak-dependent mitochondrial outer
membrane permeabilization in PC12 cells exposed to tetra-
chlorobenzoquinone (Liu et al., 2017).

Here, we also observed that the administration of Tat-PDIA3, but
not Tat peptide or control-PDIA, significantly reduced ischemia-in-
duced astrocyte and microglial activation, known as reactive gliosis
(Pekny et al., 2014). The activation of astrocytes and microglia, which
is induced by ischemia, increases GFAP expression through hyper-
trophic morphology and cell proliferation, and subsequently facilitates
the secretion of cytokines. Similarly, activated microglia increase the
expression of major histocompatibility complex antigens and costimu-
latory molecules (Finsen et al., 1993; Zhang et al., 2002), as well as the
synthesis of neuro-inflammatory mediators (Ceulemans et al., 2010). In
the current study, given the better morphological and functional out-
comes following ischemic damage in the Tat-PDIA3-treated group vs.
the Tat-peptide- or control-PDIA3-treated group, the reduction of as-
trocyte and microglia activation may be the mechanism underlying the
neuroprotective effects of Tat-PDIA3 against ischemic damage in the
hippocampal CA1 region (Barreto et al., 2011; Tikka et al., 2001).

Prior research has demonstrated that ER stress-induced accumula-
tion of unfolded or misfolded proteins increases BiP dissociation (Lee
et al., 2010), which serves as a marker for ER stress. Moreover, the
accumulation of unfolded and misfolded proteins causes ROS produc-
tion (Enyedi et al., 2010; Merksamer et al., 2008), ultimately leading to
neuronal damage in the brain (Malhotra and Kaufman, 2007). Inter-
estingly, oxidative stress also directly alters the activity of PDIs in many
human diseases (Nakamura and Lipton, 2011). In the present study, our
DCF-DA analysis revealed that treatment with Tat-PDIA3 significantly
reduced the H2O2-induced ROS formation. Additionally, the adminis-
tration of Tat-PDIA3 significantly reduced the ischemia-induced lipid
peroxidation, a reliable indicator of neuronal damage (Bromont et al.,
1989), in the gerbil hippocampus (McKracken et al., 2004; Wang et al.,

2006). This result is consistent with that of previous studies, wherein
PDIA3 expression reduced methamphetamine-induced intracellular
ROS production in a neuroblastoma cell line (Pendyala et al., 2012).
Genetic ablation of PDIA3 upregulates the UPR in the cartilage (Linz
et al., 2015) and liver (Yuan et al., 2017a), with sustained phosphor-
ylation of protein kinase R-like endoplasmic reticulum kinase and eu-
karyotic initiation factor1α.

Our study additionally demonstrated ER stress-induced activation of
the UPR in hippocampal homogenates by real-time quantitative PCR,
likely because the UPR can re-establish homeostasis or facilitate the
apoptotic process in cells. The BiP and CHOP mRNA levels were also
significantly increased after transient forebrain ischemia. This result
was consistent with previous studies showing that BiP expression is
increased in the damaged brain areas in both focal and global ischemic
models (Ito et al., 2001; Oida et al., 2008; Roberts et al., 2007; Shibata
et al., 2003; Tajiri et al., 2004). In the present study, the administration
of Tat-PDIA3 elevated the BiP mRNA levels in the hippocampus at 12 h
and 4 days after ischemia relative to those in the Tat peptide- or con-
trol-PDIA3-treated group. Several lines of evidence demonstrate that
BiP expression protects neurons from the damage that is induced by ER
stress (Rao et al., 2002; Schröder and Kaufman, 2005). In addition,
treatment with BiP inducer X significantly increases BiP mRNA in the
hippocampus and protects neurons from ischemic cell death in the
gerbil hippocampus after transient forebrain ischemia (Oida et al.,
2008); BiP also protects the mouse cerebral cortex from focal cerebral
ischemia-induced damage (Kudo et al., 2008). In contrast, the de-
gradation of BiP mRNA facilitates neuronal cell death via calcium re-
lease from the ER (Gomer et al., 1991). ER stress induced by cardiac
arrest is diminished after hydrogen-rich saline treatment by upregu-
lating BiP expression from 6 h to 24 h after return of spontaneous cir-
culation and by downregulating CHOP expression in the hippocampus
(Gao et al., 2017).

In the present study, CHOP mRNA levels were significantly reduced
in the Tat-PDIA3-treated group compared to the levels in the Tat pep-
tide- or control-PDIA3-treated group. Given that TUNEL-positive cells
were found to be co-localized with CHOP-positive cells in the hippo-
campus of diabetic mice (Zhao et al., 2015b) and in the hippocampal
CA1 region of ischemic gerbils (Oida et al., 2008), these suggest that
CHOP participates in the control of neuronal death in the hippocampus
(Liu et al., 2013; Oyadomari and Mori., 2004; Paz Gavilán et al., 2006;
Tajiri et al., 2004). In contrast, CHOP small interfering RNA treatment
significantly reduces Bim-caspase 3 apoptotic pathway activity, in-
creases anti-apoptotic B-cell lymphoma 2 pathway activity, and finally
ameliorates the brain injury that is induced by subarachnoid hemor-
rhage (He et al., 2012). CHOP deficient mice showed reduction in
cleavage of procaspase-3 and the induction of Bax protein in the kidney
after ischemia/reperfusion compared to that in the control mice (Noh
et al., 2015). Finally, the present study identified that NO contributes to
neuronal cell injury, in part by triggering the accumulation of misfolded
proteins through the S-nitrosylation of PDI by NO, which forms SNO-
PDI (Nakamura and Lipton., 2009; Uehara et al., 2006). We found that
the NO level was significantly elevated, in a time-dependent manner, in
the hippocampal homogenates 24 h after ischemia/reperfusion. How-
ever, the administration of Tat-PDIA3 significantly ameliorated the
ischemia-induced NO levels in the hippocampal homogenates. None-
theless, we could not determine whether PDIA3 directly reduced the
NO level or if the NO level was depleted by the formation of SNO-PDI;
thus, further studies addressing this issue are needed.

In summary, our results show that Tat-PDIA3 underwent efficient
transduction in vitro and in vivo and significantly attenuated the H2O2-
induced neuronal damage by reducing the oxidative stress in hippo-
campal cells. We also demonstrated that ablation of PDIA3 exacerbates
the H2O2-induced oxidative stress and cell damage. To the best of our
knowledge, the present study is the first trials to show roles of PDIA3
proteins, not RNAs or DNAs, against ischemic damage likely by at-
tenuating the oxidative damage and ER response-induced apoptosis
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through CHOP.
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