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Abstract

Apoptosis after traumatic brain injury has been shown to be a major factor influencing prognosis and outcome. Endoplasmic reticulum
stress may be involved in mitochondrial mediated neuronal apoptosis. Therefore, endoplasmic reticulum stress has become an import-
ant mechanism of secondary injury after traumatic brain injury. In this study, a rat model of traumatic brain injury was established by
lateral fluid percussion injury. Fluorescence assays were used to measure reactive oxygen species content in the cerebral cortex. Western
blot assays were used to determine expression of endoplasmic reticulum stress-related proteins. Hematoxylin-eosin staining was used to
detect pathological changes in the cerebral cortex. Transmission electron microscopy was used to measure ultrastructural changes in the
endoplasmic reticulum and mitochondria. Our results showed activation of the endoplasmic reticulum stress-related unfolded protein
response. Meanwhile, both the endoplasmic reticulum stress response and mitochondrial apoptotic pathway were activated at different
stages post-traumatic brain injury. Furthermore, pretreatment with the endoplasmic reticulum stress inhibitor, salubrinal (1 mg/kg), by
intraperitoneal injection 30 minutes before injury significantly inhibited the endoplasmic reticulum stress response and reduced apopto-
sis. Moreover, salubrinal promoted recovery of mitochondrial function and inhibited activation of the mitochondrial apoptotic pathway
post-traumatic brain injury. These results suggest that endoplasmic reticulum stress might be a key factor for secondary brain injury
post-traumatic brain injury.

Key Words: nerve regeneration; traumatic brain injury; endoplasmic reticulum stress; apoptosis; mitochondria; reactive oxygen species; unfolded
protein response; secondary brain injury; salubrinal; neural regeneration

Introduction operational treatments are still lacking. The second type is

Traumatic brain injury (TBI) is a major socioeconomic secondary injury, which develops over a period of hours or
problem and common cause of death and disability world- ~ even days, and involves reactive oxygen species (ROS) gen-
wide (Langlois et al., 2006; Rao et al., 2015). TBI can cause  eration, vascular abnormalities, endoplasmic reticulum (ER)
two types of neural tissue injury. The first is primary injury, ~ stress, mitochondrial dysfunction, apoptosis, neuroinflam-
which is mainly attributable to the initial physical forces — mation, and excitotoxicity. There are many potential targets
applied to the brain at the moment of impact. Currently, ~ for intervention during this process (Gajavelli et al., 2015;
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Cao et al., 2016; Sun et al., 2016; Yang et al., 2017). However,
the mechanisms underlying secondary brain injury post-TBI
remain to be investigated.

ER stress is characterized by accumulation of unfolded
and misfolded ER proteins. There are three major ER stress
sensors that mediate the unfolded protein response (UPR)
signaling pathway: protein kinase R (PKR)-like ER kinase
(PERK), activating transcription factor 6 (ATF6), and ino-
sitol requiring enzyme 1 (IRE1) (Sano and Reed, 2013; Li et
al., 2014). Moderate UPR may alleviate cellular dysfunction
and increase the chances of survival, however when ER stress
is sustained and/or UPR fails to restore ER homeostasis,
apoptosis is triggered, which results in cell death (Raghubir
et al., 2011). ER stress is an intricate mechanism that inter-
feres with numerous brain damage responses (Yamamoto
et al., 2006; Gulyaeva, 2015; Go et al.,, 2017) during brain
ischemic reperfusion injury, neurodegenerative disease, sub-
arachnoid hemorrhage, and epilepsy. Thus, ER stress clearly
plays an essential role in determining neuronal fate during
various brain injury diseases (Raghubir et al., 2011; Xue et
al., 2017). Recent studies have suggested that pathological
and behavioral deficits during secondary injury cascades of
TBI might contribute to ER stress (Sun et al., 2016; Yin et al.,
2017). Nonetheless, more research is needed to explore these
mechanisms.

Apoptosis has been confirmed in TBI, and is regarded as a
main factor affecting outcome and prognosis post-TBI (Na-
thoo et al., 2004; Lorente et al., 2015). Apoptotic cell death
occurs primarily through intrinsic and extrinsic signaling
pathways, and often involves ER stress as well as mitochon-
drial and membrane-mediated pathways (Jin et al., 2015;
Sun et al., 2016). Previous studies have identified numerous
crosstalk signaling mechanisms between ER stress and mi-
tochondria-mediated apoptosis (Burton et al., 2017; Placido
et al,, 2017; Xue et al,, 2017). Indeed, a recent study showed
that ER stress may be primarily related to mitochondria-reg-
ulated apoptosis (Sophonnithiprasert et al., 2017). In addi-
tion, oxidative stress is also a crucial factor in causing apop-
tosis during secondary injury post-TBI, while prolonged ER
stress is well known for inducing oxidative stress (Go et al.,
2017). Consequently, the underlying interconnection and
regulatory mechanisms of apoptosis during secondary injury
post-TBI needs further investigation.

Based on these reasons above, we established the lateral
fluid-percussion brain injury model in rats to mimic the
insult of TBI and determine whether ER stress is a crucial
factor in TBI-induced apoptosis. Our aim was to identify the
underlying mechanisms linking ER stress to brain damage,
and provide a novel strategy for preventing and treating sec-
ondary brain injury post-TBI.

Materials and Methods

Animals

Eighty-four specific-pathogen-free male Sprague-Dawley
rats aged 12 weeks and weighing 220-250 g were individu-
ally housed under controlled environmental conditions with
12-hour light/dark cycles and unrestricted access to pellet
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food and water. Rats were purchased from the Experimental
Animal Center of the Southern Medical University in China
(Certification: SYXK (Yue) 2016-0167). All surgical inter-
ventions were performed under anesthesia with a mixture
of 13.3% urethane and 0.5% chloralose (0.65 mL/100 g body
weight, intraperitoneally) using a standardized protocol
established in our laboratory. The experimental procedures
were consistent with the ethical requirements established by
the Experimental Animal Ethics and Welfare Committee of
Guangzhou General Hospital of Guangzhou Military Com-
mand of China (No. 2016030095).

Experimental groups and drug administration

The first experiment analyzed ROS production and expression
of ER stress- and apoptosis-related proteins in the injured
cortex at different time points. Rats were divided into six sub-
groups including a sham control group and groups sacrificed
at 1, 3, 6, 12, and 24 hours post-TBI (n = 6/group). The second
experiment was performed to study the effect of the ER stress
inhibitor, salubrinal (Sal), post-TBI. Rats were randomized
into four groups including sham control, TBI, sham + Sal, and
TBI + Sal groups. Salubrinal (1 mg/kg) (Selleck, Houston, TX,
USA) was injected intraperitoneally 30 minutes before TBI
(Nakka et al., 2010; Zhang et al., 2015) (n = 6/group).

Model establishment of TBI

Surgical procedures were performed as previously described
(Chen et al., 2013; Yang et al., 2017). Briefly, anesthetized
rats were placed in a stereotaxic frame (Ruiwode, Shenzhen,
Guangdong Province, China). After incision of the scalp, the
temporal muscles were reflected and a 4.8 mm craniotomy
drilled (2.5 mm lateral to the sagittal sinus and centered
between bregma and lambda). A hollow female Luer-Lok
fitting was placed directly over the dura and rigidly fixed
using dental cement. Prior to trauma induction, the female
Luer-Lok was connected to the fluid percussion injury de-
vice via a transducer (Biomedical Engineering Facility, Med-
ical College of Virginia, Virginia Beach, VA, USA). For TBI,
a metal pendulum was released from a pre-selected height,
leading to rapid injection of normal saline into the closed
cranial cavity. A pulse of increased intracranial pressure of
21-23 ms duration was elicited, and controlled, and record-
ed by an oscilloscope (Agilent 54622D; MEGAZoom, Mu-
nich, Germany). Severity of the injury inflicted was altered
by adjusting the amount of force generated by the pendu-
lum. An injury level of severe severity was induced (3.5 £ 0.2
atmospheres) (Chen et al., 2013). Sham animals underwent
identical preparatory procedures, including craniotomy, but
were not injured.

Isolation of rat cortical neurons

To rapidly isolate cortical neurons from the injured-side of
the rat brain, a previously described method with some minor
modifications was used (Wang et al., 2013; Yang et al., 2017).
Following completion of the TBI procedure, the injured-side
cortex was cut into fragments, and the cells dissociated by
incubation for 30 minutes at 37°C with 2 mg/mL papain
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Figure 1 Elevated ROS production in neurons from the injured cortex of rats exposed to TBI induced by lateral fluid percussion.

Neurons were isolated from the injured-side cortex of rat brains at the indicated times (1, 3, 6, 12, and 24 hours) post-TBI. Neurons were labeled
with 10 uM DCFH-DA for ROS detection. (A) Mean fluorescence intensity of ROS was analyzed by flow cytometry. (B) Quantification of ROS flu-
orescence intensity analyzed by flow cytometry. Data are expressed as the mean + SD (n = 6 per group), and were analyzed by one-way analysis of
variance combined with Tukey’s multiple-comparisons test. *P < 0.05, vs. sham group. ROS: Reactive oxygen species; TBI: traumatic brain injury;
DCFH-DA: dichloro-dihydro-fluorescein diacetate; h: hour(s).
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Figure 2 Elevated endoplasmic reticulum stress-related unfolded protein response in the injured cortex post-TBI (western blot assay).

The injured-side cortex of rat brain was isolated at the indicated times (1, 3, 6, 12, and 24 hours) post-TBI. (A) Expression of phospho-PERK,
PERK, phospho-elF2a, eIF2a, ATF4, spliced XBP-1, cleaved ATF6, GRP78, and GAPDH were tested by western blot assay. (B-G) Quantified gray-
scale intensity of phospho-PERK/PERK, phospho-elF2a/elF2a, ATF4, spliced XBP-1, cleaved ATF6, and GRP78 expression detected by western
blot assay. Data are expressed as the mean + SD (n = 6 per group), and were analyzed by one-way analysis of variance combined with Tukey’s mul-
tiple-comparisons test. *P < 0.05, vs. sham group. TBI: Traumatic brain injury.

in Dulbecco’s modified Eagle’s minimal essential medium  one hour. Adhered cells were then collected and trypan blue
(DMEM). To achieve a pure cell population, the immune  used to exclude non-viable cells (Yang et al., 2017).
adherence method was used. Cell suspensions were poured

into anti-neural cell adhesion molecule-coated Petri dishes =~ Western blot assay

(Millipore, Boston, MA, USA) and placed on a shaker for ~ Protein was extracted from the injured-side cortex using a
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Total Protein Extraction Kit (Beyotime Institute of Biotechnol-
ogy, Guangzhou, Guangdong Province, China), following the
manufacturer’s protocols. The protein concentration of extracts
was determined using an Enhanced Bicinchoninic Acid Pro-
tein Assay Kit (Beyotime Institute of Biotechnology). Western
blot assay was performed, as described previously (Yang et al.,
2017), using primary antibodies against the following proteins:
rabbit anti-phospho-PERK, rabbit anti-PERK, rabbit anti-phos-
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Figure 3 Elevated endoplasmic
reticulum stress response
pathway-related proteins in the
injured cortex post-TBI (western
blot assay).

The injured-side cortex of rat brain
was isolated at the indicated times
(1, 3, 6, 12, and 24 hours) post-TBI.
(A) Expression of GADD153 and
caspase-12 was detected by western
blot assay. (B, C) Quantified gray-
scale intensity of GADD153 and
caspase-12 expression detected by
western blot assay. (D) Caspase-12
enzymatic activity was examined
in cell lysates using the fluorogenic
substrate, Ac-ATAD-AFC. Data are
expressed as the mean + SD (n = 6/
group), and were analyzed by one-
way analysis of variance combined
with Tukey’s multiple-comparisons
test. *P < 0.05, vs. sham group. TBI:
Traumatic brain injury.

Figure 4 Increased
mitochondrial apoptosis
pathway-related proteins in the
injured cortex post-TBI
(western blot assay).

The injured-side cortex of rat
brain was isolated at the indi-
cated times (1, 3, 6, 12, and 24
hours) post-TBI. (A, C) Expres-
sion of Cyt ¢, Bax, and Bcl-2 were
detected by western blot assay. (B,
D) Quantified grayscale intensity
of Cyt ¢ expression and Bax/Bcl-2
ratio detected by western blot. (E)
Quantification of mitochondrial
membrane potential fluorescence
(MMP, A¥m) detected by flow
cytometry. (F) Caspase-3 enzy-
matic activity was examined in
cell lysates using a fluorogenic
substrate, Ac-DEVD-AMC. Data
are expressed as the mean + SD
(n = 6/group), and were analyzed
by one-way analysis of variance
combined with Tukey’s multi-
ple-comparisons test. *P < 0.05,
vs. sham group. TBI: Traumatic
brain injury; Cyt c: cytochrome c.

pho-eukaryotic translation initiation factor 2a (eIF2a), rabbit
anti-elF2a, rabbit anti-spliced X-box binding protein 1 (XBP-
1), rabbit anti-78 kDa glucose-regulated protein (GRP78),
mouse anti-DNA damage-inducible gene 153 (GADD153),
rabbit anti-Bcl-2-associated X protein (Bax) (all Cell Signaling
Technology, Danvers, MA, USA), rabbit anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH), rabbit anti-ATF4, rab-
bit anti-cleaved ATF6, rabbit anti-caspase-12, rabbit anti- B-cell
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Figure 5 Sal alleviates brain damage
post-TBI at 6 hours post-TBI
(hematoxylin and eosin staining).

duced TBI. (A, B) Brain tissue from the sham group (A) and sham + Sal group (B) shows clear, dense structures with normal neuronal structures.
(B) TBI led to numerous hemorrhagic lesions in the cortex (blue arrows), swollen neurons with loose structures, and widespread vacuolar changes
(green arrows). (D) Sal alleviated TBI-induced hemorrhagic lesions (blue arrows) and neuronal injury (yellow arrows) in the brain. Scale bars: 200
pm. Sal: salubrinal; TBI: traumatic brain injury.
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Figure 6 Transmission electron
microscopy shows that Sal mitigates
endoplasmic reticulum and
mitochondrial damage in neurons of the
injured cortex post-TBI at 6 hours after
surgery (osmium tetroxide staining).

P

Rats were intraperitoneally injected with the endoplasmic reticulum stress inhibitor, Sal (1 mg/kg), 30 minutes before lateral fluid-percussion-in-
duced TBI. The sham group (A) and sham + Sal group (B) show normal neuronal structures including normal endoplasmic reticulum and mito-
chondrial morphology. (C) TBI induced dramatic ultrastructural alterations including endoplasmic reticulum swelling and deformation, while mi-
tochondria appeared swollen and irregularly shaped with disrupted and poorly defined cristae. (D) Sal mitigated both endoplasmic reticulum and
mitochondrial damage in neurons of the injured cortex post-TBI. Scale bars: 500 nm. Pink arrows represent mitochondria; blue arrows represent
endoplasmic reticulum. Sal: Salubrinal; TBI: Traumatic brain injury.
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lymphoma 2 (Bcl-2), and mouse anti-cytochrome ¢ (Cyt ¢) (all
Abcam, Cambridge, UK), with each antibody diluted 1:1,000.
Horseradish peroxidase-conjugated anti-rabbit/mouse IgG
antibody was used as the secondary antibody (1:2000; Abcam)
and was incubated at 37°C for 2 hours. Signal was detected us-
ing enhanced chemiluminescence substrate (Beyotime Institute
of Biotechnology). Quantified grayscales of band intensities
were quantified using Image-Quant TL software (GE Health-
care, Piscataway, NJ, USA).

Measurement of ROS
To analyze the kinetics of ROS generation, neurons were
isolated post-TBI at different indicated times. ROS was de-

tected using the fluorescent probe, dichloro-dihydro-fluo-
rescein diacetate (DCFH-DA) (Molecular Probes, Carlsbad,
CA, USA). Neurons were incubated in the dark with 10 uM
DCFH-DA for 30 minutes at 37°C. DCFH-DA oxidized by
ROS produces green fluorescent dichlorofluorescein (DCEF).
The fluorescence intensity generated by ROS probes was
analyzed by flow cytometric analysis (Becton Dickinson,
Franklin, NJ, USA) (Hiebert et al., 2015).

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (MMP, A¥m) was mea-
sured using the fluorescent probe, JC-1 (Molecular Probes).
In mitochondria with normal A¥m, JC-1 forms red fluores-
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cent aggregates, whereas in damaged, depolarized mitochon-
dria, JC-1 forms green fluorescent monomers. Isolated neu-
rons were incubated in DMEM containing 5 umol/L JC-1 for
15 minutes at 37°C. Relative fluorescence was subsequently
measured by flow cytometry (Becton Dickinson). Data were
analyzed using BD FAC Suite software (Wang et al., 2013;
Yang et al., 2017).

Histopathological analysis

Rats were anesthetized by intraperitoneal injection of a mix-
ture of 13.3% urethane and 0.5% chloralose (0.65 mL/100 g
body weight), and sacrificed. Samples from the injured-side
cortex were rapidly excised, sliced into transverse or longitu-
dinal sections, and fixed in 10% neutral-buffered formalin.
Tissue was then embedded in paraffin blocks and serial sec-
tions stained with hematoxylin and eosin for microscopic
evaluation at 200x magnification (Hicks et al., 1996).

Morphological observation

Morphological changes in neuronal ER and mitochondria
were observed under transmission electron microscopy.
Injured-side cortical tissue was fixed with 2.5% glutaralde-
hyde and stained with cacodylate-buffered osmium tetroxide
(0s0,). Sections were prepared and examined under an
electron microscope (Philips CM10; Philips, Eindhoven, The
Netherlands) (Wang et al., 2013).

Terminal deoxynucleotidyl transferase-dUTP nick-end
labeling (TUNEL) staining

A TUNEL staining kit was used to detect apoptotic cells (Mo-
lecular Probes), according to the manufacturer’s instructions.
For each specimen, the total number of cells with positive nu-
clear staining from five microscopic fields (200x) was count-
ed. TUNEL-positive cells were identified, counted, and ana-
lyzed by an investigator blinded to experimental treatments.
Data are presented as percentage of cells with TUNEL-posi-
tive nuclei (Zhou et al., 2014; Hiebert et al., 2015).

Caspase activity assay

Samples from the injured-side cortex were harvested and
lysed. Sample lysates were first incubated at —80°C for 30
minutes, and then incubated at 37°C with appropriate
caspase substrates using a Quadruple Monochromator Mi-
croplate Reader (Infinite M1000; Tecan US, Charlotte, NC,
USA). Caspase activity was measured by cleavage of the
following fluorogenic peptide substrates: Ac-ATAD-AFC
(caspase-12) and Ac-DEVD-AMC (caspase-3). Caspase ac-
tivity was represented as relative cumulative fluorescence of
the kinetic reaction compared with untreated controls (Yi et
al., 2017).

Statistical analysis

All data were analyzed for statistical significance using SPSS
13.0 software (SPSS, Chicago, IL, USA). Data are expressed
as the mean + SD. All data were analyzed by one-way analy-
sis of variance combined with Tukey’s multiple-comparisons
test. A P value < 0.05 was considered statistically significant.
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Results

Elevated ROS production in neurons from the injured
cortex post-TBI

ROS production plays a crucial role in neuronal response
to brain injury (Abdul-Muneer et al., 2015; Hiebert et al.,
2015), therefore we monitored neuronal production of ROS
using a cell-permeant fluorescent dye DCFH-DA, which ex-
hibits enhanced fluorescence with ROS generation. We found
that neurons immediately showed increased ROS production
at one-hour post-TBI. This increase peaked after 6 hours but
remained elevated up to 24 hours post-TBI (Figure 1).

Elevated ER stress-related UPR in the injured cortex
post-TBI

To determine whether TBI can induce ER stress and activate
UPR, we detected the main ER stress-related proteins, specif-
ically PERK, phospho-PERK, elF2a, phospho-elF2a, ATF4,
spliced XBP-1, cleaved ATF6, and GRP78. Our results show
that PERK and elF2a phosphorylation was activated imme-
diately at 1 hour, and peaked at 3 hours post-TBI (Figure
2A-C). Meanwhile, ATF4 expression was induced at 3 hours
and peaked at 6 hours post-TBI (Figure 2D). Activation of
cleaved ATF6 was observed as early as 1 hour and peaked
immediately (3 hours) post-TBI (Figure 2A, F). Expression
of spliced XBP-1 was activated at 3 hours post-TBI (Figure
2A, E). GRP78 was induced and peaked at 3 hours post-TBI
(Figure 2A, G). Altogether, these results suggest that TBI
activates ER stress-related UPR including three UPR trans-
ducer pathways: PERK-elF2a-ATF4, XBP-1, and ATF6.

Elevated apoptosis-related protein markers in the injured
cortex post-TBI
Based on our findings showing that TBI induces ER stress-re-
lated UPR signal transduction pathways, we next determined
whether TBI can activate the ER stress response apoptotic
pathway. We first examined expression of GADD153 and
caspase-12, vital mediators of ER stress-induced apoptosis. As
shown in Figure 3A and B, both GADD153 and caspase-12
expression were significantly up-regulated at 3 hours, peaked
at 6 hours, and remained high up to 24 hours post-TBI (Figure
3A, C). Caspase-12 activity was consistent with these dynam-
ic changes in caspase-12 protein expression (Figure 3D).
Next, we investigated Cyt c release, change in Bax/Bcl-2
ratio MMP and caspsase-3 activity. We found a significant
increase in Cyt c release from mitochondria to the cytosol,
which began at 6 hours and continued for a period of 24
hours post-TBI (Figure 4A, B). Bax abundance showed a
similar trend as Cyt ¢ release. Conversely, anti-apoptotic
Bcl-2 expression decreased, resulting in an increased Bax/
Bcl-2 ratio (Figure 4C, D). As shown in Figure 4E and F,
decreased MMP began at 6 hours. Caspase-3 activity signifi-
cantly increased at 6 hours and peaked at 12 hours post-TBL
Taken together, these findings imply that both the ER stress
response and mitochondrial apoptotic pathways are activat-
ed post-TBI. The ER stress response apoptotic pathway was
activated at the initial stage, while the mitochondrial apop-
totic pathway was activated slightly later.
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Sal alleviated brain damage post-TBI

From our results above, TBI-induced ER stress leads to a
peak in the ER stress response apoptotic pathway at 6 hours,
with activation of the mitochondrial apoptotic pathway be-
ginning at 6 hours post-TBI. To investigate the effect of in-
hibited ER stress on activation of both the ER stress response
and mitochondrial apoptotic pathways post-TBI, we chose 6
hours post-TBI as an observation time. Microscopy analysis
showed that brain tissue in the sham group had clear and
dense structures, with normal neuronal structure (Figure
5A, B). In contrast, TBI led to numerous hemorrhagic le-
sions in the cortex, with swollen neurons exhibiting loose
structures, widespread vacuolar changes, and uncentered
nuclei (Figure 5C). In contrast, pretreatment with Sal allevi-
ated TBI-induced hemorrhagic lesions and neuronal injury
in the brain (Figure 5D).

Sal mitigated both ER and mitochondrial damage in
neurons from the injured cortex post-TBI

Morphological changes in neuronal ER and mitochondria
were observed by transmission electron microscopy. Both
the sham group and sham + Sal group showed normal neu-
rons with normal ER and mitochondrial morphology (Figure
6A, B). In contrast, TBI led to dramatic ultrastructural alter-
ations, including ER swelling and deformation. Mitochon-
dria appeared swollen and irregularly shaped with disrupted
and poorly defined cristae (Figure 6B). However, Sal pre-
treatment resulted in normal ER with markedly improved
mitochondrial alterations (Figure 6D).

Sal alleviated ROS production, ER stress activation, and
apoptosis

To determine whether Sal has an effect on ROS production
post-TBI, we assayed ROS levels in neurons. As shown in
Figure 7, compared with the TBI group, ROS levels were re-
duced by Sal pretreatment. Further, Sal induced an obvious
increase in the phosphorylation status of elF2a (Figure 8A,
B). Additionally, Sal strongly increased ATF4 and GRP78 ex-
pression (Figure 8A, C, D). We next determined whether Sal
has an effect on apoptosis-related proteins associated with the
ER stress response and mitochondrial apoptotic pathways. As
shown in Figure 9, Sal significantly inhibited GADD153 and
caspase-12 expression. Further, caspase-12 activity was also
inhibited by Sal. Moreover, Sal promoted recovery of MMP,
inhibited mitochondrial Cyt c release, decreased the Bax/Bcl-
2 ratio, and activated caspase-3 and occurrence of apoptosis
post-TBI (Figures 10 and 11). These results suggest that Sal
reduces apoptosis by alleviating the ER stress response to ex-
hibit a neuroprotective effect post-TBI. Sal also promoted re-
covery of ROS homeostasis and mitochondrial function, and
inhibited activation of the mitochondrial apoptotic pathway.

Discussion

Accumulating evidence suggests that the ER is an effector
and target of TBI (Begum et al., 2013; Logsdon et al., 2014;
Dash et al,, 2015). Reducing hippocampal ER stress can im-
prove learning and memory function post-TBI, which is as-

sociated with the PERK-P-elF2a pathway (Dash et al., 2015).
Corroboratively, another study found that blast-induced TBI
also involves ER stress, with the UPR a potential promising
molecular target for relieving neuronal injury (Logsdon et
al., 2014). Our present study indicates that major UPR signal
transduction pathway initiators (PERK-eIF2a-ATF4, IRE1-
XBP-1, and ATF6) are activated post-TBI. More importantly,
all these ER stress-related proteins were activated at 3 hours
post-TBI, further indicating that ER stress might be an early
brain damage event that causes neuronal injury during sec-
ondary brain injury post-TBI. Since ER stress can activate
extrinsic and intrinsic apoptotic pathways through different
molecular transduction mechanisms in response to brain
damage, we examined changes in GADD153 and caspase-12
expression. Our results show that GADD153 and caspase-12
levels are progressively increased at 3 hours post-TBI. Taken
together, the ER stress response apoptotic pathway is activat-
ed at an initial stage (3 hours) post-TBI, implying that inhi-
bition of the ER stress response as early as possible may help
reduce secondary brain injury post-TBI.

Overproduction of ROS is a main cause of secondary
brain injury post-TBI. The body can naturally produce en-
dogenous antioxidants, suchx as glutathione molecules and
superoxide dismutase, to prevent increased ROS production
(Hiebert et al., 2015). However, if TBI produces more ROS
than these antioxidants, it can result in protein oxidation
and damage, peroxidation of cellular and vascular structures,
impairment of the mitochondrial electron transport chain,
and DNA cleavage (Abdul-Muneer et al., 2015; Hiebert et
al., 2015). These mechanisms are sufficient to contribute to
early or late apoptosis, neuroinflammation, and immediate
cell death. Here, we confirmed that neurons significantly
increased ROS production at one hour, and showed this ten-
dency up to 24 hours post-TBI. These findings are consistent
with previously published studies on brain damage (Choi et
al., 2010; Logsdon et al., 2016). Mitochondria have the vital
function of maintaining neuronal homeostasis via a myriad
of intricate processes. The main cause of secondary delete-
rious cascades is neuronal damage, which is also central to
mitochondrial function post-TBI (Hiebert et al., 2015). A
previous study found that TBI causes neuronal mitochondri-
al dysfunction, as indicated by promotion of mitochondrial
permeability transition pore opening and decreased adenos-
ine triphosphate content post-TBI (Yang et al., 2017). In TBI
pathology, pro- and anti-apoptotic Bcl-2 family performance
has an impact on neuronal fate. The mitochondrial apopto-
sis-induced channel is a pathway for Cyt c release, the pro-
posed components of which include oligomeric Bax/Bax. In
our present study, Cyt c release from mitochondria into the
cytosol began at 6 hours and lasted up to 24 hours post-TBI.
Bax/Bcl-2 ratio and caspase-3 activity both showed a similar
increase, suggesting that the mitochondrial apoptotic path-
way is also activated post-TBI, albeit a bit later than the ER
stress response apoptotic pathway, mainly at the late stage of
secondary brain injury post-TBI. Compared with other stud-
ies, our study shows that both the ER stress response and
mitochondrial apoptotic pathways are activated post-TBI.
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Moreover, activation of the ER stress response apoptotic path-
way was earlier than the mitochondrial apoptotic pathway.
This may provide new clues for research on the underlying
mechanisms triggering secondary brain injury post-TBI.

Sal is a selective inhibitor of eIF2a dephosphorylation.
Phosphorylation of eIF2a appears to be cytoprotective
during ER stress by inhibiting translation initiation activi-
ty of elF2a, thereby reducing global protein synthesis and
leading to reduced ER workload (Matsuoka and Komoike,
2015). In fact, Sal can reduce oxidative stress and neuroin-
flammation, which are considered common secondary ef-
fects of brain injury (Sokka et al., 2007; Begum et al., 2013;
Logsdon et al., 2014; Roth et al,, 2014; Hiebert et al., 2015).
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Few studies have focused on the effect of Sal post-TBI. In
our study, we administered Sal before TBI to investigate its
effects on brain damage post-TBI. We show that Sal signifi-
cantly enhances elF2a expression and decreases GADD153
and caspase-12 expression. In addition, ATF4 and GRP78
expression also increased, which is consistent with previous
reports showing that enhanced ATF4 or GRP78 levels can
alleviate neuronal injury in hypoxic-ischemic brain damage
(Lopez-Hernandez et al., 2015; Zhang et al., 2015). We also
found that Sal can prevent ROS production. More critically,
Sal alleviated ultrastructural damage of neuronal mitochon-
dria, promoted recovery of mitochondrial function, and
inhibited activation of the mitochondrial apoptotic pathway
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Figure 10 Sal prevents mitochondrial apoptosis pathway-related protein expression post-TBI at 6 hours after surgery.

Rats were intraperitoneally injected with the endoplasmic reticulum stress inhibitor, Sal (1 mg/kg), 30 minutes before lateral fluid-percussion-in-
duced TBI. (A, C) Expression of Cyt ¢, Bax, and Bcl-2 were detected by western blot assay. (B, D) Quantified grayscale intensity of Cyt ¢ expres-
sion and Bax/Bcl-2 ratio detected by western blot assay. (E) Quantification of mitochondrial membrane potential fluorescence (A¥m) analyzed by
flow cytometry. (F) Caspase-3 enzymatic activity was measured in cell lysates using a fluorogenic substrate, Ac-DEVD-AMC. Data are expressed
as the mean + SD (n = 6/group), and were analyzed by one-way analysis of variance combined with Tukey’s multiple-comparisons test. *P < 0.05,
vs. sham group; #P < 0.05, vs. TBI group. Sal: Salubrinal; TBI: traumatic brain injury; Cyt c: cytochrome c.
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Figure 11 Sal prevents apoptosis in the injured cortex post-TBI.

Rats were intraperitoneally injected with the endoplasmic reticulum stress inhibitor, Sal (1 mg/kg), 30 minutes before lateral fluid-percussion-in-
duced TBI. After 6 hours, rats were sacrificed. (a, b, ¢, d) Sham group, sham + Sal group, TBI group, and TBI+ Sal group, respectively. There was
no difference between the sham group and sham + Sal group. (A) The cortex stained by TUNEL (blue arrows). Scale bars: 200 um. (B) Quantifica-
tion of TUNEL-positive index. Data are expressed as the mean + SD (n = 6/group), and were analyzed by one-way analysis of variance combined
with Tukey’s multiple-comparisons test. *P < 0.05, vs. sham group; #P < 0.05, vs. TBI group. Sal: Salubrinal; TBI: traumatic brain injury; TUNEL:
terminal deoxynucleotidyl transferase-dUTP nick-end labeling.

post-TBI. Therefore, our results suggest that Sal might al-
leviate the ER stress response via increased P-eIF2a, ATF4,
and GRP78 expression as well as reduction of GADD153 ex-
pression and inhibition of apoptosis post-TBI. Furthermore,
inhibition of ER stress promoted recovery of mitochondrial
function and plays a negative role in regulating the mito-
chondrial apoptotic pathway post-TBI, which previous stud-
ies have not addressed. Nonetheless, the mechanism needs
further investigation.

In conclusion, ER stress, ROS production, and mitochon-
drial dysfunction are all involved in secondary brain injury
post-TBI, and ER stress is an early event ahead of mitochon-
drial damage post-TBI. Sal might alleviate the ER stress re-
sponse through increased P-eIF2a, ATF4, and GRP78 levels
and reduced GADD153 expression. This may lead to a de-
crease in apoptosis post-TBI. Sal pretreatment reduced ROS

production and, more importantly, alleviated ultrastructural
damage of neuronal mitochondria to promote recovery of
mitochondrial function and inhibit activation of the mito-
chondrial apoptotic pathway post-TBI. This suggests that
inhibition of ER stress plays a negative role in regulating the
mitochondrial apoptotic pathway post-TBI. Consequently,
inhibition of ER stress may be a novel strategy for preventing
and treating secondary brain injury post-TBIL
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