Degeneration and repair 661

Curcumin mitigates axonal injury and neuronal cell apoptosis
through the PERK/Nrf2 signaling pathway following diffuse

axonal injury

Tingqin Huang, Junjie Zhao, Dan Guo, Honggang Pang, Yonglin Zhao

and Jinning Song

Diffuse axonal injury (DAI) accounts for more than 50% of all
traumatic brain injury. In response to the mechanical
damage associated with DAI, the abnormal proteins
produced in the neurons and axons, namely, $-APP and
p-tau, induce endoplasmic reticulum (ER) stress. Curcumin,
a major component extracted from the rhizome of Curcuma
longa, has shown potent anti-inflammatory, antioxidant,
anti-infection, and antitumor activity in previous studies.
Moreover, curcumin is an activator of nuclear factor-
erythroid 2-related factor 2 (Nrf2) and promotes its nuclear
translocation. In this study, we evaluated the therapeutic
potential of curcumin for the treatment of DAI and
investigated the mechanisms underlying the protective
effects of curcumin against neural cell death and axonal
injury after DAI. Rats subjected to a model of DAI by head
rotational acceleration were treated with vehicle or
curcumin to evaluate the effect of curcumin on neuronal and
axonal injury. We observed that curcumin (20 mg/kg
intraperitoneal) administered 1 h after DAI induction
alleviated the aggregation of p-tau and -APP in neurons,
reduced ER-stress-related cell apoptosis, and ameliorated
neurological deficits. Further investigation showed that the
protective effect of curcumin in DAl was mediated by the
PERK/Nrf2 pathway. Curcumin promoted PERK

Introduction

Diffuse axonal injury (DAI), a type of traumatic brain
injury ('T'BI), is a significant public health problem that is
increasingly being recognized as an important cause of long-
term disability and mortality. DAI was clinicopathologically
characterized by immediate and prolonged unconsciousness
after the mechanical impact to the head [1-3]. Axonopathy
after DAI has been investigated quite intensively with
interesting results, and axonal retraction balls and axonal
varicositics have been identified as characteristic changes
that mark progressive axonopathy after DAI [4,5]. Multiple
recent studies have shown that axonal degeneration is con-
nected to increased axolemmal permeability, disruption of
axoplasmic transport, mitochondrial swelling, and cytoskele-
tal (microtubule and neurofilament structures) compaction
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phosphorylation, and then Nrf2 dissociated from Keap1 and
was translocated to the nucleus, which activated ATF4, an
important bZIP transcription factor that maintains
intracellular homeostasis, but inhibited the CHOP, a
hallmark of ER stress and ER-associated programmed cell
death. In summary, we demonstrate for the first time that
curcumin confers protection against abnormal proteins and
neuronal apoptosis after DAI, that the process is mediated
by strengthening of the unfolded protein response to
overcome ER stress, and that the protective effect of
curcumin against DAl is dependent on the activation

of Nrf2. NeuroReport 29:661-677 Copyright © 2018 The
Author(s). Published by Wolters Kluwer Health, Inc.
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damage [6,7]. Moreover, neuronal cell apoptosis is another
important mechanism in the loss of nerve function following
DAI and is induced by endoplasmic reticulum (ER) stress,
inflammatory mediators, oxygen free radicals, excitatory
neurotransmitters, or Ca>™ overload [8,9]. Therefore, studies
on the effects of drugs on axonal injury or neuronal cell
apoptosis after DAI can provide insights into potential
treatments for DAI in a clinical setting,

In recent years, ER stress has attracted increasing attention in
relation to the pathogenesis of various neurodegenerative
disorders, such as T'BI, cerebral ischemia, Alzheimer’s
disease, and Parkinson’s disease [10,11]. The unfolded pro-
tein response (UPR) is an evolutionarily conserved process
triggered by ER stress, when ER sensors detect excessive
accumulation of misfolded or unfolded proteins and/or
disruption of Ca** homeostasis in the ER lumen [12-14]. It
is interesting that components of the UPR play an essential
role in modulating cellular metabolism and cognitive func-
tion. Previous studies indicated that  amyloid precursor
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protein (f-APP) could be transported in the normal axon by
fast axoplasmic transport, but accumulated rapidly in areas
of disrupted transport during the formation of axonal bulbs
after DAI [15]. Moreover, hyperphosphorylated tau (p-tau)
complexes could accumulate in the tissue as neurofibrillary
tangles and subsequently trigger apoptotic cell death in the
aftermath of DAI [16]. It is unknown, however, whether the
ER stress process participates in axonal injury and/or neu-
ronal apoptosis by B-APP and p-tau accumulation following

DAL

Nuclear factor-erythroid 2-related factor 2 (Nrf2), a nuclear
transcription factor, has been shown in recent years to play a
critical role in cellular protection after TBI [17,18]. In response
to oxidative stress, Nrf2 translocates into the nucleus, binds to
antioxidant response elements in the nucleus, and regulates
the transcription of downstream target genes, including both
nonenzymatic and enzymatic antioxidants [19]. Curcumin, a
major component extracted from the rhizome of Curcuma
longa, has shown potent anti-inflammatory, antioxidant, and
antitumor activity in previous studies [20,21]. It has been
shown that curcumin can pass through the blood-brain barrier
and maintain high biological activity [22]. Recently, curcumin
has been shown to upregulate the nuclear translocation of
Nirf2 in a cerebral I/R model and a Parkinson’s disease model
by counteracting oxidative stress and brain edema [23,24].
However, it remains unknown whether exogenous curcumin
could modulate the ER stress process by the Nrf2 signaling
pathway.

In this study, we investigated the influence of curcumin
on axonal injury and neuronal cell apoptosis after DAI and
the possible involvement of the PERK/Nrf2-mediated
mechanism.

Materials and methods

Animal care and grouping

All experiments were conducted on healthy male
Sprague-Dawley rats (weighing 250-300 g, 8—10 weeks of
age), which were obtained from the Experimental Animal
Center of Xi’an Jiaotong University [license number
SCXK (Shaanxi) 2007-001]. The animals were housed
and fed in groups of five per cage in a room kept at ~ 22°C
with a 12/12-h-light/dark cycle. Food and water were
available ad /ibitum. All experiments were conducted in
accord with the Guidelines for the Care and Use of
Laboratory Animals from the National Institutes of Health
(NIH publication #80-23) and were approved by the
Biomedical Ethics Committee of the Medical College of
Xi’an Jiaotong University of China. All injuries were
inflicted under sodium pentobarbital anesthesia and all
efforts were made to minimize animal suffering.

The rats were subdivided randomly into four groups (20
animals/group): (i) sham-operated rats + vehicle (control)
group; (i1) sham-operated rats + curcumin (control + CUR)
group; (ii1) DAI rats + vehicle (DAI) group; and (iv) DAI
rats + curcumin (DAI+ CUR) group (Table 1). Curcumin

Table 1 Groups and purposes in our study
Groups Subgroups Purposes
Control (n=20) 6h (n=4) mNSS, western blot
1 day (n=12) mNSS, western blot,
immunohistological staining, TEM
3 days (n=4) mNSS, western blot
Control+ CUR (n=20) 6h (n=4) mNSS
1 day (n=12) mNSS, western blot,
immunohistological staining, TEM
3 days (n=4) mNSS
DAl (n=20) 6h (n=4) mNSS, western blot
1 day (n=12) mNSS, western blot,
immunohistological staining, TEM
3 days (n=4) mNSS, western blot
DAI+CUR (n=20) 6h (n=4) mNSS
1 day (n=12) mNSS, western blot,
immunohistological staining, TEM
3 days (n=4) mNSS

CUR, curcumin; DAI, diffuse axonal injury; mNSS, modified Neurologic Severity
Score; TEM, transmission electron microscopy.

(purity 94%) was purchased from Sigma-Aldrich (C7727; St
Louis, Missouri, USA). One hour after DAI induction,
0.25-0.3 ml curcumin (20 mg/kg)/dimethyl sulfoxide solu-
tion was administered intraperitoneally to the curcumin
group, as described in a previous report [25]. Equal volumes
of 10% (w/v) dimethyl sulfoxide solution were administered
to the other vehicle groups.

Model of DAI in vivo

A DAI model was established using a lateral head rotation
device as described previously [5,26,27], which was modified
from the method of Xiao-Sheng and colleagues [28,29]. After
weighing, all rats in the DAI groups were anesthetized by an
intraperitoneal injection of 1% (w/v) pentobarbital sodium
(35 mg/kg) and placed in a prone position. Under anesthesia,
the head of each rat was fixed in the rat instant head rotating
injury device; the head was secured horizontally to the lateral
device by two lateral ear bars, a head clip and an anterior
teeth hole, with the body of the rat 30° oblique to the top of
the laboratory table. For the injury group, after the trigger
was pushed, the device rapidly rotated the rat head through a
90° angle laterally in the coronal plane. The rats were placed
in separate cages at a room temperature of ~22°C and an
indoor relative humidity of 40-70%. Primary coma was
observed in all injured rats. Rats that died of their injuries
were excluded and later replaced with new rats, and about
5-10% death rate among rats in the model was observed in
our study, and the main cause of death was the massive
hemorrhage in cerebral parenchyma, subarachnoid space, or
ventricle observed by dissecting the brain. The control rats
were administered anesthesia and were fixed to the device,
but were not subjected to injury.

Neurological assessment

A modified Neurologic Severity Score (mNSS) [30] was
used to evaluate the neurological deficits of rats before
they were Kkilled in each group, including the time of
preinjury in each group and day 2 postinjury in the DAI
3-day subgroups. The mNSS consists of motor, sensory,



reflex, and balance tests, and is used to grade the neu-
rological function on a scale of 0-18. A higher score
indicates a more severe injury [31]. Two observers,
blinded to the treatment and grouping, were assigned to
assess the mNSS of each rat.

Perfusion fixation, tissue embedding, and sectioning
Euthanasia was performed at 6 h, day 1, and day 3 after
DAI in the DAI groups, and rats in the sham-operated
group were euthanized at the same time points. The
anesthetized rats for western blotting in each group were
killed and perfused with 250 ml of normal saline only.
The cerebral cortices were collected in sterile tubes and
stored in liquid nitrogen. Furthermore, anesthetized rats
used for immunohistochemical staining were killed and
perfused with 250 ml of normal saline, followed by
400 ml of 4% (w/v) paraformaldehyde in 0.01 M PBS. The
whole brains were removed and postfixed in 4% (w/v) paraf-
ormaldehyde solution, dehydrated by a graded ethanol series,
vitrified with dimethyl benzene, embedded with paraffin, and
sectioned into 10-pm thick sections using a microtome and
mounted on poly-L-lysine-coated slides (P4981; Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA).

Hematoxylin and eosin staining

Brain sections were stained with hematoxylin and eosin
(H&E), followed by dehydration, hyalinization, and fixation,
and observed under a high-magnification optical microscope
(x400; Olympus, Tokyo, Japan). Five random regions of
interest (ROIs) were selected for quantification.

Nissl staining

Brain sections were stained with Nissl solution (Boster
Biotech, Wuhan, China) for 10 min. Compared with the
cell bodies of normal neurons, those of injured neurons
were shrunken and/or contained vacuoles, and the nuclei
were stained darker. Sections were observed under a
high-magnification optical microscope (x400; Olympus).
Five ROIs were selected for quantification.

Congo red staining

Brain sections were rehydrated in a graded ethanol series,
immersed in H&E for 2min, and then dipped in
hydrochloric alcohol for 10 s. First, sections were rinsed in
running tap water until it turned blue, followed by
double-distilled water two times. Second, sections were
amyloid stained with Congo red solution (HT60-1K'T}
Sigma-Aldrich) for 40 min at room temperature before
being rinsed in running tap water. Then, sections were
dipped in lithium carbonate for 5 s and washed in running
tap water. Alcohol (80%, v/v) was used to differentiate
the nonspecific background staining, and sections were
then rinsed in running tap water for 10 min, dipped in
xylene for 20 min, and covered with neutral balsam. After
drying, sections were observed under a high-magnification
optical microscope (x400; Olympus). Five ROIs were
selected for quantification.
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Bielschowsky silver staining

Brain sections were rehydrated in a graded ethanol series
before being rinsed in double-distilled water three times.
First, sections were immersed in a 4% (w/v) silver nitrate
solution for 30-60 min at 37°C in the dark, followed by
rinsing in double-distilled water three times to remove
the silver nitrate solution. Second, sections were deox-
idized with 10% (v/v) formaldehyde until they changed
to a faint yellow color. Sections were rinsed in double-
distilled water three times, and excess water was
removed. Ammoniacal silver solution was added to each
section for 10min, and then excess solution was
removed. Then, sections were dipped in 4% (w/v) for-
malin for 10 min and rotated several times until the yel-
low coloration stabilized. Subsequently, the sections
were fixed in 5% (w/v) sodium thiosulfate for 5 min.
Finally, the sections were dried in the open air, cleared in
xylene, and covered with neutral balsam.

Immunohistochemical staining and semiquantitative
analysis

Brain sections were deparaffinized in xylene and hydrated
in a decreasing gradient of alcohol. Endogenous peroxidase
activity was blocked with 3% H,0, (v/v) for 20 min,
followed by a brief rinse in double-distilled water and a
15-min wash in PBS. The sections were placed in 0.01 M
citrate buffer and heated in a microwave oven at 95°C for
20 min. Subsequently, sections were naturally cooled at
room temperature for 20 min and rinsed in PBS for 15 min.
Nonspecific protein binding was blocked by 60—-120 min of
incubation in normal goat serum at room temperature,
followed by incubation with the following primary
antibodies: mouse anti-NF-H (2836, diluted 1:400; Cell
Signaling Technology, Boston, Massachusetts, USA),
rabbit anti-p-tau (EPR2605, phospho-S404, diluted 1 : 100;
Abcam, Cambridge, UK), and anticleaved caspase-3
(AB2302, diluted 1:100; Abcam) for 16-24 h at 4°C and
a 15-min wash in PBS. Sections were then incubated with
goat anti-rabbit or anti-mouse IgG-biotin (both diluted
1:200) for 60-120 min at 37°C, after which they were
washed with PBS for 15 min. Diaminobenzidine (DAB)
was used as the chromogen and H&E was used as the
counterstain. Sections incubated with PBS in the absence
of primary antibodies were used as negative controls.
Microscopic observations of the immunohistochemically
stained sections were performed by an experienced
pathologist blinded to the experimental conditions.

Immunofluorescence staining

Rats were perfused transcardially with saline under deep
anesthesia (100 mg/kg sodium pentobarbital) and the
brains were sectioned at a thickness of 20 pm using a
cryostat. Sections were blocked in 5% (w/v) normal bull
serum albumin diluted in PBS for 1 h at room tempera-
ture and then incubated overnight at 4°C with rabbit
anti-p-PERK (SC-32577, diluted 1:100; Santa Cruz
Biotechnology Inc., Europe), mouse anti-Nrf2 (AB89443,
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diluted 1:100; Abcam), rabbit anti-CHOP (AB179823,
diluted 1:500; Abcam), goat anti-ATF4 (AB1371, diluted
1:100; Abcam), rabbit anti-p-APP (Y188, diluted 1: 100;
Abcam), and mouse anti-NF-H (2836, diluted 1:400;
Cell Signaling Technology) as the primary antibodies.
After being washed, brain sections were incubated with
goat anti-rabbit and anti-mouse secondary antibodies or
donkey anti-rabbit and anti-goat labeled with Alexa Fluor
488 and Alexa Fluor 647 (diluted 1:300; Abcam) for
1-2 h at room temperature, and the nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI, AB104139;
Abcam) for 10 min. Sections were viewed by confocal
microscopy (LSM780, Zeiss, Jena, Germany) and analyzed
as individual images for p-PERK/NifZ/DAPI coexpression,
CHOP/ATF4/DAPI coexpression, and p-APP/DAPI coex-
pression. Immunostained sections were characterized quan-
titatively by digital image analysis using Image-Pro Plus 6.0
software (Media Cybernetics, Silver Spring, Maryland, USA).
P-PERK, Nrf2, ATF4, CHOP, and B-APP were quantified
as the average number of positive cells per field. A negative
control (no antibody) was included.

Preparation of cytosolic and nuclear fractions

Brain cell nuclear and cytosolic fractions were prepared
using the method described by Giufrida er a/. [32].
Briefly, whole brains were minced and then homo-
genized in a brain lysis buffer (pH 6.4) containing 0.32 M
sucrose, 3.0 mM MgCl,, 1.0 mM KH,POy,, 8.2 mM Brij-35,
50 mM f-mercaptoethanol, and 0.5 mM PMSF using a
Dounce tissue grinder. The homogenate was then cen-
trifuged at 11000g for 20 min and the supernatant was
retained as the brain cell cytosolic fraction. To prepare nuclei,
we washed the pellet in brain lysis buffer and resuspended it
in extraction buffer containing 20 mM HEPES, 420 mM
NaCl, 1.5mM MgCl,, 0.2 mM EDTA, and 25% (v/v) gly-
cerol (pH 7.9). The pellet suspension was shaken gently for
20 min (4°C) and then centrifuged at 11 000g for 20 min. The
supernatant was desalted using Amicon Ultra4 centrifuge
filter units (Millipore, Billerica, Massachusetts, USA). The
retained filtrate was resuspended in RIPA buffer and was
designated the brain nuclear fraction.

Western blot analysis

The cerebral cortices were homogenized on ice in RIPA
buffer supplemented with 2.0 mM sodium orthovanadate,
150 mM NakF, and protease inhibitors. The homogenates
were centrifuged at 12 000g, 4°C, for 20 min. The protein
concentration in the supernatant was measured using the
Bradford method. Denatured protein samples (30 pg) were
loaded into an SDS-PAGE gel and transferred to nitro-
cellulose membranes. The membranes were blocked with
5% (w/v) skim milk for 1 h at room temperature, and then
incubated with the following primary antibodies: rabbit
anti-p-PERK  (SC-32577, diluted 1:1000; Santa Cruz
Biotechnology Inc.), mouse anti-Nrf2 (AB89443, diluted
1:1000; Abcam), rabbit anti-p-elF2a (SC-11386, diluted
1:1000; Cell Signaling Technology), rabbit anti-CHOP

(AB179823, diluted 1:1000; Abcam), goat anti-ATF4
(AB1371, diluted 1:1000; Abcam), rabbit anti-GSK-3f
(12456, diluted 1 :400; Cell Signaling Technology), rabbit
anti-p-GSK-3p (5558, Ser9; diluted 1:400; Cell Signaling
Technology), mouse anti-LLamin-B1 (AB8982, diluted
1:1000; Abcam), and mouse anti-p-actin (3700, diluted
1:1000; Cell Signaling T'echnology, Danvers, Massachusetts,
USA) overnight at 4°C, followed by horseradish peroxidase-
conjugated secondary antibody (Cell Signaling Technology,
Boston, Massachusetts, USA) for 1-2 h at room temperature.
The membranes were visualized using a ChemiDoc MP
System (Bio-Rad protein assay; Bio-Rad, Segrate, Italy)
with ECL substrate (Millipore, Billerica, Massachusetts,
USA). The optical density of the bands was quantified using
Image-Pro Plus 6.0 software (Media Cybernetics) and was
normalized to Lamin-B1 or p-actin.

TUNEL staining

Brain sections were also examined using the DeadEnd
colorimetric TUNEL system detection kit (Promega,
Madison, Wisconsin, USA). First, sections were depar-
affinized with xylene, rehydrated in a graded ethanol
series, and rinsed for 15 min in 0.1 M PBS. Second, sec-
tions were treated with 20 pg/ml of proteinase K for
20 min at room temperature. Then, sections were treated
with 3% (v/v) H,O, in methanol for 20 min to inactivate
endogenous peroxidase. After washing with PBS for
15 min, sections were incubated in the labeling reaction
mixture containing terminal deoxynucleotidyl transferase
and the deoxynucleotides at 4°C overnight. After incu-
bation, all the sections were rinsed in PBS for 15 min and
incubated with horseradish peroxidase (1 : 500) for 30 min
at room temperature. Then, sections were washed exten-
sively with PBS for 15 min and treated with DAB solution
(30 mg of DAB and 200 pl of H,0,/100 ml of PBS) for 10 min
at room temperature in the dark. After washing under run-
ning water, all the sections were counterstained with H&E
for 30s. Finally, sections were dehydrated in an increasing
graded ethanol series, cleared in xylene, and mounted with a
cover slip. By TUNEL staining, the apoptotic nuclei were
identified by the presence of dark brown staining.

Transmission electron microscopy

Anesthetized rats were perfused with 0.9% (w/v) saline,
followed by fixative solution [4% (w/v) paraformaldehyde
and 1% (v/v) glutaraldehyde]. The rat brainstem tissue was
removed and cut into 1 mm?® pieces in volume, which were
immediately fixed in 2.5% (v/v) glutaraldehyde for 2 h at 4°C,
postfixed in 2% (w/v) osmic acid for 2 h, dehydrated in a
graded series of alcohol and propylene oxide, and embedded
in araldite for morphometric analyses of the semithin sec-
tions. Ultrathin sections mounted on copper grids were
stained with uranyl acetate and lead citrate, and then
examined and photographed under a transmission electron
microscope (H-7650; Hitachi Litd, Tokyo, Japan) at an
accelerating voltage of 80 kV. The magnifications of photo-
graphs ranged from X 30 000 to x 50 000.



PERK/Nrf2 signaling following DAl Huang et al. 665

Fig. 1

-+ Control
~ Control+CUR
(2) 3 -« DAl

14 .= DAI+CUR
12 .
10
@ 8
E 6 =
4
2
1] 5 T T ¥ —
Pre-injury &h 1d 2d 3d
Time post DAI
Silver staining Silver staining
(b) HE Nissl Congo red In corpus callosum In cortex

&

DAI

DAI+CUR

(9)
= 251 50
% 2 = 40
Ex= ] =
ig ¥ i
@ oL = 30
_aﬁ 2 15 1 §' 2
- 5 10 - g 20
£3 s TR ) s
E = = £
Z o0l 0
Comtrel  Vehicke  Curcomin Control Vehicle  Curcumin
- 40 1 * T 400
is s
ZZ 30 = E 300 *
ti 32
sz ] 1% -
2E 10 £ E 100
£z * g e
= =
= 0 4 2 ]
Control Vehiclke  Curcumin = Control Vehicle Curcumin

Neurological dysfunction and pathological changes after DAI. (a) Neurological functions of rats in each group were evaluated by mNSS at preinjury
and 6 h, day 1, day 2, and day 3 after DA Values are presented as the mean+SD (*P < 0.05, compared with the control group; *P < 0.05, compared with
the DAl + vehicle group). (b) Pathological changes after DAl were confirmed by H&E, Nissl, Congo red, and Bielschowsky silver staining. Scale bar=100
pm. (c) The bar graphs show the results for degenerated, apoptotic, and amyloidotic neurons and axonal injury at day 1 after DAl by H&E, Niss|, Congo red,
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DAl + vehicle group). CUR, curcumin; DAI, diffuse axonal injury; H&E, hematoxylin and eosin; mNSS, modified Neurologic Severity Score.

Statistical analysis in combination with least significant difference post-hoc
All data are presented as the meanzSD. SPSS 18.0  tests in order to determine statistical significance for
(SPSS Inc., Chicago, Illinois, USA) was used for statistical comparisons of more than two groups. For all analyses, a
analysis of the data. One-way analysis of variance was used P value less than 0.05 was considered significant.
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Results

Curcumin ameliorated axonal injury and neuronal
degeneration after DAI

Previous studies indicated that neuronal degeneration and
axonal injury after DAI highly affected the degree of con-
sciousness, which is consistent with the severity of the dis-
order in clinic [33]. In our study, the DAI model was
produced successfully by the rat instant head rotational
injury device. A series of neurological symptoms were dis-
covered in the rats following DAI, including disturbance of
consciousness, reduction of physical activity, instability in
walking, weakened balance, loss of weight, and even
paralysis of limbs. To investigate whether treatment with
curcumin could improve neural functional recovery after
DAI, we examined the changes in mNSS. No obvious
neurological deficits were observed at preinjury in each
group. The rats of the control and the control + CUR groups
experienced a transient neurological deficit as indicated by
the mNSS at 6-h postsham treatment, but returned to a
normal score after day 1. This temporal and slight increase in
mNSS was solely because of anesthetic. Conversely, the
scores in the injury groups peaked at 6 h after DAI and then
decreased gradually over time (P < 0.05, Fig. 1a). Moreover,
a significant improvement from day 1 to day 3 after DAI was
observed in the curcumin group compared with the vehicle
group (P<0.05, Fig. 1a). These results indicated that cur-
cumin improved neurological recovery after DAL

To quantify neurological deficits after DAL, we used H&E,
Nissl, Congo red, and Bielschowsky silver staining to visualize
neuronal degeneration and axonal injury. H&E-stained sec-
tions were used to evaluate neuronal degeneration after DAL
Many rounded eosinophilic corpuscles were observed around
injured regions in the cortex after DAL, featuring shriveled
cell bodies, hyperchromatic nuclei, absence of nucleoli, and
aggregation of chromatin in the injured neurons. The results
showed that the DAI group had significantly higher numbers
of degenerated neurons in the cortex at day 1 after DAI than
the control group (P<0.05, Fig. 1b and c). However, com-
pared with the DAI group, the DAI+CUR group had sig-
nificantly lower numbers of degenerated neurons (P <0.05,
Fig. 1b and c). Nissl staining was used to evaluate neuronal
apoptosis in lesioned cortices after DAL The results showed
that the DAI group had significantly higher numbers of
apoptotic cells in the cortex than the control group at day 1
after DAI (P <0.05, Fig. 1b and c¢). However, compared with
the DAI group, the DAI + CUR group had significantly lower
percentages of apoptotic cells (P < 0.05, Fig. 1b and c). Congo
red was used to evaluate the amyloid plaques in the brains of
rats and the positively stained areas were measured using an
image analysis system to determine the quantity of amyloid
plaques. The results showed that the DAI group had sig-
nificantly higher numbers of neurons with amyloidosis in the
cortex at day 1 after DAI compared with the control group
(P<0.05, Fig. 1b and c). However, compared with the DAI
group, the DAI+CUR group had significantly lower per-
centages of neurons with amyloidosis (P <0.05, Fig. 1b and

c). We also used Bielschowsky silver staining to show the
pathological changes in axons after DAIL. We found that the
corpus callosum was thinning and loose at day 1 after DAL
The nerve fibers showed a disorderly arrangement in the
cerebral cortex of rats after DAL, but they were arranged
neatly in the control group. Diffuse axonal swellings, char-
acteristic of axon retraction balls, were also noted in
Bielschowsky silver-stained sections after DAL Moreover,
compared with the vehicle group, the DAI+CUR group
showed significantly reduced neuronal degeneration, amy-
loidosis, and axonal injury at day 1 after DAI (Fig. 1b). These
results indicated that curcumin ameliorated axonal injury and
neuronal degeneration after DAL

Time-dependent protein expression of the Nrf2 and UPR
pathways after DAI

Western blotting was performed to examine the expres-
sion of proteins related to the Nrf2 and UPR signaling
pathways, including p-PERK, p-elF2a, ATF4, and
CHOP, at different time points (Fig. 2a). The results
showed that the expression of Nrf2 was significantly
increased in the first 72 h after DAI compared with the
control group and reached a peak level at day 1 after DAL
We also found that the proteins related to the UPR
pathway were significantly increased in the first 72 h after
DAI compared with the control group, except for the
expression of CHOP at 6 h after DAI The expressions of
p-PERK, p-eIF2a, and CHOP all reached the peak level
at day 3 after DAI, but the expression of ATF4 reached a
peak at day 1 and then after day 3 declined toward levels
obtained at 6 h after DAI (Fig. 2b). The above results
indicated that Nrf2 was upregulated in the initial phase of
DAI and may be involved in the pathological changes
following DAI by regulating the UPR process.

Effects of curcumin on nuclear translocation of Nrf2

To investigate the effect of curcumin on the activation of
Nrf2, we measured Nrf2 protein levels in the cytosol and
nucleus by western blotting (Fig. 3a). The expression
levels of Nrf2 in the cytosol and nucleus were increased in
the DAI groups compared with the control group (P <0.05,
Fig. 3b). Moreover, the expression of NrfZ in the cytosol
was decreased in the DAI + CUR group compared with the
DAI + vehicle group at day 1 after DAI (P <0.05, Fig. 3b).
Meanwhile, the expression of NrfZ in the nucleus was
significantly increased in the DAI + CUR group compared
with the DAI + vehicle group at day 1 after DAI (P <0.05,
Fig. 3b). These results indicated that curcumin activated
Nrf2 and promoted its nuclear translocation.

Curcumin strengthened the ability of the UPR process to
overcome ER stress following DAI

"T'o investigate the effect of curcumin on the UPR process,
we used western blotting to detect the expression levels of
p-PERK, ATF4, and CHOP in the cerebral cortex in each
group (Fig. 4a). The p-PERK protein level was sig-
nificantly increased at day 1 after DAI (P <0.05, Fig. 4b).
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Moreover, compared with the DAI+ vehicle group, the
expression of p-PERK was increased in the DAI+ CUR
group at day 1 after DAI (P<0.05, Fig. 4b). The ATF4
protein level was significantly increased at day 1 after
DAI (P<0.05, Fig. 4b). Morecover, compared with the
DAI +vehicle group, the expression of ATF4 was
increased in the DAI+CUR group at day 1 after DAI
(P<0.05, Fig. 4b). The CHOP protein level was sig-
nificantly increased at day 1 after DAI (P<0.05, Fig. 4b).

Moreover, compared with the DAI+vehicle group, the
DAI+ CUR group had a decreased level of CHOP expres-
sion at day 1 after DAI (P < 0.05, Fig. 4b). The expression of
p-PERK; ATF4, and CHOP showed no difference between
the control group and the control + CUR group (P> 0.05,
Fig. 4b). These data suggested that curcumin strengthened
the UPR process by upregulating the coexpression of
p-PERK and ATF4, and alleviated ERS-related apoptosis
by suppressing the CHOP pathway.
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To investigate the role of curcumin in the UPR-Nrf2
pathway, we also used immunofluorescence analysis to
detect cells copositive for PERK phosphorylation and
Nirf2 in the cerebral cortex in each group. The abundance
of cells copositive for p-PERK and Nrf2 was increased at
day 1 after DAI (P<0.05, Fig. 4c and e). Moreover, the
number of p-PERK and Nif2 copositive cells was sig-
nificantly increased in the DAI+CUR group compared
with the DAI + vehicle group at day 1 after DAI (P <0.05,
Fig. 4c and e). Interestingly, the nuclear translocation
of Nrf2 by curcumin was also observed in the neurons
surrounding the injured areas (in the white dotted frame,
Fig. 4c). Further, to investigate the role of curcumin in
ATF4/CHOP, the downstream targets of ERS-related
apoptosis, we used immunofluorescence analysis to detect
cells copositive for ATF4 and CHOP in the cerebral cortex
in each group (Fig. 4d). The number of cells copositive for
ATF4 and CHOP was also increased at day 1 after DAI
(P<0.05, Fig. 4d and ¢), but the number of ATF4 and
CHOP copositive cells was significantly decreased in the
DAI + CUR group compared with the DAI + vehicle group
at day 1 after DAI (P <0.05, Fig. 4d and e). These results
indicated that curcumin promoted PERK phosphorylation
following DAI and then promoted the nuclear translocation

of Nrf2 by combination with Nrf2. The translocation of
Nrf2 into the nucleus inhibited the increased expression of
CHOP, which was induced by ATF4, and thereby alle-
viated the apoptosis related to ER stress.

Effects of curcumin on apoptosis after DAI

Few TUNEL-positive cells were observed in the control
group, whereas DAI induced a marked increase in neuronal
apoptosis relative to the control group (P <0.05, Fig. 5a and
b). However, the administration of curcumin significantly
reduced the number of TUNEL-positive cells compared
with the DAI+vehicle group (P<0.05, Fig. 5a and b).
Consistent with the results of TUNEL staining, the expres-
sion of cleaved caspase-3 was significantly higher in neurons
after DAI than in neurons from the control group (P <0.05,
Fig. 5a and b). Curcumin treatment significantly decreased
the expression of cleaved caspase-3 compared with the
DAI + vehicle group (P<0.05, Fig. 5a and b).

Curcumin reduced the accumulation of p-tau, g-APP, and
NF-H after DAI

Glycogen synthase kinase-3p (GSK-3p) is the principal kinase
that mediates tau phosphorylation and promotes NFT for-
mation. GSK-3p activity is inhibited by phosphorylation at
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Curcumin significantly attenuated apoptosis after DAI. (a) TUNEL assay was used to detect apoptotic cells in the cortex of rats in each group.
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Ser9. Therefore, the expression levels of GSK-3f and p-GSK-
3p were measured by immunoblotting. Compared with the
control group, the p-GSK-3p/GSK-3f ratio was significantly
decreased after DAI (P < 0.05, Fig. 6a), but increased after the
intervention with curcumin (P < 0.05, Fig. 6a).

Few p-tau-positive cells were observed in the control
group, whereas the number of p-tau-positive neurons was
increased at day 1 after DAI (P < 0.05, Fig. 6b). However,
after intervention with curcumin, the number of p-tau-
positive neurons was significantly decreased compared
with the DAI+vehicle group (P<0.05, Fig. 6b). Few
B-APP-positive cells were observed in the control group,
whereas the number of B-APP-positive neurons was
increased at day 1 after DAI (P < 0.05, Fig. 6b). However,
after intervention with curcumin, the number of p-APP-
positive neurons was significantly decreased compared
with the DAI+vehicle group (P<0.05, Fig. 6b). We
further investigated the axonal damage in the cerebral
cortex and brainstem at day 1 after DAI by immunocy-
tochemical staining and immunofluorescence analysis for
NF-H. The axons in the control group showed no NF-H

immunolabeling, but abundant expression of NF-H was
detected in the cerebral cortex and the brainstem at day 1
after DAL More importantly, the injured axons with NF-
H accumulation showed multiple prominent varicosities
and disconnections, which are characteristics of diffuse
axonal injury [34,35]. In contrast, in the DAI+ CUR
group, axons in the cerebral cortex and brainstem showed
significantly less axonal swelling and disconnection on
morphological examination compared with the DAI + vehicle
group (Fig. 6¢).

Curcumin reduced axonal injury after DAI in terms of
ultrastructural changes

"The ultrastructural features of myelinated nerve fibers in
the brainstem were detected by transmission electron
microscopy at day 1 after DAL In the control group, the
myelinated fibers showed a normal axoplasm with a well-
preserved cellular structure. The multiple layers of the
myelin sheath also showed a normal appearance: reg-
ularly and tightly organized. At day 1 after DAI, we found
that the myelin sheath became loose and swollen, and



the layers of the myelin sheath shrank, showing an onion-
like appearance (Fig. 7). In the control group and the
control + vehicle group, the MT structure aligned with
the longitudinal axis of the axon (black arrowheads,
Fig. 7), but in the DAI group, we observed that the M'T
structure was depolymerized and dissolved into puncta
(white arrows, Fig. 7), the mitochondria were swollen
(asterisks, Fig. 7) in the injured axons, but the patholo-
gical changes were alleviated after curcumin intervention

after DAL

Discussion

The DAI model for this study was based on the DAI
device described in a past publication by Xiao-Sheng and
colleagues [28,29], operating by instant rotational accel-
eration of the head [26]. This model produced a wide
range of neuronal degeneration and axonal injuries in the
rats’ brain at day 1 after injury, which can effectively
simulate the acute pathophysiological changes of DAI in
the clinic. Moreover, these injuries affect the degree of
consciousness and the motor or sensory functions, con-
sistent with the severity of the disorder in the clinic.
Therefore, studies of the effects of drugs on neuronal and
axonal injury following DAI can provide insights into
potential treatments for DAI in clinic. In an encephalo-
myelitis model and a sciatic nerve repair model, it has
been confirmed that curcumin enhances neuroprotection
and myelin repair [36,37]. In this study, it was primarily
found that the administration of curcumin could alleviate
neuronal degeneration and axonal injury, and facilitate
the recovery of neurological function after DAL

The ER, an important cellular organelle, plays a role in
the post-translational processing of newly synthesized
proteins and in proper protein folding and assembly [38].
ER stress triggered by types of damage, such as oxidative
stress, disturbed calcium homeostasis, and deprivation of
glucose and oxygen induces the expression of chaperone
proteins and triggers many rescue responses, including
the UPR [39]. The UPR strengthens the mechanisms of
misfolded protein degradation to reduce cell damage,
restore cellular environmental homeostasis, and promote
cell survival [40]. 'TBI constitutes one of the epigenetic
risk factors for the development of neurodegenerative
disorders, such as Alzheimer’s disease and Parkinson’s
disease [41,42]. Both of these neurodegenerative diseases
show a characteristic regulatory imbalance, leading to the
abnormal accumulation of proteins as production out-
paces degradation. In addition, accumulation of several
key proteins, including B-APP, p-tau, NF proteins, or
synuclein, reflects disruption of axonal transport as a
result of extensive axonal injury after 'T'BI [43]. To date,
most studies on TBl-induced ER stress or UPR have
focused on its association with acute neuronal cell death
[44]. Therapeutic approaches that attenuate ER stress
by reducing aberrant protein accumulation may be a
potential therapeutic option to promote neuronal recovery

PERK/Nrf2 signaling following DAl Huang et al. 671

after DAL However, the impact of sustained ER stress on
DAI remains unknown. In our study, we focused on the
role of the UPR pathway in neuronal apoptosis and axonal
injury after DAI, which were caused by the formation and
aggregation of misfolded proteins (mainly p-APP and p-tau).

PERK is an ER transmembrane protein that is activated
during ER stress. In an adaptive response stage of ER
stress, activated PERK indirectly reduces the quantity of
unfolded polypeptides within the ER to enable more
efficient chaperone-mediated protein folding in a well-
saturated ER lumen [39]. PERK first phosphorylates the
eukaryotic translation initiation factor 2o (eIF2a) at ser-
ine 51 [45,46]. The increase in p-elF2a subsequently
suppresses the translation of 90% of nuclear-encoded
mRNAs by compromising the formation of the
GTP-elF2a-Met—tRNAI ternary complex. This, in turn,
prevents the assembly of the preinitiation complex at the
5’-end of mRNA [47]. Delaying translation reinitiation in
this manner results in the increased translation of some
specific mRNAs, which mostly encodes ATF4 [48].
A'TF4, an important bZIP transcription factor, maintains
intracellular homeostasis through the upregulation of
UPR-target genes involved in more efficient protein
folding, amino acid biosynthesis and transport, and anti-
oxidant response [49]. In addition to promoting an
adaptive response, ATF4 also binds to promoter/enhan-
cer regions and transcriptionally augments the expression
of C/EBP homologous protein (CHOP or GADD153),
which impacts the control of cell death/survival outputs
on ER stress [39,49]. Moreover, CHOP also binds to
promoter elements associated with growth arrest and
DNA damage-inducible protein 34 to recruit protein
phosphatase 1 to dephosphorylate elF2a, which is
essential for cells to restore global mRNA translation after
an acute insult [50]. However, in the later stage of pro-
longed ER stress, when the UPR cannot overcome the
ER stress from a persistent or an intense stressor, the
overexpression of CHOP and growth arrest and DNA
damage-inducible protein 34 elevates the protein load
and restores global translation of proteins involved in
reactive oxygen species production and apoptosis [51].
"Thus, the expression of CHOP is a hallmark of prolonged
ER stress and ER stress-induced apoptosis [52,53].
Previous research has shown that, under stress, CHOP
promotes apoptosis by elevating the expression of
caspase-12 and reducing the expression of Bcl-2
[52,54-57]. In this study, we first detected the persis-
tent activation of the UPR process at 6-72 h after DAL
The expression of p-PERK was increased at 6 h after
DAI and remained elevated at day 3 after DAI, as with
the downstream factor p-eIF2a. These results indicated
that the UPR pathway was persistently activated from the
acute stage after DAIL. However, the expression of ATF4
began to decrease at day 3 after injury, and the expres-
sion of CHOP was distinctly increased at day 1 after DAI,
which was slightly later than the expression of PERK
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pathway components, and progressively elevated at day 3
after DAL These results suggest that ER stress persisted
continuously through at least day 3 after DAI and that the
UPR process could not overcome the ER stress begin-

ning day 1 after DAI because of the increased expression
of CHOP.

Previous research has indicated that Nrf2, a bZIP tran-
scription factor, is a relevant target of pharmacological
therapy to activate endogenous cytoprotection in the
central nervous system and is required for free radical
scavenging, detoxification of xenobiotics, and main-
tenance of redox potential [58-60]. In our study, the
expression of Nrf2 also increased at 6 h after DAI, and
the increase was sustained until day 3 after DAL This
result suggests that Nrf2 is activated after DAI and may
also play a role in cytoprotection after DAL Because ER
stress is also triggered by excitotoxicity and oxidative
stress in neurotrauma conditions [61-63], Nrf2 may be
involved in the ER stress process following DAI. Upon
ER stress, in addition to transautophosphorylating and
phosphorylating, the translation initiation factor elF2a
PERK also phosphorylates Ntf2 and promotes its nuclear
translocation [64,65]. Activated Nrf2 controls the anti-
oxidant response through the upregulation of antioxidant
genes, such as heme oxygenase 1 [66,67]. To investigate

the role of Nrf2 in ER stress after DAI, we focused on
curcumin, which is used as an activator of Nrf2 and sig-
nificantly upregulates nuclear translocation of Nrf2 [68].
Curcumin is used as a pigment or a spice because of its
diverse pharmacological activity, very low toxicity, and
widespread availability. The bioavailability of curcumin
has been reported in many articles to be much better by
an intraperitoneal injection than by the oral route [21,69].
Thus, we chose an intraperitoneal injection at 1-h post-
DAI in our study because of the comparatively high
bioavailability and the limited effective window of cur-
cumin. In experimental TBI, curcumin has been found to
cross the blood—brain barrier and maintain high biological
activity, and it also improves patient outcome by redu-
cing acute activation of microglia/macrophages and neu-
ronal apoptosis [21]. In our study, curcumin upregulated
the expression of Nrf2 and promoted the nuclear trans-
location of the protein. It is interesting that the expres-
sion of p-PERK, used here as an indicator of the early
UPR process, was also increased after the intervention
with curcumin. The coexpression of p-PERK and Nrf2 in
neurons was also increased after the intervention with
curcumin. Therefore, we believed that the activation of
Nrf2 was closely related to the strengthening of the UPR
process. Previous studies have established the role of
Nrf2 activation during the UPR following the identification
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of Nrf2 as a PERK substrate. Under basal conditions, Nrf2
is normally sequestered within the cytosol by kelch-like
ECH-associated protein 1 (Keapl). Under oxidative stress
conditions, PERK promotes the phosphorylation of Nrf2
and its dissociation from Keapl, and then Nrf2 translocates
into the nucleus to upregulate the expression of genes
involved in redox homeostasis to promote cell survival [70].
However, without the presence of reactive oxygen species
or reactive nitrogen species, PERK-dependent Nrf2 acti-
vation may contribute toward protein degradation during

Fig. 8

ER stress conditions. PERK phosphorylation also acts on
the Nrf2-Keapl complex at the initiation of UPR [67,71],
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A'TF4 is a major downstream target of elF2a phosphor-
ylation, but Nrf2-mediated ATF4 induction is present
during oxidative stress [73,74], indicating that Nrf2 is a
potent activator of the A'TF4 promoter. Antioxidant
response clement-dependent gene transcription can be
induced by Nrf2 and ATF4 jointly, leading to the pos-
sibility that both arms of the PERK signaling pathway
converge [75]. The complement of target genes for both
Nrf2 and ATF4 overlaps somewhat [76]. One potential
point for convergence or coregulation of target genes is
CHOP [72,73,77]. CHOP transcription is inhibited by
Nrf2 and its target genes such as heme oxygenase 1 [78].
In this study, we found that the activation of Nrf2 by
curcumin promoted ATF4 expression to maintain intra-
cellular homeostasis and inhibited the downstream
CHOP expression to inhibit neuronal apoptosis.

Previous studies have confirmed that neuronal cell
apoptosis is an important mechanism during DAI [6,79].
Caspase signaling exerts an important effect on cell
apoptotic protease cascade, especially caspase-3, which
plays an important role in the ER pathway, mitochondrial
pathway, and the death receptor pathway [80]. ER stress
is an adaptive cellular response to internal and external
cell stress and features the upregulation of the UPR
pathway, which is involved in protein quantity control
and calcium homeostasis. However, above a certain
threshold, ER stress results in cell apoptosis [81]. The
mechanism pathways involved in apoptosis under irre-
versible ER damage are now partially understood, and
one of them is the PERK-mediated apoptosis signaling
pathway [82]. In addition to the expression of CHOP, we
also assessed the apoptosis by TUNEL staining and
measured the expression of cleaved caspase-3. On the
basis of our results, we suggest that curcumin alleviates
ER-stress-related apoptosis after DAI by downregulating
the expression of CHOP and cleaved caspase-3.

The feature of widespread and disseminated damage of the
axons in the brain occurs after DAI and leads to severe brain
failure, vegetative state, or even death [83]. However,
axonal injury following DAI was not associated with direct
mechanical tearing of axons, but rather a delayed impair-
ment of axoplasmic transport. According to this theory, we
focused on the axons when their function was disrupted,
but not permanently damaged, searching for a potential
time window for therapeutic intervention following DAI
[84,85]. It is known that B-APP is a transmembrane glyco-
protein synthesized in neurons and plays a role in cell
adhesion, growth, and response to injury. f-APP is syn-
thesized in the perikaryon, and then moves through the
neuron by fast anterograde transport [86]. Therefore, it can
accumulate rapidly in areas of disrupted transport after
injury. B-APP has been shown to be highly sensitive and
specific as a selective marker of damaged axons. In the
control group in our study, f-APP was not accumulated and
detected in the brain tissue, but the accumulation of B-APP
was detected in the proximal and distal axonal segments
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following DAI. After intervention with curcumin, the
number of p-APP-positive neurons was decreased.
Microtubule-associated protein tau, a cytoskeletal protein in
axons, plays an important role in maintaining the stability of
the microtubule assembly and function. Under normal
conditions, protein tau is only transported inside the axons,
but in the pathological cases, the abnormal phosphorylation
of tau can inhibit microtubule assembly and promote
microtubule depolymerization, followed by axon fracture
[87]. In our study, we found that the accumulated amount
of p-tau in the brain following DAI was decreased after the
intervention with curcumin. Neurofilament markers, which
are composed of light-chain (NF-L), medium-chain (NF-
M), and heavy-chain (NF-H) subunits, are useful cytoske-
letal injury markers after TBI [88]. The subunits are
transported within the axons, and in axonal injury, they
accumulate in areas of disrupted transport. In our study, we
also found the accumulation of NF-H following DAL, likely
reflecting the effect of injury on the cytoskeleton, and this
decreased after the intervention with curcumin. Moreover,
we observed the protection of axons after curcumin inter-
vention in the ultrastructural changes following DAI. We
suggest that curcumin mitigates the pathological changes of
axons after DAI by alleviating abnormal protein accumu-
lation, and the process may be associated with the intensive
UPR process by Nrf2 nuclear translocation and the down-
regulation of abnormal protein expression of upstream

genes, such as GSK-3p [89].

Conclusion

We found that Nrf2 was activated and underwent nuclear
translocation following DAI. In addition to counteracting
oxidative stress, Nrf2 also acted as a protective factor by
regulating the UPR pathway after DAL We also indicated
that curcumin successfully inhibited excessive ER stress
and effectively alleviated pathological changes, including
neuronal apoptosis and axonal injury, in a rat model of
DAI (Fig. 8).
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