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Abstract

Background: Endoplasmic reticulum stress (ERS) is a key part of the apoptotic cascade that is initiated after cerebral ischemia-
reperfusion injury and is very important for research on poststroke rehabilitation. In addition, the unfolded protein response (UPR)
plays an important role in ERS because it activates downstream apoptotic signal transduction and induces apoptosis through the glucose-
regulated protein 78 (GRP78)/protein kinase R (PKR)-like ER kinase (PERK)/activating transcription factor 4 (ATF4) pathway. The Gua
Lou Gui Zhi Decoction (GLGZD) ameliorated neuronal apoptosis of ischemia-reperfusion injury caused by middle cerebral artery occlu-
sion (MCAO) had been proved in our previous study. The present study aims to underly the regulatory ability of GLGZD in ERS-induced
apoptosis mediated by the GRP78/PERK/ATF4 pathway. Methods: GLGZD was analyzed by HPLC. The effects of GLGZD were ob-
versed on MCAO-induced ischemic rats. The cerebral infarct volume was detected by 2,3,5-Triphenyl-2H-Tetrazolium Chloride (TTC)
Staining. Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End Labeling (TUNEL) were used to detect apoptosis.
Transmission Electron Microscopy (TEM), Ca®* levels and reactive oxygen species (ROS) detection were used to determine the function
of endoplasmic reticulum. The GRP78/PERK/ATF4 signaling pathway was assessed by western blotting and immunohistochemistry.
Results: Our results showed that GLGZD exerted its effects on ischemia-reperfusion injury by significantly promoting the restoration
of the quantity and morphology of the rough ER and reducing the neuronal apoptosis rate in the ischemic cortex. Moreover, both of
the intracellular ROS and Ca** levels in ischemic cortical cells were found significantly reduced by GLGZD. The GLGZD-treated
group showed increased levels of phosphorylation in both of PERK and eukaryotic translation initiation factor 2c (eIF2«v), activation of
cysteinyl aspartate-specific proteinase-3 (Caspase-3), upregulation of the total protein levels of sarcoplasmic/endoplasmic Ca?t ATPase
2a (SERCA 2«) and B-cell leukemia/lymphoma gene 2 (Bcl-2). Conclusions: These findings suggest that GLGZD reduces oxidative
stress-induced injury and promotes a dynamic calcium balance, thereby inhibiting ERS and exerting an antiapoptotic effect on neuronal
ischemic injury, which are closely related to the activation of GRP78/PERK/ATF4 signaling pathway.

Keywords: cerebral ischemia-reperfusion injury; Gua Lou Gui Zhi Decoction; endoplasmic reticulum stress; GRP78/PERK/ATF4 path-
way; neuronal apoptosis

1. Introduction cated that the limb spasticity cause by stroke was related the
loss control of upper motor neurons after ischemia, and the

Stroke occurs abruptly, charactered with high morbid- dissimilatory process in the superior spinal cord disappears.

ity, high mortality, and a high recurrence rate. There were
ischemic stroke and hemorrhagic stroke on the basis of its
pathogenesis. Ischemic stroke is more common, account-
ing for approximately 80% of all strokes, in which blood
perfusion of the brain is altered, the dynamic equilibrium
of ions is destroyed, and the metabolism of nerve cells is
disrupted, ultimately inducing neuronal apoptosis and, in
some cases, necrosis [1]. Approximately 70-80% of pa-
tients with stroke are plagued by limb motor dysfunction
following stroke; among these defects, limb spasm has a
high incidence rate and has become a major obstacle to pa-
tients’ daily life and recovery [2]. Recent studies have indi-

The inhibitory effect of the central nervous system on limb
motor function is weakened, resulting in increased mus-
cle tension. Cell apoptosis is the key cause of neuronal loss
after stroke [3]. Therefore, in rehabilitation of stroke, one
of the important therapy approaches is inhibiting ischemic
neuronal apoptosis [4].

A variety of apoptosis studies have focused on mi-
tochondria, and two intracellular apoptotic signaling path-
ways have been identified: the mitochondrial pathway and
the death receptor pathway. According to recent studies, the
mitochondria-associated endoplasmic reticulum (ER) cou-
ples with a variety of organelles in terms of structure and
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function, conducted cell apoptosis through various path-
ways [5]. Changes in the intracellular environment is crit-
ical for the activation of ER. Both oxidative stress and
Ca?* overload caused by cerebral ischemia-reperfusion in-
jury induce ER dysfunction, which is called endoplasmic
reticulum stress (ERS) [6]. The unfolded protein response
(UPR) is conducive to cell survival before stress exposure
in ER. However, continual stress activates the downstream
apoptotic pathway and induces apoptosis [7]. Activation
of the glucose-regulated protein 78 (GRP78)/protein kinase
R (PKR)-like ER kinase (PERK)/activating transcription
factor 4 (ATF4) pathway is the main mechanism regulat-
ing UPR protein synthesis and maintenance of calcium ion
equilibrium [8]. Therefore, the ERS pathway is a third in-
tracellular signal transduction pathway mediating apopto-
sis, in addition to the mitochondrial and death receptor path-
ways, and provides a new therapeutic target for ischemic
stroke treatment.

According to Traditional Chinese medicine record-
ing, Gua Lou Gui Zhi Decoction (GLGZD) has been
used in treating stroke and its sequelae for thousands of
years. GLGZD is a classic formula in traditional Chi-
nese medical work. In modern clinical practice, GLGZD
is commonly used because of its efficacy in the treat-
ment of limb spasm after stroke [9—11]. Our previous
study established a high-performance liquid chromatogra-
phy (HPLC) method to determinate the representative com-
pounds in GLGZD [12,13]. The delegate chemical com-
ponents of GLGZD have been qualitatively and quantita-
tively analyzed, and include citrulline, gallic acid, protocat-
echuic acid, paeoniflorin, glycyrrhizic acid, liquiritigenin,
and isoliquiritigenin. These components are the foundation
of GLGZD, they were reported had good effects in alleviat-
ing brain injury after cerebral ischemia-reperfusion. Based
on these results, the treatment of GLGZD of ischemia-
reperfusion injury mediated by the combined actions of
these components.  Furthermore, our previous works
have suggested that GLGZD significantly inhibits neuronal
apoptosis and exerts a neuroprotective effect in vivo and
in vitro [13,14]. However, researchers have not reported
whether the molecular mechanism of GLGZD is related to
the regulation of ERS. Fistly, a suitable model of stroke
was established in this study, we observed the therapeutic
effects of GLGZD on ischemia-injured rats using middle
cerebral artery occlusion (MCAO), and then further inves-
tigated whether GLGZD inhibits ischemic neuronal apopto-
sis through the GRP78/PERK/ATF4 signaling pathway ac-
tivated by ERS, so as to clarify the mechanism of GLGZD
on alleviating limb spasticity after stroke. Our findings pro-
vided a theoretical support for the efficacy of GLGZD in
neurological rehabilitation after ischemic stroke.

2. Materials and Methods
2.1 Plant Material

Trichosanthis Radix, Cinnamomi Ramulu, Paeoniae
Radix Alba, Glycyrrhizae Radix et Rhizoma, Jujubae Fruc-
tus and Zingiberis Rhizoma Recens were purchased from
Beijing Tong Ren Tang Chinese Medicine Co., Ltd (Bei-
jing, China). The mentioned Chinese medicinal materials
were identified by Professor Yang Chengzhi from Fujian
University of Traditional Chinese Medicine.

2.2 Animals

Seventy-five male Sprague-Dawley (SD) rats, weigh-
ing between 210 and 230 g, were purchased from pur-
chased from Shanghai SLAC Laboratory Animal Co., Ltd.
(license, SCXK (Hu) 2017-0005; Shanghai, China) and
housed in the pathogen-free facility in the SPF animal ex-
periment center of Fujian University of Traditional Chi-
nese Medicine. Rats were maintained in a temperature-
controlled facility at 22 £+ 3 °C, under a 12 h light/dark
cycle, and provided food and water ad libitum. The ex-
periments began 7 days after adaptive feeding, which were
done in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and the
processes were approved by the Ethics Committee of Fu-
jian University of Traditional Chinese Medicine (Fuzhou,
China).

2.3 Preparation of GLGZD

Extraction of GLGZD was conducted accord-
ing to the original composition recorded in the “Jin Kui
Yao Lu”. GLGZD was made up with 30 g of Trichosanthis
Radix, 9 g of Cinnamomi Ramulu, 9 g of Paeoniae Radix
Alba, 6 g of Zingiberis Rhizoma Recens, 9 g of Jujubae
Fructus, and 6 g of Glycyrrhizae Radix et Rhizoma. These
medicinal materials were crushed, sequentially extracted
with 10 and 8 volumes of ddH,O with refluxing for
1.5 h, and then filtered. The filtered extract fractions
were collected, combined, and concentrated the final
concentration of GLGZD to 1.44 gmL™'. The quality
control procedure used to confirm that GLGZD has been
previously established and described [12,13], and the main
components of GLGZD fingerprint was analyzed by the
HPLC (Fig. 1).

2.4 Establishment of the MCAO Model

The model of MCAO was conducted by an intralumi-
nal block, as we usually do [13]. Firstly, anesthetized the
rats by intraperitoneal injection of 2% sodium pentobarbital
(60 mg/kg), and then inserted a 3—0 silicon rubber-coated
nylon monofilamen into the internal carotid artery (ICA)
(about 18 mm from the CCA bifurcation). The filament was
partially removed (~1.5 cm) for reperfusion after emboliza-
tion for 2 h. After modeling, all rats were transferred to a
clean cage and kept warm. When rats were awake, neu-
rological function was scored using the Zea Longa scale

&% IMR Press


https://www.imrpress.com

e =

—
70 80 90 100 110 min

Fig. 1. Fingerprint of the GLGZD. 1, gallic acid; 2, protocatechuic acid; 3, albiflorin; 4, paeoniflorin; 5, glycyrrhizin; 6, liquiritigenin;

7, cinnamic acid; 8, cinnamaldehyde; and 9, glycyrrhizic acid.

[15], and muscle tension was determined using the mod-
ified Ashworth method [16]. The scoring processes were
performed by two experimenters who were familiar with
the scoring criteria but not participated in the experiments,
they completed scoring simultaneously and independently
in a double-blind manner. A higher score indicates greater
nerve injury severity.

Only rats with limb paralysis and neurological func-
tion scores of 2 to 4 were included in subsequent experi-
ments. The total number male SD rats were seventy-five,
of them twelve rats were randomly assigned for the sham
operation, and the remaining rats were used as the operation
group. Five rats in the operation group had no neurological
deficits or muscular hypertonia and were subsequently ex-
cluded from the experiment, and nine rats died during the
experimental procedures. The rest forty-nine rats were suc-
cessfully modeled rats.

2.5 Groups and Administration

Rats that were successfully modeled assigned ran-
domly into four groups after MCAO modeling (n = 12).
The rats in the MCAO group were administered saline. Rats
in the GLGZD low-dose group (GLGZD-L) were adminis-
tered GLGZD at the concentration of 0.36 g-mL~!. Rats in
the GLGZD middle-dose group (GLGZD-M) were admin-
istered GLGZD at the concentration of 0.72 g-mL~!. Rats
in the GLGZD high-dose group (GLGZD-H) were admin-
istered GLGZD at the concentration of 1.44 g¢-mL™!. In the
sham operation process, there was no suture inserted in the
sham group, the other surgical operations were the same as
the MCAO groups. Besides, the sham rats were adminis-
tered a volume of saline equal to that of other treatments
daily after the sham operation. All the aforementioned reg-
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imens were administered 10 mL/kg, once a day for 7 days,
the administration by gavage began after grouping on the
day of the operation. The therapeutic effects of GLGZD
were observed by the changes in nerve function, muscle
tension, cerebral infarct volume, and the pathological state
of the ischemic cerebral cortex in MCAO rats. For details,
please refer to our previous study [13].

2.6 Motor Function Test

The CatWalk test is a sensitive and reliable method to
detect motor function deficits in rats. One week before the
test, the rats in this study were trained to pass a Catwalk
channel smoothly in 10 s in a dark room environment. The
movement of the rat was evaluated using CatWalk gait anal-
ysis (XT10.0, Noldus Information Technology Co., Ltd.,
Wageningen, The Netherlands) 1 h after the last treatment
was administered. During the measurement, footprint re-
fraction technology with an internal light source was used
to perform efficient computer processing of the footprints
recorded by video, and hence, the gait parameters of each
mouse were evaluated.

2.7 2,3,5-Triphenyl-2H-Tetrazolium Chloride (TTC)
Staining

The brains were excised rapidly after rats were decap-
itate. The brain parenchyma (after discarding the olfactory
bulb, cerebellum and lower brain stem) was precooled with
a —20 °C refrigerator for 5 min, and cut into 2-mm slices
using stainless steel brain matrices. The slices were incu-
bated in a closed container with TTC solution (Sigma, St.
Louis, MO, USA) at 37 °C for 30 min in the dark, during
incubation flipped sections every 10 min for evenly dyed.
Images of cerebral infarct were captured with a digital cam-
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era (Nikon, Tokyo, Japan). Infarct volume of each section
was traced and calculated using Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Rockville, MD, USA).

2.8 Terminal Deoxynucleotidyl Transferase-Mediated
dUTP-Biotin Nick End Labeling (TUNEL) Assay

Rats were anesthetized after the last administration.
The thorax was opened and a perfusion needle was fixed
on the left ventricle via the apex of the heart, and a small
opening in the right atrial appendage was cut for perfusion.
Then, mice were successively perfused with ice-cold saline
and fixative containing 4% paraformaldehyde (PFA)/PBS.
Brain tissues were excised for another 24 h fixing, and sub-
sequently embedded. The paraffin-embedded brains were
cut into 4 um slices and mounted on a glass slide. The sec-
tions were dewaxed to water, incubated with diluted pro-
teinase K solution (10 min at room temperature) after fixed
with 4% PFA (5 min). Subsequently, the slices need another
fix with 4% PFA for 5 min, and then equilibration buffer
was added for 10-min equilibration. And then added TdT
enzyme reaction solution (Promega, Madison, WI, USA)
for an incubation in the dark for 1 h in a humidified chamber
at 37 °C. 2x sodium citrate buffer was added after the reac-
tion was terminated. Next, dyed the nuclei with DAPI dye
solution (Beyotime Biotechnology, Beijing, China). The
stained sections were sealed and captured the images un-
der a laser confocal microscope (Leica, Wetzlar, Germany).
The intensity of TUNEL staining cells was analyzed using
Image-Pro Plus 6.0 software. The TUNEL-positive rate
was calculated by (TUNEL-positive cells/nuclear DAPI-
positive cells) x 100%.

2.9 Transmission Electron Microscopy (TEM)

Rat cerebral tissue in a volume of 1 mm x 1 mm x 1
mm was fixed using the electron microscopy fixative solu-
tion (Servicebio Technology Co., Ltd., Wuhan, China) at 4
°C for 4 h. In addition, the sample was washed with PBS
for 3 x 15 min. The sample was conventionally dehydrated
and gradually embedded, incubated overnight at 37 °C in
an embedding plate, and cured at 60 °C for 48 h. The poly-
merized tissue samples were sectioned into 60 nm ultrathin
microsections and sequentially stained with 2% uranyl ac-
etate and lead citrate both for 15 min. Dried them overnight
at room temperature. Pathological changes in the ER were
obtained with a transmission electron microscope (Hitachi,
Tokyo, Japan).

2.10 Immunohistochemistry

Paraffin sections (4 pum) were conventionally de-
waxed, 3% HoO, was added to the surface of the sliced
tissue for 15-min incubation. For antigen retrieval, the
sections were boiled for 15 min in boiling sodium cit-
rate buffer. 5% bovine serum albumin (BSA) was used
to blocked non-specific binding. Then, the rabbit poly-
clonal anti-IP3R antibody (1:500, Abcam, Cambridge, UK)
was added for incubation overnight at 4 °C. Twenty-four
hours later, covered the slides with biotin-labeled goat anti-
rabbit IgG (1:500, Thermo Fisher Scientific, Waltham, MA,
USA) for another incubation at room temperature in the
dark for 2 h. Horseradish peroxidase (HRP)-streptavidin
conjugate (SABC) solution (Boster Biological Technol-
ogy, Wuhan, China) was dropped to the tissue slices and
stayed for 30 min. And then, the tissue slices were stained
with 3,3’-diaminobenzidine (DAB) color development kit
(Boster Biological Technology, Wuhan, China) and hema-
toxylin. The slice was covered, and images were captured at
amagnification of 400 x under a laser confocal microscope.
The positive cells were counted in 5 different parts of each
slice and analyzed by Image-Pro Plus 6.0.

2.11 Immunofluorescence Staining

Paraffin sections (4 pm) were routinely dewaxed and
antigens were retrieved. For immunofluorescence staining,
the sections were washed with PBS, and followed by 5%
BSA blocking at room temperature for 2 h. Subsequently,
the sections were incubated overnight with a primary rab-
bit polyclonal anti-GRP78 antibody (1:500, Bioworld Tech-
nology, MN, USA) at 4 °C. Twenty-four hours later, the
sections were washed with PBS. And then a fluorescent
goat anti-rabbit IgG secondary antibody (1:200, Abcam,
Cambridge, UK) was incubated for 2 h (protect from light).
40 pL anti-quenching agent was added after the nuclei were
stained with DAPI solution for 7 min, and then covered
the slices. The images were captured at a magnification of
200x by a fluorescence microscope (Leica, Wetzlar, Ger-
many). The positive cells in 5 different parts of each slice
were analyzed by Image-Pro Plus 6.0.

2.12 Fluorescent Probe

The ischemic cerebral cortex was isolated from the
excised brains. 0.25% trypsin was added in two hundred
micrograms of tissue for digestion under a 37 °C-water
bath for 30 min. Three volumes of precooled PBS were
added to terminate digestion. Collected the cell suspen-
sion and filtered through a 300-mesh nylon filter. The fil-
trate was centrifuged at 500 x g and the supernatant was
discarded, the cells were resuspended with PBS at a den-
sity of 10% cells-mL™!. Fluorescent probes were added to
the sample solution; both calcium fluorescent probes (Be-
yotime Biotechnology, Shanghai, China) and reactive oxy-
gen species (ROS) fluorescent probes were prepared. After
incubation for 1 h at 37 °C, the samples were centrifuged at
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1000 x g for 10 min, and collected the precipitate for probe
detection. The calcium concentration was detected with
a microplate reader multiwavelength measurement system
(TECAN, Minnedorf, CH) at an excitation wavelength of
488 nm and an emission wavelength of 505 nm. ROS levels
were measured with the same microplate reader at an exci-
tation wavelength of 488 nm and emission wavelength of
525 nm. The bicinchoninic acid (BCA) assay (Beyotime
Biotechnology, Shanghai, China) was used to measure the
total protein. Intracellular ROS levels and Ca?* concen-
trations were assessed and are reported with respect to to-
tal protein concentration as arbitrary intensity/total protein
concentration.

2.13 Isolation of Total Proteins and Nucleoproteins

The brain was quickly excised after rats were sacri-
ficed, and the ischemic cortex was isolated. The cortex
samples were ground to a powder with liquid nitrogen.

For total proteins extraction, every one hundred mil-
ligrams of the tissue powder were lysed by 1 mL of RIPA
lysis buffer (Beyotime Biotechnology, Shanghai, China) on
ice bath for 30 min. Lysates were centrifuged at 14,000 rpm
for 30 min at 4 °C. Collected the supernatant to obtain total
protein.

For nucleoproteins extraction, every One hundred mil-
ligrams of the tissue powder were added in 1 mL of cytoso-
lic extraction reagent (Beyotime Biotechnology, Shang-
hai, China) and the sample was placed on ice for 20
min. Then centrifuged the extraction of samples at 14,000
x g for 10min at 4 °C. Carefully discard the super-
natant, and added 200 pL of the nuclear extraction reagent
(Beyotime Biotechnology, Shanghai, China), mixed thor-
oughly by vortexing. Then centrifuged the samples at
14,000 x g for 10 min at 4 °C after another 30-min ice bath.
Collected the supernatant to obtain the nucleoprotein.

2.14 Western Blot Analysis

The proteins concentrations were obtained by the
BCA method after extracting protein from each sample
lysate. Then the protein sample was added loading buffer
and boilled at 100 °C for 10 min-denaturation. Pro-
teins (50 pg) were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
then electro-transferred to a nitrocellulose (NC) membrane.
5% skim milk in Tris-buffered saline containing 0.1%
Tween-20 (T-TBS) was used for blocking for 2 h. Then
probed with the indicated primary antibodies rabbit poly-
clonal anti-GRP78 antibody (1:1000, Bioworld Technol-
ogy, Minneapolis, MN, USA) , rabbit polyclonal anti- cys-
teinyl aspartate-specific proteinase-3 (Caspase-3) antibody,
monoclonal anti-PERK-rabbit antibody, rabbit monoclonal
anti-phosphorylated (p)-PERK antibody (1:1000, Cell Sig-
naling Technology, Boston, MA, USA), mouse monoclonal
anti-eukaryotic translation initiation factor 2« (elF2«) an-
tibody, rabbit monoclonal anti-p-elF2« antibody (1:1000,
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Cell Signaling Technology, Boston, MA, USA), rabbit
monoclonal anti-ATF4 antibody (1:1000, Abcam, Cam-
bridge, UK), rabbit monoclonal anti-C/EBP homology pro-
tein (CHOP) antibody (1:1000, Abcam, Cambridge, UK),
rabbit monoclonal anti-endoplasmic reticulum oxide la
(Ero-1«) antibody, rabbit monoclonal anti-Bcl-2 antibody,
rabbit monoclonal anti-Bax antibody (1:1000, Abcam,
Cambridge, UK), mouse monoclonal anti-/3-actin antibody,
mouse monoclonal anti-histone H3 antibody (1:1000, Be-
yotime Biotechnology, Shanghai, China) and rabbit poly-
clonal anti-cleaved Caspase-3 antibody (1:500, Cell Sig-
naling Technology, Boston, MA, USA)) overnight at 4 °C.
The next day, after rinsing with TBST, the following HRP-
linked secondary antibodies were added: goat anti-mouse
IgG and goat anti-rabbit IgG (1:1000, Thermo Fisher Sci-
entific, Waltham, MA, USA). The enhanced chemilumi-
nescence (ECL) kit (Beyotime Biotechnology, Shanghai,
China) was applied to visualize immunoblot signals after
rinsing, and the protein signal was detected with the Chemi-
Doc MP system (Bio-Rad, CA, USA). Density value of
bands was quantitatively analyzed by Image Lab 4.1 soft-
ware (Bio-Rad Laboratories, Hercules, CA, USA). The in-
ternal standard for total proteins was S-Actin. The internal
standard for nucleoproteins was Histone H3. The expres-
sion level of the target protein = the gray value of target
band/the gray value of the internal band.

2.15 Statistical Analysis

Data obtained were statistically analyzed with SPSS
software, version 20.0 (SPSS, Inc., Chicago, IL, USA), and
presented as the means + SD. The neurological deficit score
and the muscle tension score were analyzed by using the
Kruskal-Wallis test. The rest data were statistically ana-
lyzed one-way ANOVA. The LSD test was used to com-
pare data with a normal distribution and homogeneity of
variance, otherwise the Games-Howell test was applied. p-
values below 0.05 were defined as statistically significant.

3. Results
3.1 Quality Control of GLGZD Using HPLC

The chromatographic fingerprint was acquired by
qualitative and quantitative HPLC analysis (Fig. 1). In the
extraction of GLGZD, 9 main compounds including gal-
lic acid, protocatechuic acid, albiflorin, paeoniflorin, gly-
cyrrhizin, liquiritigenin, cinnamic acid, cinnamaldehyde
and glycyrrhizic acid were detected.

3.2 GLGZD Alleviates Nerve Function Damage, Muscle
Tension and Cerebral Infarct Volume in MCAO-Injured
Rats

Neurological deficits of the MCAO-injured rats were
assessed using Longa’s method, and muscle tension was
scored with the modified Ashworth scale on days 1, 3, 5
and 7 after modeling. Compared with the sham group,
there were significant increases of the neurological func-
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Fig. 2. GLGZD alleviates neurological deficits, muscle tension and the cerebral infarct volume in MCAO-injured rats. (a) Neu-
rological function scores. (b) Muscle tension scores. (c) Representative images of TTC-stained cerebral slices, yellow arrows indicated
the “infarct zone”. (d) Quantitative analysis of the cerebral infarct volume. All data are presented as the means + SDs. **p < 0.01
compared with the sham group; *p < 0.05 and *p < 0.01 compared with the MCAO group.
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Fig. 3. GLGZD improves the motor function of rats after
MCAO. The CatWalk gait analysis system indicates the limb mo-
tor function of rats by measuring the gait parameters. The Cat-
Walk gait analysis system was used to quantitatively assess the
average running speed of the rats, indicating the limb motor func-
tion of the rats. All data are presented as the means + SDs. **p
< 0.01 compared with the sham group; #p < 0.01 compared with
the MCAO group.

tion score, muscle tension score and cerebral infarct volume
in the MCAO group (p < 0.01) (Fig. 2a—d). Additionally,
the TTC staining slices in the sham group were observed
rose-carmine, identified no infarction. There was no stain-
ing in the MCAO group slices and appeared to be white,
which was identified cerebral infarct area, indicated that
the cerebral infarct volume was significantly increased after
MCAO modeling (p < 0.01). These data suggested that the
MCAO model was successfully constructed. After GLGZD
administration, the neurological deficit and muscle tension
of GLGZD-H group were significantly alleviated on days 3,
5and 7 (p < 0.05, p < 0.01). And the scores in GLGZD-M
group were significantly reduced on days 5 and 7 (p < 0.05,
p < 0.01). Furthermore, after 7 days’ GLGZD administra-
tion, the cerebral infarct volume reduced significantly (p <
0.01).

3.3 GLGZD Improves the Motor Function in
MCAO-Injured Rats

Results in Fig. 3 indicated that paraly-
sis of the right front limbs of the MCAO rats was obvious
after cerebral ischemia reperfusion injury. It was found the
average running speed of MCAO rats was significantly de-
creased after surgical operation (p < 0.01). However, 7
days treatment of GLGZD significantly ameliorated the
disordered motor function in MCAO modeling rats (p <
0.05,p < 0.01).
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3.4 GLGZD Inhibits Cell Apoptosis in the Ischemic Rat
Cerebral Cortex of the MCAO Model

Based on observations of TUNEL staining (Fig. 4a,b),
compared with the sham operation group, the TUNEL-
positive cells in the cortex of MCAO rats were found sig-
nificantly increased (p < 0.01). The intragastric adminis-
tration of GLGZD for 7 days displayed significantly down-
regulated on the number of apoptotic cells (p < 0.05, p <
0.01).

3.5 GLGZD Ameliorates ER Morphology in the Ischemic
Rat Cerebral Cortex of the MCAO Model

TEM images are displayed in Fig. 5. The nuclear
membrane structure of the sham group was clear and com-
plete, rough ER was abundant. In addition, the cell arrange-
ment was neat and concentric. The ER of the MCAO group
was significantly decreased and disordered. The ER struc-
ture was altered, and expansion, swelling, and vacuoliza-
tion were apparent. However, the structure and function of
the rough ER were significantly ameliorated after GLGZD
treatment, and the number of rough ER was predominantly
upregulated (p < 0.05, p < 0.01).

3.6 The Ca®* Concentration and ROS Levels in the Cells
of the Ischemic Rat Cerebral Cortex of the MCAO Model
Aggravated by GLGZD Treatment

The results obtained with the fluorescence probe are
shown in Fig. 6a,b, they indicated that the Ca®* concen-
tration and ROS levels in cells of the MCAO-injured rats
cortex increased significantly (p < 0.01) compared with
the sham operation group. GLGZD administration signif-
icantly reduced ROS levels and the concentration of Ca?*
in the cells of the ischemic rat cerebral cortex (p < 0.05, p
< 0.01).

3.7 IP3R Expression in the Ischemic Areas of the Brains of
MCAO-Injured Rats Attenuated by GLGZD Treatment

Immunohistochemistry staining (Fig. 7a,b) demon-
strated that the IP3R, a protein mainly located in the nucleus
and cytoplasm, increased significantly in the ischemic cor-
tex of the MCAO group compared with the sham operation
group (p < 0.01). Interestingly, the expression of IP3R pro-
tein in the ischemic cortex downregulated significantly by
GLGZD treatment (p < 0.05, p < 0.01).

3.8 GLGZD on GRP78, PERK, p-PERK, elF2«, p-elF2a,
CHOP, Bcl-2, Caspase-3, cleaved Caspase-3, Ero-1q,
SERCA 2, Bax and ATF4 Protein Levels of the MCAO
Modeling Ischemic Rat Cerebral Cortex Regulated by
GLGZD Treatment

Western blot analyse are shown in Fig. 8a—f, the lev-
els of the total GRP78, ATF4, CHOP, Ero-1« and Bax pro-
teins in the ischemic rat cortex of the MCAO group were
significantly increased compared with the sham group (p
< 0.01). In contrast, the levels of the total Bcl-2 and sar-
coplasmic/endoplasmic Ca®>t ATPase 2t (SERCA 2av) was
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Fig. 4. GLGZD inhibits cell apoptosis in the ischemic cerebral cortex of the rats after MCAO. The 3’-carboxy terminus is exposed
when DNA is damaged, and thus fragmented DNA in apoptotic cells exhibits green fluorescence after TUNEL staining. The nuclei of
the cells presented blue fluorescence after DAPI staining. Only the cells labeled with both of these fluorescence stains were considered
positive cells. (a) Representative morphology of the apoptotic cells (400x) determined using laser confocal microscopy after TUNEL
staining. (b) Quantitative analysis of TUNEL-positive cells. All data are presented as the means = SDs. **p < 0.01 compared with the
sham group; “p < 0.05 and *p < 0.01 compared with the MCAO group.
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Fig. 5. ER morphology in the ischemic cerebral cortex of MCAO-injured rats viewed using TEM; (10000 x). The yellow arrowhead
indicates the rough ER in the cerebral cortex of the sham group of rats with a normal shape, complete structure and rolled-up concentric
ring-like figures. The red arrowhead indicates representative synapses. The rough ER in the cerebral cortex of the MCAO group of

rats showed various pathological changes, including expansion, swelling, vacuolization, a disordered arrangement and a blurry outline.
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cerebral cortex. All data are presented as the means + SDs. **p < 0.01 compared with the sham group; “p < 0.05 and *p < 0.01

compared with the MCAO group.

significantly reduced (p < 0.01). The protein levels of
GRP78, ATF4, CHOP, Ero-1«, and Bax of the GLGZD-H
and GLGZD-M groups significantly decreased, at the same
time, Bcl-2 and SERCA 2« levels in the GLGZD-M group
(p < 0.05, p < 0.01) significantly increased.

As shown in Fig. 8g,h, compared the MCAO group
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with the sham group, a significant increase of the phospho-
rylated form of PERK and EIF2« proteins were found in the
cortex of rat (p < 0.05, p < 0.01). Interestingly, GLGZD
also significantly reversed the phosphorylation in a dose-
dependent manner (p < 0.05, p < 0.01).

As shown in Fig. 8i,j, compared the MCAO group
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Fig. 9. Effects of GLGZD on GRP78 protein expression of in the ischemic cortex of rats after MCAO. (a) Immunofluorescence stain-

ing showing the location and expression of the GRP78 protein (400 x). The nucleus is stained blue with DAPI, GRP78 is labeled in green,

and positive cells are shown in the superposition of the two images. (b) Analysis of GRP78-positive cells. All data are presented as the

means + SDs. *p < 0.05 and **p < 0.01 compared with the sham group; *p < 0.05 and *p < 0.01 compared with the MCAO group.

with the sham group, the level of cleaved caspase-3, a
marker of apoptosis, was significantly increased in the is-
chemic cortex of rat (p < 0.01). GLGZD effectively de-
creased the level of activated Caspase-3 in all treatment
groups (p < 0.01).

As shown in Fig. 8k,l, compared the MCAO group
with the sham group, the nuclear expression of ATF4 was
significantly increased in the ischemic cortex of rat. After
7 days administration of GLGZD, the nucleoprotein ATF4
expressed level in ischemic cortex was significantly lower
than that in the MCAO group (p < 0.05, p < 0.01).

3.9 Immunofluorescence Labeling of GRP78 Protein
Expression in the Ischemic Cortex of MCAO-Injured Rats
Attenuated by GLGZD Treatment

Immunofluorescence staining (Fig. 9a,b) showed that
the GRP78 was mainly located in the cytoplasm. The
ischemic cortex of the MCAO group had a significantly
higher expression of GRP78 than that of the sham group
(p < 0.01). The GRP78 protein expressed in the cytoplasm
was significantly reduced by GLGZD treatment (p < 0.05,
p < 0.01).
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4. Discussion

The blood supply zone in middle cerebral artery is
a core region affected by ischemic cerebrovascular dis-
ease. Hence, A MCAO model was established, by inserting
a standard microballoon catheter intraluminally from the
common carotid artery into the middle cerebral artery prox-
imal segment, to mimick clinical cerebral ischemic dis-
eases [17]. Neurological deficits were assessed by cal-
culating neurological function scores typically used as
scoring standards in scientific analyses. The method we
used is one of the most widely used methods for judg-
ing whether a MCAO model has been successfully estab-
lished in experimental research [18]. Longa’s 5-point scor-
ing system is recognized as one of the scoring standards of
neurological function. The upper motor neuron injury after
cerebral ischemia led to limb spasticity, which is a motor
dysfunction after stroke. The spasticity is followed by ex-
citability of motor circuits and an increase in muscle tension
in limbs [4]. Therefore, muscle tension was assessed with
the modified Ashworth scale, which was also used to indi-
rectly indicate the limb spasticity of the rats.

In our experiment, when blocking the middle cere-
bral artery of the MCAO rats by a thread plug, neurological

11


https://www.imrpress.com

deficits in the rats were observed. For example, rats fell to
the opposite side when walking, and some rats cannot walk
without assistance. The MCAO operation significantly in-
creased the muscle tension score and cerebral infarct vol-
ume. The muscle tension scores were all >1. It turned
out clearly that the MCAO model was successfully con-
structed. One of the most obvious features of limb motor
dysfunction after cerebral ischemia is Abnormal gait, and it
is also one of the external manifestations of nerve function
injury. Accordingly, the motor function of rats was quan-
titatively analyzed using a Catwalk gait analysis system in
this study. The results of the Catwalk analysis quantita-
tively revealed the motor function changes in the rats: The
average running speed of the MCAO-injured rats was sig-
nificantly lower than sham group of rats (p < 0.01). These
results support the idea that the motor function significantly
reduced due to the cerebral ischemia injury. Surprisingly,
treatment with GLGZD for 7 days significantly decreased
the muscle tension scores, neurological function scores and
cerebral infarct volumes of the ischemia-injured rats (p <
0.05,p < 0.01).

Apoptosis was reported the main type of cell death
caused by ischemia-reperfusion injury in the ischemic
penumbra cortex, it is the culmination of a programmed cell
death process controlled by genes. Apoptosis in ischemia-
reperfusion injury is intimately involved in the development
and expansion of cerebral infarction [19]. In our study,
the neurons showed a relatively complete cellular architec-
ture and potential metabolic capability, indicating that the
apoptosis process in the MCAO model was reversible. Ac-
cording to these characteristics, the infarct focus might be
reduced and the neurological function of patients with is-
chemic injury might be improved [20,21]. Based on re-
sults of TUNEL staining, we found a significant increase in
TUNEL-positive cells in the ischemic side of the rats’ cor-
tex when compared the MCAO group with the sham group
(p < 0.01), indicating that neuronal apoptosis had occurred
in the injured cortex after MCAO modeling. GLGZD treat-
ment acted an effective inhibition on ischemic apoptosis of
cerebral cortical neurons in the ischemia injury rats, which
can ameliorate the pathological state of injured neurons and
inhibited infarct expansion.

The ER is a subcellular organelle composed of a con-
tinuous membrane. The ER is a multifunctional organelle
involved in various physiological activities. It is critical
for maintaining intracellular homeostasis, especially in in-
tracellular protein synthesis, calcium storage [22]. The
ER is well-developed and abundant in neurons. However,
the pathological changes in the ER after cerebral ischemia-
reperfusion injury led to ER dysfunction, namely ERS,
which leads to the dysfunction in synthesis, modification
and folding of protein in the ER. The inactive proteins were
largely accumulated in the ER lumen as a result. Therefore,
the normal physiological activities of cells are affected,
eventually leading to apoptosis [23]. Ultrastructural obser-
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vations of the cells in the MCAO rats’ ischemic cortex using
TEM showed that the number of rough ER decreased sig-
nificantly. The structure altered, with expansion, swelling,
and vacuolization appeared. After GLGZD administration
for 7 days, the pathological state of the rough ER in the is-
chemic cerebral cortex was significantly ameliorated.

Previous researchers have investigated that oxida-
tive stress and intracellular Ca?* overload are the main
mechanisms of neuronal apoptosis after cerebral ischemia-
reperfusion injury [24,25]. The ER is not only the major
intracellular storage for Ca?* in cells, but also one of the
major targets of ROS attack [26]. The ER in neurons is
highly developed, suggesting that the ER is a key link in
the apoptotic neurocyte cascade. The apoptotic pathway
induced by ER stress is one of three intracellular apop-
totic signaling pathways. Studies have shown high amounts
of ROS production in ischemic cells, which increases the
number of oxidized phospholipids in the ER membrane.
In addition, the synthesis of proteins can be interrupted
by ROS, because the production of ROS induces the ox-
idation of sulthydryl groups in newly generated proteins,
which may become cross-linked and lose their biologi-
cal activities. The accumulation of misfolded and un-
folded proteins in the ER lumen finally activated ER stress
(through the UPR) [27].

The Ca%t pump in the ER is very sensitive to ROS
levels, and the depletion of Ca?* in the ER influenced
the ROS-mediated regulation of Ca*in intracellular stores
[28]. IP3R and SERCA are the main channel proteins as-
sociated with the Ca%* pool in the ER. The Ca?* reup-
taked in the ER was rely on SERCA2«a. [P3Rs, there-
fore, have the dual role of releasing Ca?tT and promot-
ing the dynamic equilibrium of calcium [29]. ROS ac-
cumulation is induced by cerebral ischemia-reperfusion
injury, and increased ROS levels lead to the peroxida-
tion of membrane lipids. The membrane structure of cells is
destroyed, Ca?* enters the cell, IP3R in the ER membrane
is activated, and SERCA is inhibited. Therefore, Ca%T in
the ER is excreted or reuptake of Ca?" is blocked, deplet-
ing the Ca®* content in the ER and causing ER dysfunction
[30,31].

Our results obtained through staining with the fluo-
rescence probe showed that the Ca?* concentration and
ROS levels significantly increased in the cortex cells of
the MCAO-injured rats (p < 0.01). In addition, the mea-
sured expression of the IP3R and SERCA 2« proteins
showed: the nucleus and cytoplasm IP3R expression was
increased (p < 0.01) in the MCAO-injured cortex of the
rats; the total SERCA2« protein expression level was de-
creased significantly (p < 0.01). These results support the
idea that the ER released Ca®t was significantly increased
in the area of injured cortex after MCAO, which addition-
ally inhibited the reuptake of Ca?*. GLGZD treatment sig-
nificantly reduced the ROS level and decreased the Ca?*
concentration in the ischemic cerebral cortex cells in the
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rats. Furthermore, the significant reduction of the IP3R pro-
tein and the increase of SERCA2a (p < 0.05, p < 0.01) in-
dicated that GLGZD effectively alleviated oxidative stress-
induced injury in the neurons. After GLGZD administra-
tion, the expression of the proteins IP3R and SERCA2 was
modulated, inhibiting the ER release Ca?* and promoting
the reuptake of Ca%*, so as to facilitate a dynamic Ca?*
balance, which effectively alleviated ER dysfunction and
reduced ERS.

The accumulation of unfolded proteins is a major man-
ifestation of ERS. When excessive external stimulation dis-
rupts the functions of the ER, ERS induces misfolding
or unfolding of proteins. The acceleration of ERS and acti-
vation of the UPR was following the proteins accumulated
in the ER lumen. The UPR is both a trigger of ERS and
akey prosurvival process of ERS. The GRP78/PERK/ATF4
signaling is the main pathway regulating the protein balance
and Ca®* balance during the UPR [8].

PERK is a type I transmembrane protein in the ER,
which has an N-terminal region with endonuclease activ-
ity, and this region detects and targets signals emitted by
the ERS. The C-terminus of PERK is located in the cy-
toplasm and has a self-phosphorylation site. Under nor-
mal physiological conditions, the molecular chaperone of
GRP78 binds PERK in a complex, which is in a low ac-
tivity state. Once ERS occurs, the unfolded proteins accu-
mulated in the ER lumen competed with PERK in binding
to GRP78. It results in the complex of GRP78 and PERK
uncoupled. This uncoupling causes GRP78 to be activated,
and proteins are expressed in large quantities [32]. There-
fore, the upregulation of GRP78 expression is regarded as
a marker of ERS. In this research, both Western blotting
and immunofluorescence staining were used to determine
the protein level of GRP78. It was observed that the cy-
toplasm mainly expressed protein GRP78 was obviously
more in the ischemic cortex of the MCAO group than the
sham group (p < 0.01), indicating that ERS is involved in
cerebral apoptosis induced by ischemia-reperfusion injury.
Additionally, GLGZD administration significantly reduced
the level of the GRP78 protein in the cytoplasm (p < 0.05,
p < 0.01). Based on observations and evaluations made
during the study, it was suggested that the regulation of
GLGZD on neuronal apoptosis followed ischemical reper-
fusion injury were related to the inhibition of ERS.

PERK is the initiator protein of UPR, that is to say
the UPR signal transduction is mainly mediated by PERK.
Under basal conditions, the active site of PERK is shel-
tered by GRP78 and inhibited. Under ER stress condi-
tions, degradation of the GRP78-PERK complex releases
PERK and exposes the dimerization site, which promotes
the auto-phosphorylation and dimerization of PERK, lead-
ing to the downstream target protein eukaryotic translation
initiation factor 2a (elF2a) aggregated and phosphorylated
at serine 51 [33]. The affinity with the guanine nucleotide
exchange factor elF2[ increased after eIF2« was phospho-
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rylated, which inhibits the e[F23 transform from the GDP-
bound to the active GTP-bound form. Thus, the proteins
synthesis capability of the ER is reduced, and the levels
of newly synthesized proteins decrease, and the state of
ERS will be relieved [34,35]. Therefore, elF2« is the key
monitor of protein synthesis and the main target for ER to
regulate its own load upon harmful stimulation. However,
this protective mechanism only exists in the early stage of
stress. Our results showed that ischemic injury significantly
increased the protein level of PERK and the phosphoryla-
tion of elF2« in the rat cortex of the MCAO modeling (p <
0.05, p < 0.01), and GLGZD significantly reduced the level
of PERK and elF2«a. The experimental results indicated
that GLGZD treatment inhibited the UPR signal transduc-
tion pathway and reduced the UPR.

Phosphorylation of elF2« inhibited the synthesis of
most proteins. Upon ERS, ribosomes access the open read-
ing frame in the 5 noncoding regions of ATF4, which im-
prove the translation efficiency of ATF4 and increase its ex-
pression [36]. Overexpressed ATF4 bind to the amino acid
response element of the C/EBP homology protein (CHOP)
after its translocation to the nucleus, promoted the synthesis
of CHOP [37]. CHOP, a transcription factor played a spe-
cific and important role in ERS, is involved in the apoptosis
cascade. It is an important intermediate signaling molecule
[38]. Upon the stimulation of cerebral ischemia signal-
ing, the UPR signal transduction pathway is overactivated,
which mainly leads to the downstream apoptosis signaling
pathway actived in the later stage of ERS.

The mechanisms of CHOP mediate apoptosis are com-
plicated. A study of an in vitro ERS model showed that
Ero-1a expression was controlled by CHOP. Once Ero-1a
was knocked out with short interfering RNA (siRNA) tech-
nology, apoptosis induced by the ER pathway was in-
hibited [39]. CHOP regulated the expression of Ero-1c,
which activated IP3R-related Ca?t channels and the ox-
idative stress signaling pathway. Ca?* depletion was ag-
gravated, and ROS accumulated in the ER. These events
ultimately lead to cell death [40,41]. In addition, Bcl-
2 is another important target downstream of CHOP. It
was reported that the Caspase-3 was subsequently acti-
vated when Bcl-2 was suppressed, leading to apoptosis
[42]. All of these results suggested that CHOP influ-
ences downstream apoptosis signal transduction by its reg-
ulation on Ero-1a and Bcl-2 expression. The aggravated
oxidative stress-induced injury and overload of intracel-
lular Ca%* was participated in the form of apoptosis. A
multidomain apoptosis-antagonizing protein, the antiapop-
totic Bcl-2 protein, forms the complex with the multido-
main proapoptotic protein Bax. Specifically, Bcl-2 inhibits
the activity of Bax, and Bcl-2 and Bax jointly regulate apop-
tosis. Therefore, we detected the aforementioned proteins
using Western blotting. The total protein levels of ATF4,
CHOP, Ero-la, Bax, cleaved Caspase-3 and the nucleo-
protein ATF4 were significantly increased, and the level
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Fig. 10. The underlying mechanisms by which GLGZD attenuates apoptosis by inhibiting ERS after MCAO. Schematic diagram
illustrating the involvement of the GRP78/PERK/ATF4 signaling pathway in the effects of GLGZD on ERS-induced apoptosis in the

MCAO model.

of Bcl-2 was significantly decreased in the ischemic cor-
tex in the MCAO-injured rats (p < 0.05, p < 0.01). Thus,
the CHOP signal transduction pathway is activated by cere-
bral ischemia-reperfusion injury, and further aggravated by
oxidative stress-induced injury and intracellular Ca?* over-
load, ultimately inducing cell apoptosis. GLGZD treatment
inhibited ATF4 protein synthesis and reduced its transloca-
tion to the nucleus. This process regulated CHOP signal
transduction (p < 0.05, p < 0.01), reduced the degree of
oxidative stress-induced injury and intracellular Ca®>* over-
load, and inhibited apoptosis.

5. Conclusions

To sum up that GLGZD significantly decreased the
cerebral infarct volume in ischemic brain, ameliorated the
pathological damage of cerebral ischemia-reperfusion in-
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jury on cortical neurons, improved neurological and motor
functions after ischemia injury, and promoted the restora-
tion of the quantity and morphology of the rough ER in
cells of the ischemic side of the cortex. GLGZD reduced
the ischemic cortex cells apoptosis, promoted the recov-
ery of nerve and alleviated limb spasticity after cerebral
ischemia injury. The protection of GLGZD turned out to
be closely related to the modulation on the expression and
translocation of proteins in the GRP78/PERK/ATF4 path-
way (Fig. 10). GLGZD acted as an effective neuroprotec-
tive agent through the reduction of oxidative stress-induced
injury and the promotion in a dynamic balance of Ca lev-
els, inhibiting ERS in ischemic cortical neurons and sup-
pressing ischemia-induced neuronal apoptosis.
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