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Abstract
Cerebral ischemia–reperfusion injury is a complex pathophysiological process. Poly(ADP-ribose) (PAR) polymerase-1 
(PARP-1)/apoptosis-inducing factor (AIF) signaling pathway-mediated apoptosis is one of the non-caspase-dependent cell 
death programs that are widely present in neurological diseases such as stroke. In our study, we aimed to conduct further 
research on the effects of Gualou Guizhi decoction (GLGZD) on the PARP-1/AIF signaling pathway in cell apoptosis after 
ischemia–reperfusion injury caused by middle cerebral artery occlusion (MCAO). The results showed that GLGZD admin-
istration for 7 days significantly ameliorated MCAO-induced neurological damage, limb paralysis and the pathological state 
of the ischemic cortex. GLGZD exerted its effects by significantly reducing the volume of ischemic cerebral infarction, 
increasing the number of Nissl-positive cells, and reducing neuronal apoptosis. Furthermore, Western blot analysis showed 
that GLGZD significantly inhibited the total protein expression of PARP-1, PAR, AIF and endonuclease G (Endo G) in the 
ischemic cortex and significantly increased the total protein expression of heat-shock protein 70 (Hsp70). On the one hand, 
the expression of PARP-1, AIF and Endo G protein in the nucleus significantly decreased while the expression of PAR 
nucleoprotein significantly upregulated. On the other hand, compared with the MCAO model group, the GLGZD-treated 
group showed a significantly reduced protein expression of PAR in mitochondria and significantly increased protein expres-
sion of mitochondrial AIF and Endo G. It was concluded that GLGZD had good therapeutic effects in MCAO model rats. 
These effects were closely related to GLGZD-mediated inhibition of ischemia-induced neuronal apoptosis by regulation of 
protein expression and translocation in the PARP-1/AIF signaling pathway.

Keywords Gualou Guizhi decoction · Focal cerebral ischemia · Poly(ADP-ribose) polymerase-1 · Poly(ADP-ribose) · 
Apoptosis-inducing factor

Introduction

Stroke has the characteristics of high morbidity, high disabil-
ity, high mortality and high recurrence rate. It is a kind of 
common disease that seriously threaten to the human health 
[1]. In recent years, the incidence of stroke has increased 
annually, and there has been a trend toward younger patients 
[2]. Stenosis or occlusion of the cerebral artery may lead to 
various sequelae after stroke, including neurological dys-
function. Among these sequelae, motor dysfunction is the 
most serious, with approximately 80–90% of stroke patients 
with hemiplegia experiencing limb spasticity of different 
degrees [3], which limits their activity. Some patients suf-
fer irreversible secondary complications due to joint stiff-
ness caused by increased muscle tone [4]. These secondary 
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complications seriously affect the patients’ motor function 
and daily life, further limiting their recovery. Therefore, limb 
spasticity after stroke is a major problem that needs to be 
solved during the rehabilitation of stroke.

It is currently believed that limb spasticity after stroke is 
caused by upper motor neuron injury after cerebral ischemia. 
Because apoptosis is the main form of cell injury in the 
penumbra surrounding the infarct area after ischemia–rep-
erfusion injury, apoptosis is regarded as the main form of 
neuronal loss caused by cerebral ischemia and is closely 
related to the expansion of the infarct area [5, 6]. Apoptosis 
is a genetically controlled cell death program. It is delayed 
and reversible. Slowing and preventing apoptosis gives the 
therapeutic opportunities for inhibiting the ischemic process, 
allowing for time to administer drugs to alleviate neuronal 
injury and even reduce the infarct area [7, 8].

Drug therapy is the first-line intervention for stroke. Inhi-
bition of neuronal ischemic apoptosis is one of the impor-
tant strategies for stroke rehabilitation [9, 10]. In recent 
years, many studies have reported that poly (ADP-ribose) 
(PAR) polymerase-1 (PARP-1)/apoptosis-inducing factor 
(AIF) signaling pathway-mediated apoptosis is a caspase-
independent cell death program. This process, named par-
thanatos (PARP-1-dependent apoptosis) by Harraz [11], 
PARthanatos is regarded as the main mechanism to mediate 
glutamate-induced excitotoxicity, which mediated apoptosis 
in a caspase-independent cell death program. This process 
is mediated by the damage of DNA, PARP-1 over activa-
tion, increased PAR production and the translocation of AIF 
from mitochondria to the nucleus [12]. PARthanatos widely 
existed in neurological diseases like ischemic stroke [13], 
PARP-1/AIF signaling pathway provides new approaches 
and targets for the treatment of ischemic stroke.

Chinese medicine has a long history of treating stroke and 
its sequelae. Gualou Guizhi decoction (GLGZD), reported 
by Zhang Zhongjing in JinKui YaoLue (a traditional Chi-
nese medical work), consists of 6 kinds of Chinese herbs: 
Trichosanthes kirilowii Maxim., Cinnamomum cassia Presl., 
Paeoniae lactiflora Pall., Zingiber officinale Rosc., Ziziphus 
jujuba Mill. and Glycyrrhiza uralensis Fisch. GLGZD is 
mainly used for the treatment of limb spasticity after stroke 
and spinal cord injury [14, 15]. Our previous study revealed 
that GLGZD exerts its neuroprotective effects by various 
mechanisms, such as regulating the activity of excitatory 
glutamate levels and inhibiting the expression of gluta-
mate receptors (α-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid receptors and N-methyl-d-aspartic acid 
receptors) [16–20].

Numerous studies have confirmed that PARP-1 over-
expression after cerebral ischemia plays an important role 
in aggravating nervous system injury and that PARP-1 is 
closely related to non-caspase-dependent apoptosis. How-
ever, whether GLGZD exerts neuroprotective effects by 

regulating this molecular mechanism has not been declared. 
Therefore, our study established a rat model of middle cer-
ebral artery occlusion (MCAO) to observe the therapeutic 
effects of GLGZD on MCAO-injured rats and to explore the 
mechanism by which GLGZD alleviates limb spasticity after 
stroke. In addition, we further investigated whether GLGZD 
inhibited neuronal apoptosis caused by cerebral ischemia by 
regulating the PARP-1/AIF signaling pathway. This study 
provides a scientific basis for academic research as well as 
novel insights into the clinical application of GLGZD for 
neurological rehabilitation after stroke.

Materials and Methods

Chemicals and Reagents

Standard substances, including citrulline, gallic acid, pro-
tocatechuic acid, oxypaeoniflorin, vanillic acid, albiflorin, 
paeoniflorin, ethyl gallate, schaftoside, neoliquiritin, liquiri-
tin, liquiritin apioside, pentagalloylglucose, isoliquiritin api-
oside, isoliquiritin, neoisoliquiritin, glycyrrhizin, cinnamic 
acid, allocinnamic acid, benzoyl paeoniflorin, isoliquiriti-
genin, glycyrrhizic acid, 6-gingerol, curcumin, licochalcone 
A, and glycyrrhetinic acid, were purchased from the China 
Pharmaceutical and Biological Products Institute (Beijing, 
China). Chromatographic grade methanol and acetonitrile 
were purchased from Merck (Darmstadt, Germany).

Plant Materials

Trichosanthes kirilowii Maxim., Cinnamomum cassia Presl., 
Paeoniae lactiflora Pall., Zingiber officinale Rosc., Ziziphus 
jujuba Mill. and Glycyrrhiza uralensis Fisch. were all pur-
chased from Beijing Tong Ren Tang Chinese Medicine Co., 
Ltd. All Chinese herbs were appraised by Professor Yang 
Chengzi and deposited at the College of Pharmacy, Fujian 
University of Traditional Chinese Medicine.

Animals

Male Sprague–Dawley rats (weighing 210–230 g) were 
obtained from the Experimental Animal Center of Zheji-
ang Province (License: SCXK (Zhe) 2014-0001) (Zheji-
ang, China) and housed in the animal maintenance facility 
at the Experimental Animal Center of Fujian University 
of Traditional Chinese Medicine. A 12 h light/dark cycle 
was used throughout the experiment, and food and water 
were provided ad libitum during the experiment. All ani-
mal treatments were conducted in strict accordance with 
international ethics guidelines and the National Institutes of 
Health’s Guide for the Care and Use of Laboratory Animals. 
The experiments were performed after adaptive feeding for 
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7 days and approved by the Ethics Committee of Fujian Uni-
versity of Traditional Chinese Medicine (Fuzhou, China).

Preparation of the GLGZD

According to the original prescription of “Jinkui Yaolue”, 
30 g of Trichosanthes kirilowii Maxim, 9 g of Cinnamomum 
cassia Presl, 9 g of Zingiber officinale Rosc, 6 g of Ziziphus 
jujuba Mill, 9 g of Paeoniae lactiflora Pall, and 6 g of Gly-
cyrrhiza uralensis Fisch were weighed. The medicinal mate-
rial was crushed, extracted twice respectively with 10 times 
and 8 times volume of ultrapure water for 1.5 h by a reflux 
process, and filtered. The filtered GLGZD aqueous extract 
was collected and combined, and then concentrated to a final 
concentration of 1.44 g/mL by a rotary evaporator.

HPLC Analysis of GLGZD

Compounds in GLGZD were analyzed by Shimadzu 
HPLC system coupled with a photodiode array detector 
(Kyoto, Japan). The HPLC system included an ALC-20A 
pump, a DGU-20A5 degasser, an SIL-20A autoinjector, 
and a CTO-20A column thermostat. Dikma diamond C18 
(250 × 4.6 mm, 5 μm) was used for chromatographic separa-
tion, and its working temperature was maintained at 30 °C. 
The mobile phase was 0.1% formic acid aqueous solution 
(A) and acetonitrile (B) with a gradient elution program as 
follows: 0–8 min, 5% B; 8–50 min, 5–35% B; 50–65 min, 
35–50% B; 65–75 min, 50–60% B; 75–85 min, 60–70% B; 
85–100 min, 70–90% B. The flow rate was kept at 0.8 mL/
min, and the injection volume was set at 10 μL.

Muscle Tension Grade

The muscle tension score, which was based on the modi-
fied Ashworth muscle tension grade [21], was assessed as 
follows: grade of 0, no increase in muscle tension and the 
rats can move freely; grade of 1, slightly increased muscle 
tension with catch and release during flexion or extension; 
grade of 2, obvious increase in muscle tension, but the limbs 
are still prone to flexion and extension and there is mild 
ataxia; grade of 3, significantly increased muscle tension 
and difficulty in passive activity as well as moderate ataxia 
in the rats; grade of 4, limited limb flexion and extension as 
well as severe ataxia. A muscle tension grade ≥ 1 indicated 
the presence of limb spasm.

MCAO Model Establishment

The rats were fasted for 12 h with a continual supply of water. 
Then, 12 rats were randomly selected as the sham opera-
tion control group, and the remaining rats were assigned to 
the model group. After the rats were anesthetized with an 

intraperitoneal injection of 2% sodium pentobarbital (60 mg/
kg), the left common carotid artery, external carotid artery 
and internal carotid artery were separated and exposed. A 
3-0 silicon rubber-coated nylon monofilament was inserted 
into the proximal part of the middle cerebral artery from the 
left middle carotid artery. At this point, the MCAO filament 
was inserted until a light resistance was felt. The dark spot of 
the filament was situated in the common carotid artery bifur-
cation (approximately 18 mm). After embolization for 2 h, 
the filament was pulled out, allowing for reperfusion. Rats in 
the sham operation control group underwent a neck dissec-
tion and coagulation of the arteries, but the nylon monofila-
ment was not inserted to occlude the middle cerebral artery. 
The specific operation was conducted according to recently 
reported protocols [16]. when the rats were awake naturally 
after operation, the neurological function scores were evalu-
ated immediately according to Zea Longa’s scoring criteria 
[22] as follows: score of 0, free activity and no neurologi-
cal symptoms; score of 1, unable to stretch the contralateral 
forelimb; score of 2, contralateral forelimb flexion; score of 
3, rotating and slightly falling to the contralateral side while 
crawling; score of 4, severely falling to the opposite side 
when waking; score of 5, contralateral paralysis, unable to 
walk without assistance or unconscious. The muscle tension 
grading was performed immediately after obtaining the neu-
robehavioral score. The scoring process was performed in 
a double-blind manner, and was completed simultaneously 
and independently by two experimenters who had not taken 
part in the experiments and were familiar with the scoring 
criteria. The rats with a neurological deficit scores of 3 to 4 
and a muscle tension grade ≥ 1 in MCAO group and the rats 
in sham group were further calculated the cerebral infarc-
tion volume in small animal magnetic resonance imager 
(MRI, Bruker Medizintechnik, Karlsruhe, Germany) of T2 
weight imaging (T2WI) sequence scanning. The cerebral 
infarction volume of MCAO rats were calculated to ensure 
the success establishment of MCAO model. Rats with cer-
ebral infarction volume of 20–45% were used for the further 
experiments. The parameters of MRI were set as follows: 
T2WI was in TSE sequence; Repetition Time: 4200 ms; 
Echo Time: 35 ms; Number of slices: 21; Field of view: 
32 mm × 32 mm; Number of Signal Averaged: 2; acquisition 
time: 4 min 28 s 800 ms.

Groups and Administration

In the sham-operated group (n = 12), after the sham opera-
tion, an equal volume of saline was administered intragastri-
cally daily. Rats with successful modeling were randomly 
divided into 4 groups. In the MCAO group (n = 12), after 
MCAO modeling, an equal volume of saline was adminis-
tered intragastrically daily. In the GLGZD low-dose group 
(GLGZD-L, n = 12), after MCAO modeling, rats were 
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administered GLGZD (3.6 g/kg) intragastrically daily at 
1 mL/100 g. In the GLGZD middle-dose group (GLGZD-
M, n = 12), after MCAO modeling, rats were administered 
GLGZD (7.2 g/kg) intragastrically daily at 1 mL/100 g. In 
the GLGZD high-dose group (GLGZD-H, n = 12), after 
MCAO modeling, rats were administered GLGZD (14.4 g/
kg) intragastrically daily at 1 mL/100 g. All of the admin-
istrations mentioned above were performed once a day for 
7 days.

Modified Neurological Severity Score (mNSS)

After 7 days of treatment with GLGZD, the neurologic 
deficits of the rats were evaluated by the mNSS [23] which 
includes four parts: motor tests (raising the mouse by the 
tail, placing rat on the floor), sensory tests (placing test and 
proprioceptive test), beam balance tests, reflex tests and an 
assessment of abnormal movements. The scoring process 
was performed in a double-blind manner, and was completed 
simultaneously and independently by two experimenters 
who had not taken part in the experiments and were famil-
iar with the scoring criteria. The assessment was performed 
on a scale of 0 to 18 (0: normal score; 18: maximal deficit 
score). The muscle tension grading was performed immedi-
ately after obtaining the mNSS.

Detection of Motor Function in Rats

The motor function of rats was assessed by the CatWalk gait 
analysis system (XT10.0, Noldus Information Technology 
Co.,Ltd, Wageningen, Netherlands), and the experiment was 
carried out in a dark room. Each rat underwent pretraining 
to pass through the Catwalk glass plate within 10 s without 
stopping. The rats’ foot prints were captured by CatWalk 
XT to visualize the prints and calculate the print dimensions 
including the run average speed, the run duration, print area 
and stride length.

Hematoxylin and Eosin (HE) Staining

One hour after the last administration, the rats were anesthe-
tized by intraperitoneal injection of 2% sodium pentobarbital 
(60 mg/kg). The thoracic cavity was opened to expose the 
heart. The perfusion needle was inserted from the apex of 
the heart to the left ventricle, and the right atrial append-
age was cut to form a perfusate. Then, the rats were tran-
scardially perfused with 300 mL of cold saline solution, 
followed by 300 mL of precooled 4% paraformaldehyde. 
After perfusion, the brains were removed and postfixed in 
4% paraformaldehyde for 24 h, paraffin-embedded, sliced at 
5 μm, dewaxed to water, and stained with HE. Pathological 
changes in the brain tissue were observed under an optical 
microscope (Leica, Wetzlar, Germany).

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

One hour after the last administration, rats were anesthe-
tized and decapitated, and the brains were quickly excised. 
The olfactory bulb, cerebellum and lower brain stem were 
removed. The remaining portion was cooled in a refrigerator 
at − 20 °C for 20 min before being used. Rat stainless steel 
brain matrices were used to cut 2-mm slices in both the front 
and back of the optic chiasma. The sections were placed in 
TTC solution (Sigma, St. Louis, MO, USA) for 30 min at 
37 °C in the dark, and the brain slices were flipped every 
10 min to ensure that they were evenly dyed. Images were 
taken with a digital camera (Canon, Tokyo, Japan), and the 
infarct volume ratio was measured and analyzed with ImageJ 
1.37 image analysis software (Bethesda, MD, USA).

Nissl Staining

The brain sections were dewaxed and stained by a pre-
heated 0.5% toluidine blue aqueous solution (Nanjing Sen-
beijia Biotechnology Co., Ltd., Nanjing, Beijing) at 57 °C 
for 20 min. The sections were rinsed with distilled water 
and differentiated in 95% ethanol. After blotting and dry-
ing, to evaluate the expression of Nissl bodies, images were 
obtained at a magnification of × 400. Five fields per slice in 
each group were used to analyze the number of Nissl-posi-
tive cells (that is, the number of intact neurons) by Image J 
1.37 software (Bethesda, MD, USA).

Terminal Deoxynucleotidyl Transferase‑Mediated 
DUTP‑Biotin Nick‑End Labeling (TUNEL) Analysis

Five-micrometer paraffin sections were routinely dewaxed, 
rinsed twice with PBS, fixed in 4% paraformaldehyde for 
15 min, and washed 3 times with PBS for 5 min each time. 
The sections were placed in a box; next, 100 μL of proteinase 
K working solution was added to each slice, and the samples 
were incubated for 10 min at room temperature. The slices 
were fixed again in 4% paraformaldehyde for 5 min, and 
washed in PBS 3 times for 5 min each time. Then, 100 μL 
of equilibration buffer was added to each slice, and the 
slices were equilibrated for 5 min at room temperature; the 
equilibration buffer was carefully aspirated from the edges 
with absorbent paper. Then, 51 μL of a TdT enzyme reac-
tion solution (Promega, Wisconsin, USA), which contained 
45 μL of equilibration solution, 5 μL of nucleoside mixture 
and 1 μL of rTdT enzyme, was added to the slices in the 
dark. The tissue slices were covered with parafilm, placed 
in a black humidified chamber, and incubated at 37 °C for 
1 h in the dark. Next, the parafilm was removed, and the 
tissue slices were immersed in 2 × sodium citrate buffer for 
15 min at room temperature to stop the reaction and then 
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washed with PBS 3 times for 5 min each time. Then, 100 μL 
of DAPI dye solution (Beyotime Biotechnology, Beijing, 
China) was added to dye the nuclei for 8 min in the dark at 
room temperature; next, the slices were washed with PBS 3 
times for 5 min each time. Then, half drop of anti-quenching 
agent was added, and the slides were covered and kept in 
the dark. The staining results were observed under a laser 
confocal microscope (LSM710, CARL ZEISS, Oberkochen, 
Germany). Apoptotic cells were stained green after TUNEL 
staining and analyzed by Image J 1.37 software (Bethesda, 
MD, USA) to calculate the TUNEL-positive expression rate 
as follows: TUNEL-positive expression rate = (TUNEL-pos-
itive cells/nuclear DAPI-positive cells) × 100%.

Immunofluorescence Analysis

Five-micrometer paraffin sections were routinely dewaxed 
to water, incubated with 3%  H2O2 to inhibit endogenous 
peroxidase activity, and subjected to antigenic repair by 
the microwave method. The sections were then incubated 
with goat serum working solution for 2 h at room tempera-
ture, followed by incubation with anti-PARP-1 rabbit poly-
clonal antibody (1:600, Santa Cruz, CA, USA) overnight at 
4 °C. Twenty-four hours later, the primary antibodies were 
removed by washing the sections in PBS, and then the sec-
tions were incubated with goat anti-rabbit IgG fluorescent 
secondary antibody (1:1000, Thermo Fisher Scientific, MA, 
USA) for 1.5 h at room temperature in the dark. The DAPI 
dye solution was added to stain nuclei for 8 min at room 
temperature. Half drop of anti-quenching agent was added to 
cover the tissue slices. A laser scanning confocal microscope 
was used for observation under 400 × magnification. ImageJ 
1.37 software (Bethesda, MD, USA) was used to analyze the 
number of positive cells in 5 different parts of each section 
from each group.

Isolation of Total Protein, Nucleoprotein 
and Mitochondrial Protein

One hour after the last administration, the rats were anes-
thetized and decapitated. The brain was quickly excised, 
and the removed brain tissue was placed in a Petri dish on 
an ice tray. The ischemic cortex was isolated and quickly 
placed in liquid nitrogen. The samples were then transferred 
to a − 80 °C refrigerator for storage. The tissue mentioned 
above was ground to powder in a mortar to acquire the total 
protein, nucleoprotein and mitochondrial protein, and liquid 
nitrogen was added without interruption during the grinding. 
The specific extraction method was as follows:

(1) Total protein extraction: One hundred milligrams 
of the tissue powder mentioned above was placed into 
precooled 1.5 mL enzyme-free EP tubes. Then, 1 mL of 
RIPA lysis buffer containing 1 mM phenylmethanesulfonyl 

fluoride (Beyotime, Beijing, China) was added, and the tubes 
were placed on ice for 30 min. The samples were centri-
fuged at 4 °C and 14,000 × g for 30 min in a high-speed 
cryogenic centrifuge (Eppendorf, Hamburg, Germany). 
The supernatant was collected to obtain total protein. (2) 
Nucleoprotein extraction: One hundred milligrams of the 
tissue powder mentioned above was placed into precooled 
1.5 mL enzyme-free EP tubes. Immediately, 1 mL of cyto-
solic extraction reagent (Boster Biological Technology Co., 
Ltd., Wuhan, China) was added and mixed for 5 s with high 
speed and intense agitation. The samples were then centri-
fuged using a high-speed cryogenic centrifuge (Eppendorf, 
Hamburg, Germany) at 4 °C and 16,000 × g for 10 min. 
The supernatant was removed, and 200 μL of the nuclear 
extraction reagent was added (Boster Biological Technol-
ogy Co., Ltd., Wuhan, China), followed by vortexing for 
15 s to ensure complete suspension and dispersal. Then, 
after incubation on ice, vortexing was performed for 20 s 
every 5 min for a total of 30 min. Subsequently, the sam-
ples were centrifuged in a high-speed cryogenic centrifuge 
(Eppendorf, Hamburg, Germany) at 4 °C and 16,000 × g 
for 10 min to collect the nucleoprotein extraction. (3) Mito-
chondrial protein extraction: One hundred milligrams of the 
tissue powder mentioned above was placed into precooled 
1.5 mL enzyme-free EP tubes. Then, 1.5 mL of precooled 
lysate 1 (Boster Biological Technology Co., Ltd, Wuhan, 
China) was immediately added and the mixture was agitated 
and mixed for 20 s. The samples were then centrifuged by 
a high-speed cryogenic centrifuge (Eppendorf, Hamburg, 
Germany) at 4 °C and 800 g for 5 min. Next, 0.5 mL of the 
supernatant was added to 0.5 mL of precooled mitochon-
drial extraction reagent (Boster Biological Technology Co., 
Ltd, Wuhan, China) in a non-enzyme EP tube. The mixture 
was centrifuged at 4 °C and 15,000 × g for 10 min, and the 
mitochondria were precipitated. Next, the precipitates were 
rinsed with 0.2 mL of PBS and then centrifuged at 4 °C 
and 15,000 × g for 10 min. The supernatant was discarded, 
and 200 µL of precooled lysate 2 (working solution) was 
added. Agitation was performed on a 4 °C rocking platform 
for 15 min, and the samples were centrifuged at 4 °C and 
12,000 × g for 15 min to obtain the supernatant containing 
the mitochondrial proteins.

Western Blot Analysis

After protein extraction, the protein concentration of each 
sample was determined by the BCA method. The protein 
sample was boiled at 100 °C for 10 min, and each sam-
ple (50 μg total protein) was separated with 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a nitrocellulose (NC) mem-
brane. The transferred NC membrane was blocked for 2 h 
with 5% skim milk powder in Tris-buffered saline with 
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0.1% Tween-20 (T-TBS). The membranes were then incu-
bated with anti-PARP-1 rabbit polyclonal antibody (1:500, 
Santa Cruz, CA, USA), anti-AIF rabbit monoclonal anti-
body (1:500, Abcam, Cambridge, UK), anti-PAR rabbit 
polyclonal antibody (1:500, Abcam, Cambridge, UK), 
anti-Endo G rabbit polyclonal antibody (1:500, Abcam, 
Cambridge, UK), anti-Hsp70 mouse monoclonal antibody 
(1:1000, Abcam, Cambridge, UK), anti-β-actin mouse 
monoclonal antibody (1:1000, Beyotime Biotechnology, 
Shanghai, China), anti-histone H3 mouse monoclonal anti-
body (1:1000, Beyotime Biotechnology, Shanghai, China), 
or anti-Cox IV small murine monoclonal antibody (1:1000, 
Beyotime Biotechnology, Shanghai, China) overnight on a 
4 °C side-to-side shaker with gentle shaking. After rinsing, 
the following secondary antibodies were added: goat anti-
mouse IgG (1:3000, Thermo Fisher Scientific, MA, USA), 
goat anti-rabbit IgG (1:3000, Thermo Fisher Scientific, 
MA, USA), and donkey anti-goat IgG (1:5000, Abcam, 
Cambridge, UK). The membrane was incubated for 2 h at 
room temperature on a pendulum shaker with gentle shak-
ing. ECL staining was performed after rinsing, and the 
signal of the proteins was detected in a gel imaging system 
(Bio-Rad, CA, USA). ImageJ software was applied to ana-
lyze gray values quantitatively. β-actin was regarded as the 
internal reference protein for total protein. Histone H3 was 
regarded as an internal reference protein for nucleoprotein, 
and Cox IV was used as the internal reference protein for 
mitochondrial protein. The relative expression of the target 
protein = the gray value of the target protein/the gray value 
of the internal reference protein.

Statistical Analysis

All results are expressed as the mean ± SD, and the experi-
mental data were statistically analyzed by SPSS 20.0 soft-
ware (Chicago, IL, USA). Except for the statistical analysis 
of the data in the neurological function scores and muscle 
tension score was performed by Kruskal–Wallis test, the 
rest of statistical analysis was performed by independent 
samples t test, one-way analysis of variance (ANOVA) was 
followed by Least Significant Difference (LSD) test when 
equal variance was assumed or by Games–Howell test when 
equal variance was not assumed. The values of P < 0.05 were 
considered statistically significant.

Results

Qualitative and Quantitative Analysis of GLGZD 
by HPLC

The main components of GLGZD were qualitatively and 
quantitatively analyzed by HPLC to acquire the chroma-
tographic fingerprint (Fig. 1). The main 26 compounds in 
GLGZD and their concentrations detected by HPLC were 
as follows: citrulline 4.09 mg/g, gallic acid 0.51 mg/g, pro-
tocatechuic acid 0.04 mg/g, oxypaeoniflorin 0.07 mg/g, 
vanillic acid 0.04 mg/g, albiflorin 2.50 mg/g, paeoniflorin 
4.50 mg/g, ethyl gallate 0.03 mg/g, schaftoside 0.30 mg/g, 
neoliquiritin 0.22 mg/g, liquiritin 0.55 mg/g, liquiritin api-
oside 0.21 mg/g, pentagalloylglucose 0.53 mg/g, isoliquiritin 
apioside 0.18 mg/g, isoliquiritin 0.21 mg/g, neoisoliquiritin 

Fig. 1  Fingerprint of the Gualou Guizhi decoction (GLGZD). (1) cit-
rulline 4.09 mg/g, (2) gallic acid 0.51 mg/g, (3) protocatechuic acid 
0.04 mg/g, (4) oxypaeoniflorin 0.07 mg/g, (5) vanillic acid 0.04 mg/g, 
(6) albiflorin 2.50 mg/g, (7) paeoniflorin 4.50 mg/g, (8) ethyl gallate 
0.03  mg/g, (9) schaftoside 0.30  mg/g, (10) neoliquiritin 0.22  mg/g, 
(11) liquiritin 0.55  mg/g, (12) liquiritin apioside 0.21  mg/g, (13) 
pentagalloylglucose 0.53 mg/g, (14) isoliquiritin apioside 0.18 mg/g, 

(15) isoliquiritin 0.21 mg/g, (16) neoisoliquiritin 0.11 mg/g, (17) gly-
cyrrhizin 0.36 mg/g, (18) cinnamic acid 0.14 mg/g, (19) allocinnamic 
acid 0.23 mg/g, (20) benzoyl paeoniflorin 0.08 mg/g, (21) isoliquir-
itigenin 0.07 mg/g, (22) glycyrrhizic acid 4.23 mg/g, (23) 6-gingerol 
0.07 mg/g, (24) curcumin 0.03 mg/g, (25) licochalcone A 0.20 mg/g, 
(26) glycyrrhetinic acid 0.03 mg/g
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0.11 mg/g, glycyrrhizin 0.36 mg/g, cinnamic acid 0.14 mg/g, 
allocinnamic acid 0.23  mg/g, benzoyl paeonif lorin 
0.08 mg/g, isoliquiritigenin 0.07 mg/g, glycyrrhizic acid 
4.23 mg/g, 6-gingerol 0.07 mg/g, curcumin 0.03 mg/g, lico-
chalcone A 0.20 mg/g, and glycyrrhetinic acid 0.03 mg/g.

Nerve Function Damage, Muscle Tension 
and Cerebral Infarction Volume in MCAO‑Injured 
Rats Before GLGZD Treatment

As shown in Fig. 2a–d, in the sham group, there were no 
neurological impairment symptoms and cerebral infarction 
lesions, the neurological deficit scores and muscle tension 
scores were 0. Compared with the sham group, the MCAO 
group and GLGZD-untreated groups had a significantly 
increased neurological function score, muscle tension score 
and cerebral infarction volume (P < 0.01). These groups 
showed cerebral infarction lesions, suggesting that the limb-
spasm rat model of MCAO was successfully established. 
The neurological deficit score, muscle tension score and 

cerebral infarction volume were not significantly different 
among these groups before GLGZD treatment.

Effects of GLGZD on Nerve Function Damage, 
Muscle Tension and Cerebral Infarction Volume 
in MCAO‑Injured Rats

There were no neurological impairment symptoms in the 
sham group, and the mNSS and muscle tension scores were 
0 (Fig. 3a, b). The TTC staining results showed that when 
the slices from the sham group were stained with rose-car-
mine, no infarction was found (Fig. 3c, d). Compared with 
those in the sham group, the mNSS, muscle tension score 
and cerebral infarction volume increased significantly in 
MCAO group (P < 0.01), and the cerebral infarction area 
was not stained and appeared white. These results suggested 
that MCAO was successfully established. The mNSS, mus-
cle tension score and cerebral infarction volume of MCAO-
injured rats treated with GLGZD were significantly lower 
than those of rats subjected to MCAO alone (P < 0.05, 0.01).

Fig. 2  The neurological deficit score, muscle tension score and cer-
ebral infarction volume in MCAO-injured rats before GLGZD treat-
ment. a Neurological function scores of rats after surgery in each 
group (n = 12). b Muscle tension scores of rats in each group after 
surgery (n = 12). c T2-weighted MR images of rats after surgery. 

T2WI signals were abnormally high in the ischemic infarction area 
and turned out to be white, indicated with yellow arrows. d Cerebral 
infarction volume in rats in each group after surgery (n = 12). All data 
are expressed as the mean ± SD. **P < 0.01 versus the sham group
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Effects of GLGZD on Motor Function 
of MCAO‑Injured Rats

CatWalk gait analysis (Fig. 4a–d) showed that MCAO-
injured rats with hemiplegiain the right limb had sig-
nificant differences. Compared with the sham group, the 
MCAO group exhibited significantly decreased run aver-
age speed, print area in the right limb and stride length 
(P < 0.05), and significantly increased run duration of 
MCAO animals was significantly increased (P < 0.01). 
GLGZD significantly improved the run average speed, 
print area and stride length, and decreased the run dura-
tion in MCAO rats (P < 0.05, 0.01).

Effects of GLGZD on the Cerebral Pathological State 
in the Ischemic Motor Cortex

HE staining (Fig. 5) showed that there were no obvious path-
ological changes in the cerebral motor cortical neurons of 
rats in the sham group. The cells were arranged neatly, their 
outlines were evident, and their coloration was uniform; the 
cell membranes were intact, the nuclei and nucleoli were 
clearly observed, and the cytoplasm of each cell was abun-
dant. Additionally, there was no edema or inflammatory 
cell infiltration in the tissues. In the MCAO model group, 
a large number of cells were degenerated and necrotic. The 
cells were arranged in a disorderly pattern, the gap between 

Fig. 3  Effects of GLGZD on nerve function damage, muscle tension 
and ischemic cerebral infarction volume in MCAO-injured rats. SD 
rats with ischemic stroke were administered a low dose (GLGZD-L, 
3.6 g/kg), middle dose (GLGZD-M, 7.2 g/kg) or high dose (GLGZD-
H, 14.4 g/kg) of GLGZD. Then, neurological function scoring, mus-
cle tension scoring and TTC staining were performed. a Modified 

neurological severity score(mNSS) of rats in each group (n = 12). b 
Muscle tension scores of rats in each group (n = 12). c TTC-stained 
cerebral slices in each group (n = 6), with black arrows indicating the 
“infarct zone”. d Quantitative analysis of the cerebral infarction vol-
ume. All data are expressed as the mean ± SD. **P < 0.01 versus the 
sham group; #P < 0.05, ##P < 0.01 versus the MCAO group
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cells was widened, the structure was slightly loose, the mor-
phology was abnormal and irregular, the cell bodies were 
shrunken, the cytoplasm was agglomerated, the nuclei were 
condensed and stained, and some cells had unclear bounda-
ries. Inflammatory cell infiltration and interstitial edema 
were obvious. After GLGZD administration, the pathologi-
cal state was significantly improved compared with that in 
the MCAO model group, and the degree of necrosis and 
number of necrotic cells were significantly reduced.

Effects of GLGZD on Number of Nissl‑Positive Cells 
in the Ischemic Motor Cortex

Nissl staining (Fig. 6a–c) showed that the motor cortical neu-
rons in the sham group were arranged neatly. The membrane 
was blue-violet, the nucleus was pale blue, and many Nissl 
bodies were observed. In the MCAO group, the morphology 
of motor cortical neurons was characterized by obvious swell-
ing, light staining, disordered arrangement, cell atrophy, deep 
nuclear staining, increased intercellular space, and a disap-
pearance of or decrease in Nissl body corpuscles. Compared 
with the sham group, the MCAO group had significantly 
fewer Nissl-positive cells (normal neurons) (P < 0.01). After 

middle- and high-dose GLGZD treatment, the cell swelling 
was significantly lightened, the number of necrotic cells was 
significantly reduced, and the number of Nissl bodies was 
increased much more than that of MCAO alone (P < 0.01).

Effects of GLGZD on Cell Apoptosis in the Ischemic 
Cerebral Motor Cortex of MCAO‑Injured Rats

TUNEL staining (Fig. 7a–c) showed that the number of 
TUNEL-positive cells in the cerebral motor cortex in the 
MCAO group was significantly increased compared with 
that in the sham operation group (P < 0.01), which indicated 
that cell apoptosis in the motor cortical injury area was sig-
nificantly enhanced after MCAO. Compared with the MCAO 
group, the GLGZD groups had a significantly reduced number 
of apoptotic cells in the cerebral motor cortex (P < 0.05, 0.01).

Effects of GLGZD on the Protein Expression 
of PARP‑1, PAR, AIF, Endo G and Hsp70 
in the Ischemic Cortex of MCAO‑Injured Rats

Figure  8a, b shows that the total protein expression of 
PARP-1, AIF, PAR and Endo G in the ischemic cortex of the 

Fig. 4  Effects of GLGZD on motor function in MCAO-injured rats. 
The run average speed, print area, stride length and run duration of 
rats were detected using the CatWalk gait analysis system. Quan-
tification and analysis of these parameters was used to assess motor 
function of rat limbs. a The run average speed of rats in each group. 

b The run duration of rats in each group. c The print area of rats in 
each group. d The stride length of rats in each group. RF right fore-
limb, RH right hindlimb, LF left forelimb, LH left hindlimb. All data 
are expressed as the mean ± SD. **P < 0.01 versus the sham group; 
#P < 0.05, ##P < 0.01 versus the MCAO group
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MCAO group was significantly higher than that of the sham 
group (P < 0.01). Conversely, the total protein expression of 
Hsp70 was observed to be significantly reduced (P < 0.01). 
After GLGZD treatment, the total protein expression lev-
els of PARP-1, PAR, AIF and Endo G were significantly 
lower than those of MCAO alone, and the expression of total 
Hsp70 protein was significantly increased (P < 0.05 or 0.01).

Figure 8c, d shows that compared with the sham group, 
the MCAO group showed significantly increased expression 
of PARP-1, AIF and Endo G protein in the nucleus of the 
ischemic cortex (P < 0.01), and the PAR protein expression 
was significantly reduced (P < 0.01). Compared with that 
in the MCAO group, the expression of PAR protein in the 
nucleus of the ischemic cortex of the GLGZD-H group was 
significantly increased, while the expression of PARP-1, AIF 
and Endo G protein in the nucleus was significantly less than 
that in the MCAO group (P < 0.05, 0.01).

Figure 8e, f shows that the mitochondrial protein expres-
sion of PAR in the ischemic cortex of the MCAO group 
was significantly increased compared with that in the sham 
group (P < 0.05), while the mitochondrial expression of AIF 
and Endo G protein was significantly decreased (P < 0.01). 
Compared with the MCAO group, the GLGZD-H group 
had significantly upregulated expression of AIF and Endo 

G protein in mitochondria and decreased expression of PAR 
protein in mitochondria (P < 0.01).

Effects of GLGZD on the PARP‑1 Labeled Cells 
in the Ischemic Brain Motor Cortex of Rats 
with MCAO

The immunofluorescence results (Fig. 9a–c) showed that the 
expression of PARP-1 protein in the nucleus of the ischemic 
motor cortex of the MCAO group was significantly higher 
than that of the sham group (P < 0.01), suggesting that cer-
ebral ischemic injury had occurred. The overexpression 
of PARP-1 in the nucleus triggered downstream signaling 
cascades and led to non-caspase-dependent apoptosis. The 
expression of PARP-1 protein in the nucleus of the GLGZD 
group was significantly lower than that of the MCAO group 
(P < 0.05, 0.01).

Discussion

Animal models of global and focal cerebral ischemia are 
frequently applied in the experimental study of cerebral 
ischemia–reperfusion injury. However, the main type 

Fig. 5  Effects of GLGZD on the cerebral pathological changes in the 
ischemic cortex. a Histopathological picture of the rat motor cortex 
stained with HE (× 200). Large amount of degeneration and necro-
sis of neuron were observed in the brain tissue in the ischemic motor 
cortex of MACO rats. The cells were arranged in a disorderly pat-
tern, the gap between cells was widened, the structure was slightly 

loose, the morphology was abnormal and irregular, the cell bodies 
were shrunken, the cytoplasm was agglomerated. Inflammatory cell 
infiltration and interstitial edema were obvious. After GLGZD admin-
istration, the pathological state was significantly improved compared 
with that in the MCAO model group. b A map of the rat brain [24], 
with the motor cortex marked ingray



288 Neurochemical Research (2020) 45:278–294

1 3

of injury found in the clinic is focal cerebral ischemia. 
MCAO causes focal cerebral ischemia in animals without 
craniotomy and reduces the risk of intracranial infection. 
Therefore, it is a highly repeatable and reliable method 
for the further research [25]. Moreover, MCAO can ade-
quately mimic clinical cerebral ischemic diseases and is 
regarded as a classic model for studying ischemic stroke 
[26, 27]. Limb spasticity after stroke is currently believed 
to be caused by upper motor neuron injury after cerebral 

ischemia. The injury of upper motor neurons induced the 
dissimilation of the central nervous system inhibition of 
the spinal cord, leading to the release of the primitive 
functions of the lower centers, increased excitability of 
the motor circuit, and an overly strong skeletal muscle 
stretch reflex, finally resulting in increased muscle ten-
sion in the limb of the affected side, and the presentation 
of a spasmodic state [28]. In our study, blocking the blood 
flow of the middle cerebral artery in rats with a thread bolt 

Fig. 6  Effects of GLGZD on thenumber of Nissl-positive cells in 
the ischemic cortex. a Morphological picture of neurons in rat motor 
cortical tissue stained with Nissl (× 400); the red arrow indicates a 
purple-blue Nissl body in normal neurons, and the black arrow indi-
cates that Nissl bodies were dissolved and disappeared (or decreased 

in number) among the injured neurons. b A map of the rat brain, 
with the motor cortex marked ingray. c The number of Nissl-positive 
cells (i.e., intact neurons). All data are expressed as the mean ± SD. 
**P < 0.01 versus the sham group; ##P < 0.01 versus the MCAO 
group
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caused obvious symptoms of nerve function defects: the 
rats turned or dumped toward the side opposite from the 
injury when they walked, or were even unable to walk. 
Furthermore, compared to the sham group, the MCAO 
group exhibited a significantly larger cerebral infarction 
area and obviously increased muscle tension of the con-
tralateral limb, with a muscle tension score > 1, suggesting 
that the limb-spasm rat model of MCAO was successfully 
established.

Hemiplegic gait is one of the most common symptoms 
caused by stroke. Gait abnormalities are the most obvious 
manifestation of limb movement dysfunction and the exter-
nal manifestation of nerve function injury. The Catwalk XT 
gait analysis system works based on an interaction of pres-
sure and fluorescence to efficiently visualize the prints and 
calculate statistics. The CatWalk gait analysis showed that 
the print area of the right limb of MCAO model rats was 
significantly lower than that of the sham group rats, suggest-
ing that ischemia–reperfusion of the middle cerebral artery 
damaged the motor cortex around the middle cerebral artery 
and affected the control of the plantar surface of the limbs 
in rats. The decreased run average speed, stride length and 
increased run duration of rats in the MCAO group indicated 

that the motor function of rats decreased after cerebral 
ischemia injury.

After GLGZD treatment for 7 days, the mNSS of rats in 
the MCAO group significantly decreased (P < 0.05, 0.01), 
and the motor, sensory, reflex and balance functions sig-
nificantly improved. GLGZD treatment also decreased the 
muscle tension on the affected side of rats, relieved limb 
spasticity status, and improved the gait parameters (P < 0.05, 
0.01), suggesting that the treatment promoted the recovery 
of motor function after cerebral ischemia.

In our experiments, TTC staining, HE staining and Nissl 
staining were also used to comprehensively evaluated the 
therapeutic effects of GLGZD. The results of TTC staining 
and HE staining showed that GLGZD significantly reduced 
the cerebral infarction volume caused by cerebral ischemia 
(P < 0.05, 0.01) and significantly improved the pathological 
state of neurons in the ischemic motor cortex.

The number and morphological characteristics of 
neurons can reflect their growth and development, their 
transport of substances and the normal function of their 
activities. The Nissl staining results showed that cerebral 
ischemia–reperfusion injury can cause Nissl body injury 
(P < 0.01). GLGZD treatment obviously protected the 

Fig. 7  Effects of GLGZD on cell apoptosis in the ischemic cerebral 
motor cortex of MCAO-injured rats. The cells presented blue fluo-
rescence after DAPI staining. The apoptotic cells exhibited green 
fluorescence after TUNEL staining. The TUNEL-positive expres-
sion rate = (the number of TUNEL-positive cells/the number of 
cells stained by DAPI) × 100%. a The morphology of apoptotic cells 

(× 400) under laser confocal microscopy after TUNEL staining. b A 
map of the rat brain, with the motor cortex marked in gray. c Results 
of the TUNEL-positive cell analysis. All data are expressed as the 
mean ± SD. **P < 0.01 versus the sham group; #P < 0.05, ##P < 0.01 
versus the MCAO group (Color figure online)
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neurons and effectively inhibited the Nissl body injury in 
the ischemic motor cortex (P < 0.01).

Apoptosis is a genetically controlled cell death program 
that is reversible. The results of TUNEL staining showed 
that the apoptotic cells in the MCAO group were signifi-
cantly increased compared with those in the sham group 
(P < 0.01), and the apoptotic cells with green fluorescence 
were mainly located in the ischemic penumbra. GLGZD 
treatment significantly inhibited the apoptosis of neurons 

in the ischemic motor cortex (P < 0.05 or 0.01) and exerted 
neuroprotective effects.

Apoptosis is a genetically regulated form of cell death 
(programmed cell death) that can be divided into two major 
types: caspase-dependent cell death and non-caspase-
dependent cell death. Studies have shown that apoptosis 
mediated by the PARP-1/AIF signaling pathway is non-
caspase-dependent. PARP-1 is an intracellular enzyme of 
the PARP family that has been studied widely. PARP-1 is 

Fig. 8  Effects of GLGZD on the expression of PARP-1/AIF signaling 
pathway-related proteins in the ischemic brain of rats with MCAO. 
a, b Relative optical density analysis of the total protein expression 
of PARP-1, PAR, AIF, Endo G and Hsp70. β-actin was used as the 
internal control. c, d Relative optical density analysis of the nucleo-
protein expression of PARP-1, PAR, AIF, and Endo G. Histone H3 

was used as the internal control. e, f Relative optical density analysis 
of the mitochondrial protein expression of PAR, AIF, and Endo G. 
Cox IV was used as the internal control. All data are expressed as the 
mean ± SD. *P < 0.05, **P < 0.01 versus the sham group; #P < 0.05, 
##P < 0.01 versus the MCAO group
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an important nuclear protease that maintains intracellular 
balance, accounting for more than 90% of all intracellular 
PARP activity. Overactivation of PARP-1 is a common 
terminal process mediating cell death. Moreover, PARP-1 
overactivation is closely related to the occurrence of stroke 
[29–32]. PARP-1 is a catalytic enzyme for PAR synthesis. 
Under physiological conditions or mild ischemia, PARP-1 
can be activated by DNA fragments and bind to damaged 
DNA, which decomposes nicotinamide adenine dinucleo-
tide into adenosine diphosphate-ribose and nicotinamide. 
Then, catalytic polymerization occurs after the substrate 
adenosine diphosphate-ribose binds to the receptor protein 
and generates PAR. Negatively charged PAR can covalently 
bind to various nuclear proteins such as histones and tran-
scription factors, repair damaged DNA, and enable neurons 
to survive by tolerating ischemia. When ischemic damage 
is severe, DNA damage causes PARP-1 overactivation and 
increased PAR production [33]. Altering protein–protein 
and protein-DNA interactions leads to a series of cascade 
reactions, including phosphatidylserine ectropion, mitochon-
drial membrane potential dissipation, translocation of PAR 
to mitochondria, which induces the AIF release and then 
translocated to the nucleus, this lead to extensive production 

of large-scale DNA fragments and chromatin condensation, 
eventually causing apoptosis and death [34].

AIF is an oxidoreductase located in the mitochondrial 
membrane space and is considered a scavenger of reactive 
oxygen species (ROS). It has the dual role of maintaining 
normal mitochondria and inducing cell death [35, 36]. In the 
process of parthanatos, AIF acts as an important mediator 
in the production of chromosome condensation and large 
fragmentation of the DNA in the nucleus. Lee found that 
AIF and Endo G are translocated from mitochondria to the 
nucleus almost at the same time after ischemic stroke [37], 
and the interaction between the two proteins causes damage 
in the DNA ladder pattern, chromosome condensation, and 
secondary induction of PARP-1 expression, thereby catalyz-
ing the PAR response as well as accelerating cell apoptosis.

In the present study, the expression of PARP-1 protein 
was detected by Western blotting and immunofluorescence 
histochemistry. The results showed that the total protein and 
nucleoprotein expression levels of PARP-1 in the MCAO 
group were significantly higher than those in the sham 
group (P < 0.01). After GLGZD treatment, the total protein 
and nucleoprotein expression in PARP-1 was significantly 
reduced (P < 0.05, 0.01) compared with that of MCAO 

Fig. 9  Effects of GLGZD on the PARP-1 labeled cells in the ischemic 
brain motor cortex of rats with MCAO. a Immunofluorescence analy-
sis examining the location and expression of PARP-1 protein, coun-
terstained with DAPI (× 400). b A map of the rat brain, with the 

motor cortex marked in gray. c Analysis of PARP-1-positive cells. 
All data are expressed as the mean ± SD. **P < 0.01 versus the sham 
group; #P < 0.05, ##P < 0.01 versus the MCAO group
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alone. These findings suggest that the effects of GLGZD on 
neuronal apoptosis-induced by cerebral ischemia–reperfu-
sion injury are related to the inhibition of excessive activa-
tion of PARP-1.

The results of the Western blot analysis showed that the 
total protein expression of PAR, AIF and Endo G in the 
ischemic cortex of MCAO-injured rats was increased signifi-
cantly (P < 0.01) compared with that in the sham-operated 
rats. The mitochondrial protein expression of PAR and the 
nucleoprotein expression of AIF and Endo G were signifi-
cantly increased in the MCAO group compared with the 
sham group (P < 0.05, 0.01), while the nucleoprotein expres-
sion of PAR and the mitochondrial protein expression of AIF 
and Endo G were significantly decreased in the MCAO com-
pared with the sham group (P < 0.01). The results mentioned 
above suggest that overexpression of the PARP-1 protein 
in the nucleus leads to increased synthesis of PAR during 
cerebral ischemia–reperfusion injury as well as increased 
translocation of PAR into mitochondria, which induces the 
release of AIF and Endo G and their subsequent transloca-
tion to the nucleus, resulting in apoptosis. After GLGZD 
treatment for 7 days, the total protein expression of PAR, 
AIF and Endo G was significantly decreased compared with 
that of MCAO alone (P < 0.05, 0.01). The expression of the 
protein PAR in mitochondria and the protein AIF and Endo 
G in nucleus was measured and found to be significantly 
decreased (P < 0.05, 0.01) in the GLGZD group compared 
with the MCAO group; the nucleoprotein expression of PAR 
and the mitochondrial protein expression of AIF and Endo 
G were significantly higher in the GLGZD group than in the 
MCAO group (P < 0.05, 0.01).

These results suggest that GLGZD can inhibit the expres-
sion of PARP-1, reduce PAR synthesis and inhibit PAR 
translocation into mitochondria, thereby reducing the release 
of AIF and Endo G and inhibiting the translocation of AIF 
and Endo G from mitochondria to the nucleus. Finally, 
GLGZD exerts its neuroprotective effects by inhibiting 
ischemia-induced neuronal apoptosis.

Although no inhibitors currently block AIF-induced 
chromosome condensation and large-scale DNA fragmen-
tation, Hsp70 can inhibit AIF migration and retain AIF in 
the cytoplasm [38]. The Western blot results in our study 
showed that the protein expression of Hsp70 in the ischemic 
cortex of the MCAO group was significantly decreased com-
pared with that of the sham group (P < 0.01). After GLGZD 
treatment for 7 days, the protein expression of Hsp70 was 
significantly increased compared with that of MCAO alone 
(P < 0.01), suggesting that GLGZD can promote the expres-
sion of Hsp70 protein and help to inhibit the translocation 
of AIF.

Due to the complexity of the compounds in traditional 
Chinese medicine, this study used HPLC to quantitatively 
analyze 26 main components of GLGZD to control the 

quality of GLGZD. Studies have shown that GLGZD con-
tains citrulline [39], gallic acid [40], protocatechuic acid 
[41], paeoniflorin [42–44], glycyrrhizin [45], glycyrrhizic 
acid [46], isoliquiritigenin [47], 6-gingerol [48], curcumin 
[49] and other ingredients that have protective effects against 
brain damage after ischemia/reperfusion injury. These 
results suggest that GLGZD exerts its protective effects via 
those components. In this study, HPLC was used to analyze 
the components in GLGZD to obtain a fingerprint, which 
also laid the foundation for further research on the quality 
control and pharmacodynamic basis of GLGZD.

Conclusions

In summary, GLGZD significantly reduced the infarct area 
of MCAO rats and rescued the neurons of ischemic lateral 
motor cortex from pathological status, thereby promoting 
the recovery of nerve and motor function after cerebral 
ischemia, relieving limb spasticity status, and resulting 
in a strong protective effect against ischemia–reperfusion 
damage, and its effects are associated with the regulation of 
the expression and translocation of PARP-1/AIF pathway-
related proteins and the further suppression of ischemia-
induced neuronal apoptosis.
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