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Cao et al.: Role of Tetramethylpyrazine in Cerebral Ischemic Reperfusion Injury

This study aims to construct a rat model to observe the neuroprotective effect of tetramethylpyrazine during 
the process of ischemic stroke reperfusion and further explore the mechanism of nuclear factor erythroid 
2 related factor 2 regulation of absent in melanoma 2 inflammasome on brain neurons, providing a basis 
for clinical treatment. Experimental rats were grouped into a model control group, tetramethylpyrazine 
group, nuclear factor erythroid 2 related factor 2 inhibitor (ML385) group, tetramethylpyrazine+ML385 
group and healthy group. Neurological function and brain tissue water content were compared between the 
groups. Additionally, the infarct area in the brain, neuronal apoptosis, levels of B cell lymphoma-2 and B 
cell lymphoma-2-associated protein X were observed by triphenyltetrazolium chloride staining, terminal 
deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling and enzyme-linked immunosorbent 
assays respectively. Quantitative polymerase chain reaction and immunoblotting were adopted to study the 
levels of absent in melanoma 2 and nuclear factor erythroid 2 related factor 2 in brain tissues. On the 3rd and 7th 
d after modeling, modified neurological severity score behavioral scores denoted least in tetramethylpyrazine 
group and highest in ML385 group. Brain tissue water content analysis showed that tetramethylpyrazine rats 
had significantly higher brain tissue water content than the healthy group but significantly lower in other rats. 
ML385 group had the highest brain tissue water content. Triphenyltetrazolium chloride staining indicated 
that there was a white infarct area in the left cerebral cortex and striatum of controls, tetramethylpyrazine 
rats showed significantly less infarct area. ML385 group had a significantly increased infarct rate, while 
tetramethylpyrazine+ML385 group showed a drastically lower infarct rate than ML385 rats but higher than 
the tetramethylpyrazine group. Similarly, hippocampal cornu ammonis 1, quantitative polymerase chain 
reaction and immunoblotting results were also studied. Tetramethylpyrazine can promote nuclear factor 
erythroid 2-related factor 2 expression downregulates absent in melanoma 2 levels and reduce neuronal cell 
apoptosis in brain tissue, which is related to its inhibition of brain tissue inflammatory responses. This could 
indicate a novel therapeutic direction for treating cerebral ischemic reperfusion injury.

Key words: Tetramethylpyrazine, nuclear factor erythroid 2-related factor 2, melanoma, ischemic stroke 
reperfusion, neuroprotection

Ischemic cerebral stroke with ischemia-reperfusion 
refers to the occurrence of perfusion disorders and 
reperfusion injury during cerebral ischemia. It is 
mainly caused by vascular obstruction or rupture, 
leading to insufficient blood supply to the brain and 
subsequent pathological changes[1]. Reperfused blood 
returning to the ischemic area causes rapid changes 
in the intra- and extracellular environment, resulting 

in cellular damage[2]. Currently, ischemic cerebral 
stroke has become a major global public health issue, 
with its incidence and mortality rates increasing 
year by year. Ischemic cerebral stroke often leads 
to cognitive impairments in patients[3] and severe 
ischemia-reperfusion can cause extensive necrosis of 
brain tissue, impair brain function and even result in 
death[4]. Therefore, timely treatment is required for 
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ischemic cerebral stroke with ischemia-reperfusion. 
Currently, the main treatment methods include 
thrombolysis, intervention and medication, but they 
have certain limitations. For example, thrombolytic 
therapy increases the risk of cerebral hemorrhage 
and intervention requires specialized techniques 
and equipment, and medication therapy has variable 
effectiveness due to patient resistance and adverse 
reactions. Hence, it is necessary to explore and 
discover more effective and safe treatment methods.
Tetramethylpyrazine (TMP) as a bioactive alkaloid, 
possesses potent pharmacological activities such as 
vasodilation and improvement of microcirculation[5]. 
Previous studies have reported on the neuroprotective 
mechanisms of TMP, which are often associated with 
inflammatory responses[6,7]. Additionally, studies have 
found that the assembly and activation of the Absent 
in Melanoma 2 (AIM2) inflammasome can release 
large amount of inflammatory factors, leading to 
cell pyroptosis[8]. Furthermore, it has been indicated 
that AIM2 inflammasome-mediated pyroptosis 
plays a crucial role in cerebral ischemia-reperfusion 
injury[9]. Nuclear factor erythroid 2 related factor 
2 (Nrf2) interacts with AIM2 inflammasome and 
other inflammatory bodies[10,11]. However, it remains 
to be explored whether TMP can exert an influence 
on the neuroprotection of ischemic cerebral stroke 
with ischemia-reperfusion through Nrf2 and AIM2. 
These questions are still worthy of investigation; 
based on this, the present study aims to establish an 
animal model to study how TMP modulates AIM2 
inflammasome through Nrf2 in cerebral ischemia-
reperfusion injury, providing new insights for the 
treatment of such patients in clinical settings.

MATERIALS AND METHODS
Reagents and materials:

Specific Pathogen Free (SPF) adult Sprague-Dawley 
(SD) rats were obtained from the Experimental 
Animal Center of Peking University. Lipofectamine 
3000, cell lysis buffer, protease inhibitor, fetal 
bovine serum, Reverse Transcription Polymerase 
Chain Reaction (RT-PCR) kit, Total Ribonucleic 
Acid (RNA) Isolation (TRIzol) reagent, fluorescent 
quantitation reagent kit (Thermo Fisher Scientific); 
complementary Deoxyribonucleic Acid (cDNA) 
synthesis kit (Tiangen Biotech, Co., Ltd.); Nrf2 
inhibitor (ML385, HY-100523, MedChemExpress); 
TMP of purity ≥98 % and with batch number 200809E2 
(Harbin Sanlian Pharmaceutical, Co., Ltd.); AIM2 
rabbit polyclonal antibody, Nrf2 rabbit polyclonal 

antibody (Abcam); 2,3,5-Triphenyltetrazolium 
Chloride (TTC) (MP Biomedicals, Pvt., Ltd.).

Animal model preparation:
120 SD rats were kept in a 22°-28° environment (12 
h light/dark cycle) with free access to food and water. 
Brain ischemia-reperfusion model was constructed 
using the suture method. After anesthesia, a midline 
incision was made, muscles and left Common Carotid 
Artery (CCA), External (E) CA, and Internal (I) CA 
were separated. The distal and proximal ends of 
CCA and ECA were clamped and the proximal ends 
of CCA and ECA were ligated. A small incision was 
made 4 mm distal to CCA bifurcation and a suture 
thread was inserted. The thread was then pulled out 
from the CCA using a fine silk thread and fixed. After 
suturing the incision, the rat was placed in a separate 
cage for observation. The neurological deficits of all 
rats were scored according to the Longa scale. A score 
of 0 indicated no significant neurological damage; 1 
indicated inability of the contralateral forelimb to 
extend; 2 indicated circling towards the contralateral 
side during spontaneous movement; 3 indicated 
leaning towards the contralateral side and 4 indicated 
inability to walk with impaired consciousness. Rat 
models with cumulative scores between 1 and 3 were 
considered successful. A total of 100 models were 
successfully established.

Animal grouping:
Rats with successful modeling were randomly 
separated into model control group, TMP group, Nrf2 
inhibitor (ML385) group and TMP+ML385 group 
(n=25). Additionally, 25 healthy rats were included 
as healthy controls.

Group intervention:
All the rats were fed normally after surgery. The daily 
dosage for rats was calculated based on the principle 
of equivalent dose calculated by body surface area 
for humans and animals. Model controls received a 
daily intraperitoneal injection of 1 ml/100 g of normal 
saline in the morning. TMP rats received 252 mg/
kg of TMP with concentration of 0.72 mg/ml). Nrf2 
inhibitor (ML385) group rats received 1 ml/100 g 
of ML385 while TMP+ML385 rats received ML385 
and TMP solution at the same doses as mentioned 
above; the injections were given continuously for 1 
w.

Neurological deficit scoring:
On 1st, 3rd and 7th d after modeling, neurological 
deficits in each group were assessed using the 
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modified Neurological Severity Score (mNSS)[12]. 
The sum of the scores from various neurological 
function tests represented the mNSS behavioral score 
for each group of rats, with higher scores indicating 
more severe damage.

Measurement of brain water content: 
Brains were extracted from the rats after removing 
the cerebellum and olfactory bulb. The right brain 
was washed with physiological saline, dried and 
weighed. Then, it was placed in an electric heating 
incubator maintained at 60° and air-dried for 3 d. 
Percentage (%) of brain water content was calculated.
Brain water content=wet weight-dry weight/wet 
weight×100 %

TTC staining of brain tissue slices and cerebral 
infarction:
Coronal sections of rat brain tissue were made 
into 2 mm thick, soaked in 2 % TTC and kept in a 
light-protected room at 37° for 20 min, fixed in 4 
% Paraformaldehyde (PFA) solution for 1 d, and 
photographed. TTC-stained images were analyzed, 
where red or white area represented normal infarcted 
brain tissue. The percentage of cerebral infarction 
was calculated.
Infarct area percentage=contralateral hemisphere-
infarcted hemisphere/brain tissue area of the 
contralateral hemisphere×100 %

In situ observation of neuronal apoptosis using 
Terminal deoxynucleotidyl transferase deoxyUridine 
Triphosphate (dUTP) Nick-End Labeling (TUNEL) 
assay:
The removed rat brain tissue was paraffin-embedded 
and sections were deparaffinized. The sections were 

then soaked in 3 % Hydrogen peroxide (H2O2) for 10 
min, rinsed and soaked with 0.1 % Triton X-100 at 4° 
overnight. Afterwards, the tissue was heated at 37° 
for 1 h, treated with the TUNEL reaction mixture, 
sealed with a coverslip and kept in a dark humid 
chamber for 1 h. The reacted sections were rinsed 
with Phosphate Buffered Saline (PBS), dehydrated, 
cleared and sealed. Sections were observed under 
a fluorescence microscope to assess neuronal 
apoptosis. The apoptotic rate was calculated.

Detection of B cell lymphoma-2 (Bcl-2) and Bcl-2-
Associated protein X (BAX) using Enzyme-Linked 
Immunosorbent Assay (ELISA):
Rat brain tissue was added to reaction wells and 
supernatant was added. After incubation, at room 
temperature for 24 h the reaction wells were 
washed with PBS. Then, corresponding enzyme-
labeled antibodies were used for 1 h incubation. 
After washing the reaction wells, 0.1 ml of 
3,3’,5,5’-tetramethylbenzidine and 0.05 ml of 2 
mmol/l sulfuric acid were added and absorbance was 
recorded.

Real-time PCR experiment for detection of AIM2 
and Nrf2:
Tissue samples were thawed and 0.1 g of the sample 
was taken into a centrifuge tube. Trizol reagent and 
sterile water were added. cDNA double-strands 
were prepared and used as a template. PCR reaction 
system consisted of 10 μl 2X PCR buffer, 6 μl Double 
Distilled Water (DDH2O), 2 μl cDNA and 1 μl primers. 
Glyceraldehyde-3-Phosphate Dehydrogenase 
(GAPDH) was included as an internal control and 
relative expression of messenger RNA (mRNA) was 
determined using the 2-∆∆Ct formula (Table 1).

Primer Primer sequence

AIM2
F 5'-TTCCTCAGTTGTGGTTGATGTT-3'

R 5'-ATTTTGTTTTGCTCTGGTTTCC-3'

Nrf2
F 5'-TGGAGACGGCCATGACTGATT-3'

R 5'-GGTGGAAGAATGGGAGTTGCT-3'

GAPDH
F 5'-ACCCCACTATCTC-3’

R 5'-ACCCCACTATCTC-3’

TABLE 1: qPCR PRIMER SEQUENCING
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rats had lowest brain tissue water content. TMP rats 
had significantly higher brain tissue water content 
than the healthy group, but significantly lower than 
the other groups. ML385 rats had the highest brain 
tissue water content (fig. 2).
TTC staining and cerebral infarction results was 
evaluated. TTC staining revealed that model control 
group had white infarct areas in the left hemisphere 
cortex and striatum. TMP group showed significant 
reduction in infarct area, but still exhibited noticeable 
white spots at the site of infarction while ML385 
group had a significantly increased infarction rate. 
TMP+ML385 rats showed a lower infarction rate 
compared with ML385 rats but higher in TMP rats 
(fig. 3).
Comparison of neuronal apoptosis rate was carried 
out. Staining observations of the hippocampal Cornu 
Ammonis (CA) 1 region showed a sharp suppression 
in neuronal apoptosis in TMP rat brains. On the 
other hand, ML385 rats showed a sharp increase in 
neuronal apoptosis in the damaged brains of the rats 
(fig. 4).
Further, Bcl-2 and BAX protein in rat tissues was 
compared. ELISA results revealed that Bcl-2 and 
BAX in model rats were higher than in the healthy 
rats. In TMP rats, BAX was drastically reduced, 
while Bcl-2 increased (fig. 5).
Nrf2 and AIM2 expression in each group was 
compared. Results indicated that Nrf2 and AIM2 
were up-regulated in model rats compared to healthy 
rats, but were lower in ML385 rats. In TMP+ML385 
rats group, Nrf2 was higher than that in the ML385 
rats but was low in TMP rats, while AIM2 was 
drastically lower than that of ML385 rats but higher 
than that of TMP rats (fig. 6).

Detection of AIM2 and Nrf2 using Western blot:
Total protein was extracted from the corresponding 
anatomical site of the brain tissue in the arterial 
supply cortex of the ipsilateral hemisphere of rats 
with cerebral infarction. Protein was quantified by 
Bicinchoninic Acid (BCA) kits, resolved by Sodium 
Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) and immunoblotted to a Poly Vinylidene 
Fluoride (PVDF) membrane. The membrane was 
blocked with 5 % Bovine Serum Albumin (BSA) for 
1 h, kept with 1:400 1st antibody overnight, washed 
by Tris-Buffered saline with 0.1 % Tween® (TBST), 
incubated with 1:5000 2nd antibody, washed by TBST 
and exposed for detection. 

Statistical analysis:
Data collected was measured in terms of 
mean±standard deviation and was analyzed by 
Standard Package for Social Sciences (SPSS) 
version 26.0. Independent sample t-tests were used to 
compare inter-group quantitative data. For multiple 
groups, one-way Analysis of Variance (ANOVA) 
followed by Least Significant Difference (LSD) test 
was applied, p<0.05 was defined to be significant.

RESULTS AND DISCUSSION

Neurological deficits of the rats were studied. 100 
out of 120 rats were successfully modeled, and no 
deaths occurred during the experimental process. No 
significant difference was found in mNSS behavioral 
scores on the 1st d after modeling. On 3rd and 7th d 
after modeling, mNSS behavioral scores in TMP rats 
were significantly lower than other groups, while the 
mNSS behavioral score in ML385 rats was sharply 
higher than other groups (fig. 1).
Brain tissue water content was observed. Healthy 

Fig. 1: Neurological deficits
Note: ( ): Model control group; ( ): TMP group; ( ): ML385 group and ( ): TMP+ML385 group
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Fig. 2: Brain tissue water content 
Note: *p<0.05 vs. healthy rats, ( ): Healthy group; ( ): Model control group; ( ): ML385 group; ( ): TMP+ML385 
group and ( ): TMP group

Fig. 4: Apoptosis of nerve cells in each group, (A): CAI area of the hippocampus under the microscope and (B): Apoptosis rate 
of nerve cells
Note: *p<0.05 (n=5) and magnification factor of 200X

Fig. 3: Results of TTC staining of rats, (A): Brain tissue and (B): Cerebral infarction rate
Note: #p<0.05 and #p<0.01 (n=6)
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the severity of neuronal functional impairment in 
each group of rats. Data demonstrated that mNSS of 
TMP rats was remarkably lower than that of control 
model, indicating that TMP could improve neuronal 
damage, consistent with previous report[19].
Nrf2 signaling has antioxidant effect and plays a 
key role in regulating Reactive Oxygen Species 
(ROS)-related apoptosis and CIRI[20,21]. Nrf2 controls 
many antioxidant genes’ expression, and its induced 
endogenous antioxidant enzymes are involved in 
various diseases. To further clarify whether TMP 
can exert its effects through Nrf2 in brain protection, 
the ML385 group was established in this study. Data 
indicated that the water content of brain tissue in 
TMP rats was drastically lower than that of control 
model, with the highest water content in the ML385 
group. TTC staining demonstrated that infarct rate 
of ML385 rats enhanced sharply, while the infarct 

According to statistics, approximately 87 % of 
stroke patients have ischemic stroke[13]. However, the 
restoration of blood flow (reperfusion) exacerbates the 
damage, leading to Cerebral Ischemia-Reperfusion 
Injury (CIRI) which is the result of combined 
action of inflammatory reactions and cell necrosis, 
among other factors, which trigger the pathological 
cascade reactions and directly or indirectly lead to 
neuronal death[14,15]. Inflammation is an important 
pathological process in CIRI, and recent research 
has reported that TMP has functions such as reducing 
blood-brain barrier damage, dilating cerebral blood 
vessels and exerting anti-inflammatory effects[16,17]. 
Lijuan et al.[18] found that TMP inhibits the neuronal 
apoptosis in PC12 cell line by upregulating Bcl-2 
and inhibiting caspase-3. However, the mechanism 
of neuroprotective action of TMP is still unknown. 
Therefore, we created a rat model of CIRI to observe 

Fig. 5: Comparison of Bcl-2 and BAX proteins in rat tissues
Note: ( ): Healthy group; ( ): Model control group; ( ): ML385 group; ( ): TMP+ML385 group and ( ): TMP group

Fig. 6: Detection of Nrf2 and AIM2 expression, (A): Western blot and (B): qRT-PCR 
Note: ( ): Healthy group; ( ): Model control group; ( ): ML385 group; ( ): TMP+ML385 group and ( ): TMP group
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rate in TMP rats decreased significantly. Meanwhile, 
TUNEL staining results revealed a sharp decrease of 
neuronal apoptosis in TMP group, but a significant 
increase in ML385 group. Compared to control 
model, BAX in TMP rats down-regulated, while Bcl-
2 up-regulated. ML385 rats had the highest BAX 
level but least Bcl-2 level. When TMP and ML385 
were used in combination, relative improvements in 
Bcl-2 and BAX protein levels were observed. This 
suggests that TMP may exert its neuroprotective 
effects by regulating the Nrf2 pathway.
It has been reported that AIM2 inflammasome 
absence leads to ischemic brain injury through 
Apoptosis-associated Speck-like protein containing 
Caspase (ASC) recruitment domain, leading to 
caspase-1 activation[22,23]. This study showed that 
AIM2 is an important component of innate immunity 
and enhances Interleukin (IL)-18 and IL-1 Beta 
(β) production, exacerbating the inflammatory 
response[24]. In addition, Gong et al.[25] found that 
after AIM2 gene deletion, AIM2 and IL-1β in 
mouse brain decreased and cerebral infarction and 
symptoms of neurological dysfunction were sharply 
alleviated. Based on these findings, this study 
further explored the connection between Nrf2 and 
AIM2 and investigated the mechanism of action in 
TMP-induced brain protection; quantitative PCR 
(qPCR) and immunoblotting demonstrated that 
Nrf2 and AIM2 in model intervention group was 
up-regulated with the highest expression in ML385 
group while TMP group tended to be within the 
normal range. Therefore, it is speculated that the 
potential mechanism of TMP in brain protection 
involves the activation of Nrf2 via the Nrf2 pathway, 
downregulating AIM2 expression, controlling the 
entry of AIM2 into brain tissue, regulating Bcl-2 and 
BAX expression, thereby reducing brain tissue water 
content to some extent, inhibiting neuronal apoptosis, 
reducing cerebral infarction and ultimately exerting 
neuroprotective effects.
In summary, TMP can promote Nrf2 expression 
and downregulate AIM2, thus reducing neuronal 
apoptosis in brain tissue. This provides a new 
mechanism for drug treatment of CIRI. However, 
this study was conducted in animal models and did 
not investigate the therapeutic effects of TMP in 
combination with other drugs. The protective effects 
of TMP on patients with ischemic reperfusion injury 
and its synergistic effects with other drugs need 
further experimental analysis. 
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