
Received: 2016.04.07
Accepted: 2016.05.13

Published: 2016.12.23

 2638   3   6   18

Tetramethyl Pyrazine Protects Hippocampal 
Neurons Against Anoxia/Reoxygenation Injury 
Through Inhibiting Apoptosis Mediated by 
JNK/MARK Signal Pathway
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 Background: Tetramethyl pyrazine (TMP) is a typical biologically active alkaloid isolated from the Chinese herb Ligusticum 
walliichi. It has been reported that TMP shows neuroprotective and stroke injury reductive properties in cere-
bral ischemia/reperfusion (I/R) animal models. In the present study we sought to investigate the effect and po-
tential intervention mechanism of TMP in anoxia/reoxygenation (A/R) rat hippocampal neurons.

 Material/Methods: After being cultured for 7 days, primary hippocampal neurons were randomly assigned into a normal control 
group (N), a TMP group (C: 0 ug/ml, L: 60 ug/ml, M: 200ug/ml and H: 800 ug/ml), and a JNK inhibitor group 
(S: SP600125, 10 μmol/L). A hypoxia/reoxygenation model were prepared 1 h after incubation. Hippocampal 
neurons were incubated in 90% N2 and 10% CO2 for 2 h, and then reoxygenated for 24 h in an incubator with 
5%CO2 at the temperature of 37°C. The apoptosis rate, MKK4 and MKK7 mRNA and JNK kinase protein levels 
(C-fos, c-jun, and P-JNK) of hippocampal neurons were detected.

 Results: The apoptosis rates of hippocampal neurons induced by A/R showed significant reduction after being pre-treat-
ed with JNK inhibitor, TMP 60 µg/ml, 200 µg/ml, and 800 µg/ml. The JNK kinase MKK4mRNA and MKK7mRNA 
levels, as well as the expressions of C-fos, C-jun, and P-JNK protein levels, were also be reduced.

 Conclusions: TMP may produce a protective effect in anoxia/reoxygenation-induced primary hippocampal neuronal injury 
by inhibiting the apoptosis of the hippocampal neurons; the possible mechanism may be inhibition of the JNK 
signal pathway.
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Background

Stroke is one of the leading causes of death and disability 
worldwide [1]. Nowadays, there were remarkably decreased 
functional deficits through the application of the intravascular 
techniques and thrombolytic agents [2]. Despite the advanc-
es in the therapy, the prevention of stroke-related brain dam-
age is still unsatisfactory. Thus, effective prevention and cure 
of neurons anoxia/reoxygenation (A/R) injury can be to have 
the great clinical value. Many neuroprotective treatments for 
stroke rely on this mechanism. Traditional Chinese herbal med-
icine has been described in medicine systems as a neuropro-
tective treatment associated with A/R injury.

Tetramethyl pyrazine (TMP), a biologically active alkaloid ex-
tracted from the rhizome of the traditional herbal medicine 
Ligusticum walliichi, has been used routinely in China for the 
treatment of stroke and other vascular diseases [3]. TMP pro-
tects the neurons in animal ischemic stroke models through 
scavenging free radicals, inhibiting Ca2+ influx, increasing the 
transcription of thioredoxin and suppressing the inflamma-
tory response. A previous study showed that TMP exhibited 
neuroprotective and anti-inflammatory effects in rats subject-
ed to permanent cerebral ischemia [4]. Morphological studies 
have indicated that TMP has a protective effect on ischemic 
neuronal damage in hippocampus by regulating free radicals 
and free calcium [5]. However, the effects of TMP in the an-
oxia/reoxygenation induced by hippocampal neurons injury 
have not been well explored. Therefore, the present study of 
us focused on TMP’s protective effect to primary hippocam-
pal neurons against anoxia/reoxygenation injury and the po-
tential mechanisms with the aim of identifying possible novel 
targets for the treatment of neurological diseases and stroke.

Material and Methods

Animal and main reagents

SPF Sprague-Dawley rats with pregnancy of 18 days were ob-
tained from the Experimental Animal Center of Guangzhou 
University of Chinese Medicine. All rats were given ad libitum 
normal chow diet. All experimental procedures involving ani-
mals were approved by the Animal Care and Use Ethics com-
mittee of the First Affiliated Hospital of Guangzhou University 
of Chinese Medicine.

Tetramethyl pyrazine Hydrochloride Injection was purchased 
from Shanghai Modern Hassan Pharmaceutical Co., Ltd. 
(11072711), FBS, NEUROBASAL™ Medium; trypsin-EDTA for 
cell culture was purchased from GIBCO, immunofluorescent 
antibody from Cell Signaling and Trizol, buffer, etc. PCR detec-
tion reagents from Invitrogen.

Culture of hippocampal neurons

SPF Sprague-Dawley rats with pregnancy of 18 days (Certificate 
No.: 0107721) were sacrificed by performing cervical spinal cord 
transaction (in order to avoid the influence of anesthetics and 
hypoxia on the experiment) and laparotomy to take out the 
fetus. Then, the skull cap of the fetus was opened with the 
brainstem pinched-off and the cerebrum was removed out and 
transferred into a drug-free culture medium in an ice bath. The 
blood vessels and meninges were removed under microscope 
after hippocampus was isolated. 4ml of 0.125% Trypsin-EDTA 
was added and digested in an incubator. The digestion was 
completed after 25–30 min. The cells were gently blown and 
knocked for 20 times with a pipette tip. After standing still for 
3 mins, the upper monoplast suspension was filtered through 
200 mesh stainless steel sieve, inoculated on a 6-well coated 
culture plate with 5×105~7×105/cm2 and cultured at 37°C in 
5% CO2, with no shaking within 6–8 h and then was changed 
into serum-free medium (2%B27+NEUROBASAL™ Medium) 
6–8 h later. Half volume of medium was changed every 3 days 
and neurons purity was detected by NSE ELISA after being cul-
tured for 6–8 days.

Grouping and establishment of A/R model

The study object Fetal rat hippocampal neurons being cultured 
for 7 days were randomly divided into 6 groups: group N (nor-
mal group without anoxia), group C (blank control group 0 
ug/ml), group S (10 μmol/L of JNK inhibitor SP600125), group 
L (a low concentration of 60 ug/ml TMP), group M (a medium 
concentration of 200 ug/ml TMP) and group H (a high con-
centration of 800 ug/ml TMP). Added the corresponding con-
centration of drugs to the experimental groups respective-
ly and 1 h after drug effect delivered 90% N2 and 10% CO2 
(flow rate 0.2 L/min) continuously to induce anoxia for 2 h. 
Transferred them into the incubator to reoxygenate for 2 h in 
5% CO2 and detect.

Apoptosis proportion of hippocampal neurons detected by 
flow cytometry

Added 0.25% trypsin in digestion for 5 min and then added 
serum culture solution with repetition of blowing and beating 
after retraction of cytoplasm. Collected single cell suspension 
with per sample containing (1~5)×106 cells/ml, centrifuged for 
5 min at a speed of 500~1000r/min., washed with pre-cooled 
PBS for 2 times, re-suspended cells with 250 μl binding buffer 
solution and adjusted cell concentration to 1×106 cells/ml. Then, 
measured 100 µl of cell suspension, added 5 µl AnnexinV/FITC 
and 10 µl of 20 µg/ml propidium iodide. Incubated for 15 min 
under protection from light, added 400 µl of PBS and analyze 
with flow cytometer (Beckman Coulter, USA) under excitation 
wavelength 488 nm. And FITC fluorescence was detected by 
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band-pass filter under wavelength 515 nm and PI by another 
filter under wavelength more than 560 nm.

Expression of protein c-fos, c-jun, and p-jnk in A/R 
hippocampal neurons after pre-administration of TMP 
determined by immunofluorescence method

We discarded the culture solution and washed cells with PBS 3 
times. Cells were then fixed in cold acetone for 10 min, washed 
with PBS 3 times, and dried naturally for 10–15 min. We add-
ed penetrant containing 0.5% of Triton PBS and incubated it 
for 30 min at room temperature. We dried the slide, added 
dropwise 300 µl of blocking solution and incubated it for 60 
min at room temperature. After discarding the blocking solu-
tion, we added 300–500 ul (dilution 1:70; C-fos dilution 1:100) 
of primary antibody (C-fos, c-jun, and p-jnk) and incubated it 
at room temperature overnight at 4°C. Then it was washed 
with PBST 3 times, after which we added 300–500 µl (dilution 
1:500) of secondary antibody, incubated at room temperature 
for 60 min under protection from light and washed with PBST 
3 times. We then added 300 µl of Hoechst solution, incubat-
ed at room temperature for 10 min in the dark, washed with 
PBST 3 times, observed, and took photos (Zeiss laser confo-
cal microscope LSM 700).

Expression level of MKK4 and MKK7 mRNA in rats 
detected by fluorescence quantitative PCR (probe)

Design and synthesis

Sequence Name: R-MAP2K4 (MKK4) (amplified fragment 
length 113 bp)
Forward Primer: 5’-CTCGTGGACTCTATTGCCAAGA-3’
Reverse Primer: 5’-CAGACATCAGAGCGGACATCA-3’
Probe: 5’-FAM-AGAGATGCTGGCTGTAGGCCGTATATGGC-TAMRA-3’
Sequence Name: R-MAP2K7 (MKK7) (amplified fragment 
length 105 bp)
Forward Primer: 5’-AGCGAATCCTTGGCAAGATG-3’
Reverse Primer: 5’-GCAGGATGTTGGAGGGTTTG-3’
Probe: 5’-FAM-CCGTGGCGATTGTGAAAGCAT-TAMRA-3’
Sequence Name: R-GAPDH (amplified fragment length 134 bp)
Forward Primer: 5’-TGGTCTACATGTTCCAGTATGACT-3’
Reverse Primer: 5’-CCATTTGATGTTAGCGGGATCTC-3’
Probe: 5’-FAM-CCACGGCAAGTTCAACGGCACAGT-TAMRA-3’

Extraction of total RNA

We added 1 ml of TRIzol to the cell pellet in 1.5-ml Eppendorf 
tube, added 0.2 ml of chloroform, incubated it at 4°C for 2–3 
min and centrifuged it for 15 min. To the supernatant, we add-
ed an equal volume of isopropanol, incubated it at 15–30°C 
for 10 min, and centrifuged it for 15 min at a speed of 12 000 
rpm. The supernatant was discarded, and the precipitate was 

washed with 800 ul of 75% ethanol (containing DEPC water) 
and centrifuged at 4°C for 5 min at a speed 7500 rpm. We dis-
carded the ethanol with air or vacuum, then dried for 5–10 
min and dissolved the RNA with DEPC water.

Reverse transcription

The condition of reverse transcription was as follows: 5×4 μl 
of RNA template, BIO-RAD qualitative PCR (USA), reaction sys-
tem: 5×reverse transcription buffer 4 µl, 0.5 µl of reverse prim-
er (10 pmol/µl), 0.5 µl of dNTPs (10 mM), 0.5 µl of MMLV (200 
U/µl), and 10.5 µl of DEPC water. Reaction conditions were 
37°C for 1 h and then at 95°C for 3 min.

Fluorescent quantitative PCR

For preparation of the standard, we isolated the positive prod-
uct of PCR amplification in the pre-test through 2% low-melt-
ing agarose gel electrophoresis, cut the target strips under the 
long-wave ultraviolet, recovered and purified it by use of the 
QIA Quick Gel Extraction Kit. Purity was qualified if OD 260/280 
>1.8. We converted the OD260 values and fragment length to 
the concentration (copy/µl) and sterilized the negative quali-
ty control standard with double-distilled water.

For preparation of the positive standard gradient, we took 5 μl 
of positive standard diluted 10-fold serially to the 4 positive 
standard gradients.

The reaction system of sample and positive standards was 
prepared using 5×10 µl of quantitative PCR buffer, 1 µl of for-
ward primer F (10 pmol/µl), 1 µl of reverse primer R (10 pmol/
µl), 1 µl of probe (5 pmol/µl), 1 µl of dNTPs (10 mM), 1 µl of 
Taq polymerase (3 U/µl), 5 µl of cDNA, 30 µl of ddH2O, with 50 
µl in total. Reaction conditions were: 93°C for 2 min, 93°C for 
15 s, 55°C for 25 s, and 72°C for 25 s, for a total of 40 cycles.

Results were analyzed according to quantity copy number, ex-
pressed as B (B=copy number/μl cDNA). Taking into account 
the difference in the concentration of total RNA from each 
sample, the sample expression was calculated by the formu-
la: A=B1 (target genes)/B2 (reference genes), and A value was 
analyzed statistically.

Statistical methods

This was a completely randomized study. All the data were 
analyzed using statistical software SPSS15.0 and all the mea-
surement data were expressed as mean ± standard deviation 
(±S). Analysis of variance was carried out using the one-way 
ANOVA test, then Welch’s test for heterogeneity of variance 
and LSD and Dunnett’sT3 test for multiple comparisons. A dif-
ference was significant at P<0.05.
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Results

Morphological changes of primary rat hippocampal neuron 
observed under a phase-contrast microscope

Most of the hippocampal neurons were adherent and formed 
synapses when cultured for 4~6 h (Figure 1A). Neural networks 
developed between adjacent nerve cell synapses 3 days and 
7 days later (Figure 1B, 1C). These cells were pyramidal, with 
soma stretching out completely. The neurites were of high pu-
rity and interwove into a network.

Effect of pre-administration with different concentrations 
of tetramethyl pyrazine on apoptosis rate of A/R rat 
hippocampal neurons

The apoptosis rate of hippocampal neurons was increased 
to different extents in each model group compared with the 
normal group (P<0.05). However, due to pre-administration 
in group S (inhibitor SP600125), TMP 60 μg/ml, 200 μg/ml or 
800 μg/ml, the apoptosis rate of hippocampal neurons was de-
creased in different extents compared with the A/R treatment-
only group (P<0.01). In addition, the apoptosis rate in group M 

(200 μg/ml) was significantly lower than in the 60 μg/ml and 
800 μg/ml groups (P<0.01), but was not significantly different 
from that in group S (Table 1, Figures 2A, 2B, 3).

Effect of pre-administration with different concentrations 
of tetramethyl pyrazine on the expression of protein C-fos, 
c-jun, and p-JNK in A/R rat hippocampal neurons

Proteins C-fos, c-jun, and p-JNK in hippocampal neurons had 
no expression in the normal group (group N), but the expres-
sion was significantly increased after A/R. Pretreatment with 
inhibitor SP600125 (group S), TMP 60 μg/ml, 200 μg/ml, or 
800 μg/ml reduced the expression of proteins C-fos, c-jun, and 
p-jnk in different extents compared with the A/R treatment-only 
group (P<0.01). The expression in TMP in the 200 µg/ml group 
(group M) showed significant differences when compared with 
60 µg/ml (group L) and 800 µg/ml group (group H) (P <0.01), 
and the reduction of the protein expression in TMP 200 µg/ml 
group was the most significant. (Table 2, Figures 3–5).

A B C

Figure 1.  Morphology of hippocampal neurons cultured. (A) 6 h (×100), (B) 3 days (×200), (C) 7 days (×200).

Group N Apoptosis (%)

N 6  1.93±0.41&

C 6  26.67±1.28#

S 6  4.72±1.25#&

L 6  18.37±2.69#&*

M 6  4.13±0.97#&

H 6  9.13±1.19#&*

F – 261.997

P – 0.000

Table 1.  Effect of pre-administration with different concentrations of Tetramethylpyrazine and SP600125 for 1h on apoptosis rate of 
A/R rat hippocampal neurons (%, c

_
±S, n=6).

# P<0.05 vs. group N; & P<0.01 vs. group C; * P<0.01 vs. group M.
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Effect of pre-administration with different concentrations 
of TMP on the level of MKK4 and MKK7 mRNA in A/R rat 
hippocampal neurons

The content of MKK4 and MKK7 mRNA increased to vari-
ous extents in each model group compared with the normal 
group. Pretreatment with inhibitor SP600125 (group S), TMP 
60 μg/ml, 200 μg/ml, or 800 μg/ml reduced the content of 

MKK4 or MKK7 mRNA to various extents compared with that 
of the A/R treatment-only group. The content of MKK4 or MKK7 
mRNA in the TMP 200 µg/ml group showed significant differ-
ences when compared with the 60 µg/ml and 800 µg/ml groups 
(P<0.01), with the greatest reduction in the TMP 200 µg/ml 
group (Table 3, Figure 6A, 6B).
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Figure 2.  (A) Effect of pre-administration with different concentrations of tetramethyl pyrazine and SP600125 for 1 h on apoptosis rate 
of A/R rat hippocampal neurons (%, ±S, n=6) (# P<0.05 vs. group N, & P<0.01 vs. group C, * P<0.01 vs. group M). (B). Effect of 
pre-administration with different concentrations of tetramethyl pyrazine and SP600125 for 1 h on apoptosis rate of A/R rat 
hippocampal neurons (%).

B

Figure 3.  Effect of pre-administration with SP600125 or tetramethyl pyrazine for 1 h on the expression of protein p-JNK in A/R rat 
hippocampal neurons (N – normal, C – control, S – SP600125, L – 60 µg/ml, M – 200 µg/ml, H – 800 µg/ml).
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Discussion

Hippocampal neuron apoptosis is an important pathological 
basis for cerebral ischemia-reperfusion injury. In recent years, 
many studies have shown that the JNK transduction pathway 
is an important signaling pathway, which plays an essential 
role in cell differentiation, apoptosis, stress response, and the 
occurrence and development of a variety of human diseas-
es [6–8]. Anthrapyrazolone SP600125 [9], an effective and se-
lective inhibitor of JNK-1/2/3, can competitive binding with 
ATP reversibly to inhibit JNK and phosphorylation of c-jun in 
a dose-related manner.

Recent studies suggest that cerebral ischemic injury is closely 
related to the mitogen-activated protein kinase (MAPK) cas-
cade pathway [10]. N-terminal protein kinase (JNK) C-Jun is an 
important member of the MAPK family and it has been proven 
that the JNK transduction pathway is a signal pathway lead-
ing to apoptosis. The study of the JNK signal transduction 

pathway-associated protein is important and significant in 
the prevention of cerebral hypoxia-ischemia-reperfusion in-
jury and the exploration of the mechanisms of neural cell 
apoptosis [11–15].

Our results suggest that SP600125, an effective and selective 
inhibitor of JNK-1/2/3, can significantly reduce the apoptosis 
rate of A/R hippocampal neurons and reduce the cascade re-
action of apoptosis through inhibiting JNK activity, which is im-
portant for apoptosis. Pre-administration with TMP 60 μg/ml, 
200 μg/ml or 800 μg/ml can reduce the apoptosis and necro-
sis of hippocampal neurons induced by anoxia to various ex-
tents. Interestingly, the most dramatic reduction of neuron 
apoptosis was caused by pre-administration of 200 μg/ml TMP.

The proto-oncogene C-fos is a fast and transient expression 
gene that can induce the transcription of C-fos and synthesis 
of mRNA in the cytoplasm and translate mRNA into proto-on-
cogene protein C-fos. C-fos enters into the nucleus and binds 

Group N C-FOS C-JUN P-JNK

N 6  0.40±0.08&  0.43±0.06&  0.46±0.06&

C 6  1.67±0.10#  2.02±0.22#  2.38±0.33#

S 6  0.79±0.04#&  0.89±0.08#&  0.93±0.05#&

L 6  1.03±0.11#&*  1.23±0.07#&*  1.37±0.07#&*

M 6  0.65±0.09#&  0.70±0.13#&  0.73±0.06#&

H 6  0.87±0.05#&*  0.91±0.06#&*  1.08±0.10#&*

F – 163.997 128.252 123.235

P – 0.000 0.000 0.000

Table 2.  Impact of the pre-administration of SP600125 and tetramethylpyrazine 1 h of anoxia – reoxygenation damage neurons in the 
C-fos, c-jun, p-JNK protein expression.

# P<0.01 vs. group N; & P<0.01 vs. group C; * P<0.01 vs. group M.

Groups N MKK4 MKK7

N 6  0.0014±0.0006&  0.0011±0.0007&

C 6  0.0305±0.0072#  0.0308±0.0039#

S 6  0.0134±0.0009#&  0.0131±0.0035#&

L 6  0.0148±0.0012#&*  0.0177±0.0014#&*

M 6  0.0039±0.0009#&  0.0055±0.0009#&

H 6  60.0139±0.0009#&*  0.0117±0.0021#&*

F – 68.022 111.223

P – 0.000 0.000

Table 3.  Effect of pre-administration with SP600125 or TMP on the expression of MKK4 or MKK7 mRNA in A/R rat hippocampal 
neurons (%, c

_
±S, n=6).

# P<0.05 vs. group N; & P<0.01 vs. group C; * P<0.01 vs. group M.
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Figure 4.  Effect of pre-administration with SP600125 or tetramethyl pyrazine for 1 h on the expression of protein C-fos in A/R rat 
hippocampal neurons (N – normal, C – control, S – SP600125, L – 60 µg/ml, M – 200 µg/ml, H – 800 µg/ml).

Figure 5.  Effect of pre-administration with SP600125 or tetramethyl pyrazine for 1 h on the expression of protein c-jun in A/R rat 
hippocampal neurons (N – normal, C – 3 control, S – SP600125, L – 60 µg/ml, M – 200 µg/ml, H – 800 µg/ml).
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Figure 6.  (A) Effect of pre-administration with SP600125 or TMP on the expression of MKK4 or MKK7 mRNA in A/R rat hippocampal 
neurons (%, ±S, n=6) (# P<0.05 vs. group N, & P<0.01 vs. group C, * P<0.01 vs. group M). (B). Standard amplification curves 
and sample amplification curves of MKK4, MKK7, and GAPDH.
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with the target gene to activate the target gene expression to 
respond to stimuli when the central neurons are stimulated. 
Consequently, the expression level of C-fos protein to some ex-
tent reflects the repair capability of hippocampal neurons and 
the potential of cell-induced secondary brain injury. Research 
using semi-quantitative RT-PCR method to detect the level of 
C-fos mRNA levels in hippocampus and cortex of neonatal rat 
has confirmed that TMP can significantly reduce the obvious-
ly increased C-fos mRNA level in hypoxic-ischemic brain injury 
in brain tissue. Studies have also shown that TMP can signif-
icantly reduce the infarct volume after cerebral ischemia, and 
can down-regulate C-fos expression in cortex and basal gan-
glia following cerebral ischemic reperfusion [16].

A representative immediate early gene (IEG), c-jun can induce 
rapid and transient expression of c-JUN following cerebral isch-
emic reperfusion in brain tissue. c-JUN is involved in the tran-
scription of effector enzymes in signal transmission systems 
and regulates the expression of various genes and the synthe-
sis of target proteins. Moreover, JNK can cause the phosphor-
ylation and overexpression of c-jun, in which the phosphory-
lation will greatly increase the activity of c-jun activation gene 
transcription, while the overexpression of c-jun and the acti-
vation of JNK will lead to neuronal apoptosis [17].

MKK4 (SEK1) and MKK7 (SEK2) are parts of the MAPK signal 
transduction pathway and direct upstream kinases of JNK, 

which activate JNK through the phosphorylation of Thr-183 
and Tyr-185 in region JNK VIII, transduce extracellular stimu-
lation signal into the cell and nucleus, and cause a series of 
biological reaction in cells [18]. The inactivation of MKK4 and 
MKK7 can block the JNK signal transduction pathway, which 
is an ideal method to control neuronal hypoxia injury.

In the present study we showed that TMP can inhibit the ex-
pression of the JNK pathway-associated proteins c-jun, C-fos, 
and P-JNK and significantly reduce the upstream content of 
mRNA in the JNK pathway, which is associated with kinases 
MKK4 and MKK7. This inhibition was dose-related with high, 
medium, or low concentrations of TMP, among which the me-
dium concentration had the most significant protective effect.

Conclusions

TMP has a protective effect on A/R rat hippocampal neurons. 
The mechanism may be through inhibiting the JNK transduc-
tion pathway-associated proteins and kinases, and then block-
ing the cell apoptosis pathway.
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