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Tetramethylpyrazine phosphate and  
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attenuated ischemia-reperfusion injury of the  
hypothalamus and striatum via regulation of  
apoptosis and autophagy in a rat model
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Abstract: The combination of tetramethylpyrazine (TMP) and borneol (BO) has shown promise for treatment of 
cerebral ischemia in clinical and experimental studies. However, the mechanism for the synergistic effect of these 
compounds is unclear. In this study, global cerebral ischemia-reperfusion (GCIR) was induced in rats that were 
subsequently treated with tetramethylpyrazine phosphate (TMPP) (13.3 mg/kg), BO (0.16 g/kg), or the combination 
TMPP + BO. Neuronal ultrastructure and intracellular calcium [Ca2+]i levels were evaluated in hypothalamus and 
striatum. Neuron autophagy was evaluated by expression of LC3 II/I, ULK1, Beclin1, BNIP3, mTOR, and pAMPK. 
Neuron apoptosis was examined via apoptosis index (AI) and expression of p53, Bcl-2, Bax, and caspase-3. Both 
monotherapies significantly improved neuronal ultrastructure, reduced numbers of apoptotic neurons and AI, at-
tenuated [Ca2+]i overload, increased expression of pAMPK, ULK1, and LC3 II/I, and markedly reduced expression 
of mTOR, p53, and caspase-3 in hypothalamus and striatum. In hypothalamus, TMPP increased Bcl-2 expression 
and decreased Bax expression. In striatum, TMPP and BO increased Beclin1 expression while TMPP increased 
Bcl-2 expression and decreased Bax expression. TMPP + BO combination therapy enhanced expression of LC3 II/I, 
pAMPK, mTOR, and ULK1 in hypothalamus, and pAMPK, mTOR, ULK1, Beclin1, and Bax in striatum compared to 
the monotherapies. Combination therapy synergistically modulated p53 and adjusted Bcl-2 in striatum compared to 
TMPP and BO monotherapies, respectively. These results demonstrated a synergistic effect of TMPP + BO in protect-
ing against hypothalamus and striatum in rats from ischemia-reperfusion injury and suggested that the mechanism 
involved shifting neurons from harmful apoptosis to protective autophagy and reducing neuronal [Ca2+]i.
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content

Introduction

Global cerebral ischemia is a frequent sequela 
to cardiac arrest, shock, severe hypertension, 
and brain injuries, and always leads to selective 
and delayed neuronal death. In addition to neu-
rons of the cortex and hippocampus, the hypo-
thalamus and striatum are brain regions also 
susceptible to injury [1-4]. It has been con-

firmed that the ischemia-induced abnormali- 
ties in the hypothalamus and striatum lead to 
adverse systemic effects [5, 6]. Therefore, it is 
important to seek effective anti-ischemia thera-
peutic strategies and explore their underlying 
mechanisms in these two brain regions.

Apoptosis and autophagy play roles in the cere-
bral injury induced by ischemia. It has been 
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shown that the process of apoptosis is always 
accompanied by enhanced expression of Bax, 
caspase-3, and p53, and reduced expression 
of Bcl-2. In addition, activation of the caspase 
family, especially caspase-3, is a crucial event 
in the caspase-dependent apoptosis pathway 
[7]. Autophagy, a widespread physiological pro-
cess in higher eukaryotes, contributes not only 
to maintaining cellular homeostasis by regulat-
ing cell growth and differentiation during the 
developmental period, but also to adaptation  
to various metabolic stressors by removal of 
aggregate-prone proteins and damaged organ-
elles. It has been reported that a certain degree 
of autophagy is essential for the stabilization  
of neurons [8].

Tetramethylpyrazine (TMP) is one of the most 
important active ingredients from Ligusticum 
chuanxiong Hort. (chuan xiong), a traditional 
Chinese medicinal herb. TMP phosphate (TM- 
PP), as a commercial product, is usually pre-
scribed for patients with cerebral ischemia in 
the clinic [9]. Protection of the brain from injury 
due to ischemia involves the reduction of in- 
flammation, NO production, and oxidative str- 
ess [10-12]. Borneol (BO), a resin from Dry- 
obalanops aromatica Gaertn. F., has been ac- 
knowledged to attenuate Alzheimer’s disease, 
stroke, cerebral ischemia, cerebritis, and cere-
bral edema in traditional Chinese medicine 
[13]. We previously demonstrated that BO effi-
ciently crossed the blood-brain-barrier (BBB) 
and was distributed in the brain [14, 15]. In 
addition, there is experimental evidence that 
BO monotherapy attenuates the effects of 
brain ischemia via its anti-oxidation and anti-
inflammation activities [16-18]. Moreover, BO 
has been shown to enhance the protective 
effects of TMPP in the cerebrum in numerous 
clinical and experimental studies [19-22]. Our 
previous study confirmed the neuroprotection 
conferred by the two drugs against ischemia-
induced injury in the hypothalamus and stria-
tum regions, and showed that TMPP and BO 
worked synergistically [23]. However, the under-
lying mechanism of protection of the combina-
tion therapy is still unclear. 

The current investigation was undertaken to 
further ascertain the potential targets of TMPP 
and BO in modulating apoptosis- and autopha-
gy-related signaling pathways in the hypothala-

mus and striatum in a rat model of cerebral 
ischemia. In addition, the mechanism of syn- 
ergy was explored to understand the clinical 
effects observed.

Experimental procedures

Materials and animals

TMPP and BO were purchased from Livzon 
Pharmaceutical Group, Inc. (Shaoguan, China) 
and Nanjing Pharmaceutical Co., Ltd. (Nanjing, 
China), respectively. Clear grade male Sprague-
Dawley rats (250-300 g) were obtained from 
Shanghai Slac Laboratory Animal Co., Ltd. 
(Shanghai, China). The rats were housed at the 
animal facility of Nanjing University of Chinese 
Medicine with a 12-h light/12-h dark cycle and 
constant room temperature of 25°C with free 
access to food and water. The care and use of 
the rats were approved by the Animal Ethics 
Committee of Nanjing University of Chinese 
Medicine and the experiment was performed 
strictly according to the Guidelines of Laboratory 
Animal Care and Use (Institute of Laboratory 
Animal Resources, Commission on Life Sci- 
ences, National Research Council, 1996). 

Surgical induction of GCIR

Because the four vessels of the bilateral verte-
bral arteries (VA) and common carotid arteries 
(CCA) contribute to maintenance of cerebral 
blood flow and blood oxygen availability, the 
four-vessel occlusion model was employed to 
mimic GCIR injury in the clinic; the technique 
was performed as previously described [23]. 
Briefly, after rats were anesthetized with chlo- 
ral hydrate (300 mg/kg, intraperitoneally), the 
bilateral VA were located using a lens and com-
pletely occluded by electrocauterization. Then, 
the bilateral CCA were wrapped with thread for 
later occlusion. For CCA occlusion, the rats 
were anesthetized with 2.5% atomized halo-
thane. The CCA were occluded using an artery 
clip for 10 min followed by reperfusion for 24 h. 
Rats that exhibited loss of righting reflex for 60 
s, had bilateral dilated pupils, and that lacked a 
response to light during ischemia were select-
ed for the study. Animals in the sham group 
were prepared in the same way but without 
electrocauterization of the vertebral artery and 
occlusion of the CCA. All surgeries were per-
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formed under anesthesia and body tempera-
ture was maintained at 37 ± 0.5°C using a ther-
mal blanket during the surgical procedure. 

Grouping and drug administration

Sixty-four GCIR rats were randomly divided into 
four groups: model group, TMPP group, BO 
group, and the TMPP + BO group. Each group 
consisted of sixteen rats. Sham and test groups 
were given physiological saline via intragastric 
route. The treatment groups received TMPP 
(13.3 mg/kg), BO (0.16 g/kg), or TMPP + BO 
(13.3 mg/kg TMPP and 0.16 g/kg BO), respec-
tively. All drugs were given once daily for 7 days. 
After the treatment period, groups of rats were 
sacrificed as described below, and brain tis-
sues were harvested and used for the following 
evaluations.

TUNEL staining

TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling) analysis was 
employed to evaluate apoptotic neurons. Rats 
were deeply anesthetized by chloral hydrate 
(300 mg/kg, ip.), then perfused with physiologi-
cal saline followed by 4% paraformaldehyde. 
After the brains were removed, the hypothala-
mus and striatum tissues were separated using 
a brush followed by fixation in 4% paraformal-
dehyde for 30 days. After being dehydrated in 
alcohol, the tissues were embedded in paraffin 
and cut into 5 μm sections. TUNEL staining was 
performed according to the instructions of the 
TUNEL assay kit (Roche Diagnostics Corp., 
Indianapolis, IN). Tissues were evaluated by  
a researcher who was blinded to the group 
assignments. The average numbers of TUNEL-
positive neurons and the total neurons were 
calculated from three random visual fields. The 
apoptosis index (AI) was the ratio of TUNEL-
positive neurons to total neurons.

Examination of ultrastructure

Small pieces (< 1 mm3) of hypothalamus and 
striatum tissue were excised from the whole 
brain and fixed in 2% glutaraldehyde (0.1 M 
phosphate buffer, pH 7.4) for 3 hours, then 
post-fixed with 1% OsO4 and 0.8% potassium 
ferricyanide for 1 h at 4°C. The section was 
dehydrated in a graded series of acetone, 
embedded in Epon 812 epoxy resin, and sliced 

into ultrathin sections. After staining with ura-
nyl acetate and lead citrate, samples were 
examined using an H7650 transmission elec-
tron microscope (Hitachi, Tokyo, Japan).

Laser confocal Ca2+ imaging 

After the rats were deeply anesthetized and 
decapitated, the brain was quickly removed 
and immersed in ice cold DMEM solution, which 
was filled with 95% O2 and 5% CO2. Hypoth- 
alamus and striatum were separated. Then the 
two brain tissues were sliced at 300 μm thi- 
ckness using a VT1000 S Vibratome (Leica, 
Germany). After a slice was stabilized on a 
cover glass in oxygenated DMEM solution for 
30 min at room temperature, it was incubated 
with 5 µM Fluo-3/AM (Biotium, Hayward, CA, 
USA) for another 30 min, and then washed 
twice with D-Hank’s solution. The fluorescence 
intensities in hypothalamic and striatal neu-
rons were detected by a laser scanning con- 
focal microscope (Leica TCS-SP5, Solms, 
Germany). Line scanning mode was used at a 
scan rate of 1 kHz. The excitation wavelength 
was 488 nm and emission wavelength was 
from 505 to 530 nm. The fluorescence intensi-
ty reflected the intracellular calcium content.

Western blot assay

Hypothalamus and striatum tissues were sepa-
rated rapidly on an ice box after harvesting of 
the rat brain. Cerebral tissue was homogenized 
in an ice-cold tissue lysis buffer (1 mM EDTA), 
and 2.5 mL of cell lysate was centrifuged at 
16,000 rpm for 10 min at 4°C. The protein con-
centration in the supernatant was determin- 
ed by bicinchoninic acid (BCA) protein assay 
(Nanjing KeyGen Biotech. Co., Ltd., Nanjing, 
China). The supernatant was diluted to 7 µg/µL 
with gel loading buffer and heated for 4 min at 
95°C. Then, 10 µL (70 µg) of the protein sample 
was separated by SDS-PAGE and transferred to 
a polyvinylidine fluoride (PVDF) membrane. The 
membrane was blocked for 2 h at room tem-
perature in Tris-buffered saline with Tween-20 
(TBST) containing 5% bovine serum albumin 
(BSA), and then was probed with the following 
primary antibodies overnight at 4°C: anti-LC3 I/
II, anti-ULK1 and anti-Beclin1 (1:1000; Cell 
Signaling Technology, Beverly, MA, USA), anti-
BNIP3 (1:1000; Abcam, Cambridge, UK), anti-
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mTOR and anti-pAMPK (1:1000; Santa Cruz 
Biotechnologies, Dallas, TX, USA). Anti-β-actin 
(1:5000; Bioworld Technology, Inc., St. Louis 
Park, MN, USA) was used as control for protein 
gel loading. After washing in TBST, the mem-
brane was incubated for 2 h with secondary 
antibody (goat anti-rabbit 1:10,000, Boster 
Biotechnology, Ltd., Wuhan, China). Proteins 
were detected by enhanced chemilumines-
cence method, and blots were analyzed using 
Image-J software. β-actin was used for nor- 
malization.

Real-time PCR assay

Hypothalamus and striatum were separated as 
described above. Total RNA was extracted with 
Trizol reagent according to the manufacturer’s 
instructions. Then, the total RNA was reverse 
transcribed using the iScript cDNA Synthesis 

Kit (Bio-Rad, Hercules, CA, USA). cDNAs for 
p53, Bcl-2, Bax, caspase-3, and GAPDH were 
amplified by PCR using the SYBR Premix Ex 
TaqTM kit (TakaRa Bio Inc., Shiga, Japan) in an 
MJ Mini thermal cycler (Bio-Rad). Reaction con-
ditions: pre-incubation at 95°C 5 min followed 
by 40 cycles of 95°C 15 s and 60°C 40 s. 
Melting curve analysis was performed from 
55°C to 95°C. Cycle number threshold (Ct) of 
each reaction was calculated from the amplifi-
cation curve using the 2-ΔΔCt method to derive 
relative gene expression. Accession numbers, 
primers, and product sizes are shown in Table 
1.

Statistical analysis

Data were expressed as means ± standard 
deviation (SD) and analyzed using SPSS13.0 
software. Statistical differences among groups 

Table 1. Accession numbers, primers, and product sizes for real-time PCR assay
Target genes Accession no. Forward (5’-3’) Reverse (5’-3’) Size (bp)
Caspase-3 NM_001009338.1 GTGTGCGTTAGAAGTACC GTTCTTTTGTGAGCATAG ACA 834
Bcl-2 DQ926871.1 GAGATGTCCAGCCAGCTG TAGGCACCCAGGGTGATG 365
Bax DQ926869.1 CAGCTCTGAGCAGATCATG TGGTGGCCTCAGCCCATCT 539
P53 NM_205264.1 GAGTGCTGAAGGAGATCAATGAG GTGGTCAGTCCGAGCCTTTT 145
GAPDH NM_017008.4 GTTCAACGGCACAGTCAAG GCCAGTAGACTCCACGACAT 136

Figure 1. The synergistic effect between TMPP and BO on the ultrastructure of hypothalamus and striatum neurons 
measured by transmission electron microscopy. (A1-A5) are representative images of neurons in hypothalamus of 
sham, model, TMPP (13.3 mg/kg), BO (0.16 g/kg), and TMPP (13.3 mg/kg) + BO (0.16 g/kg) groups, respectively. 
(B1-B5) are representative images of neurons from striatum of sham, model, TMPP, BO, and TMPP + BO groups, 
respectively. The red arrows denote the mitochondria in neurons of each group. Neurons from the model group 
showed significant disorganization, including swollen mitochondria and endoplasmic reticulum, lysis of the plasma 
membrane, and empty vacuoles. Treatment with TMPP, BO, or the combination significantly attenuated these abnor-
malities caused by ischemic injury, especially regarding the structure of mitochondrial cristae.
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were analyzed by one-way analysis of variance 
(ANOVA) and Turkey’s multiple comparison post 
hoc test. A p < 0.05 was considered statisti-
cally significant.

Results

TMPP + BO combination therapy resulted in 
improved neuronal ultrastructure in hypothala-
mus and striatum of GCIR rats

Transmission electron microscopy was used  
to evaluate the morphologies of organelles, 
including plasma membrane, mitochondria, en- 
doplasmic reticulum, and nucleus. Compared 
to the hypothalamus (Figure 1A1) and striatum 
(Figure 1B1) of the sham groups, the organ-
elles in both hypothalamic and striatal neurons 

of the model group showed significant disorga-
nization, including loss of mitochondrial cris-
tae, degeneration of endoplasmic reticulum, 
lysis of the nuclear membrane, and for- 
mation of empty vacuoles (Figure 1A2, 1B2). 
TMPP, BO, and TMPP + BO treatments signifi-
cantly attenuated the abnormalities caused by 
ischemic injury, especially regarding the struc-
ture of the mitochondrial cristae in hypothalam-
ic neurons (Figure 1A3-A5), as well as striatal 
neurons (Figure 1B3-B5).

TMPP + BO combination therapy resulted in re-
duced apoptosis of neurons in hypothalamus 
and striatum of GCIR rats

TUNEL staining was employed to demonstrate 
whether the neuroprotection by TMPP + BO 
combination therapy involved regulation of ap- 

Figure 2. The synergistic effect 
between TMPP and BO on re-
ducing apoptosis in hypotha-
lamic neurons of GCIR rats. A. 
Representative images of TU-
NEL staining in hypothalamus 
of the different groups. The 
darkly stained neurons were 
considered apoptotic cells. B. 
Quantification of the number 
of apoptotic neurons in ran-
dom visual fields. C. Quantified 
of the apoptosis index. n=6. 
The model group showed in-
creased numbers of apoptotic 
neurons and AI. The synergism 
between TMPP and BO had a 
greater effect on attenuating 
neuronal apoptosis than either 
monotherapy.
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optosis. Darkly stained neurons were regarded 
as apoptotic cells in the histomorphological 
images (Figures 2, 3). Compared with the sham 
groups, the model group had a marked increase 
in number of apoptotic neurons and AI (p < 
0.01). After treatment with TMPP, BO, or the 
combination, there was a significant reduction 
in number of apoptotic neurons and AI com-
pared to the model group (p < 0.05, p < 0.01, 
respectively). In addition, attenuation of apop-
tosis was more pronounced in the TMPP + BO 
combination therapy group compared to either 
monotherapy group (p < 0.01). 

Synergistic effect between TMPP and BO in 
regulating neuronal [Ca2+]i in hypothalamus 
and striatum of GCIR rats

Figures 4, 5 illustrate the results of intracellular 
[Ca2+] measurement in neurons of hypothala-

mus and striatum. Compared to the sham 
group, the model group had significantly in- 
creased [Ca2+]i in neurons from both areas  
(p < 0.01), which suggested Ca2+ overload. 
Treatment with TMPP, BO, or the combination 
attenuated the increase of [Ca2+]i compared to 
the model group (p < 0.05). Moreover, the 
TMPP + BO combination resulted in greater 
attenuation than the TMPP or BO monotherapy 
group (p < 0.05, P < 0.01, respectively). These 
results demonstrated a synergistic effect of 
TMPP + BO in attenuating [Ca2+]i.

Synergistic effect between TMPP and BO in 
regulating the expression of the autophagy-
related proteins in hypothalamus and striatum 
of GCIR rats

Figures 6, 7 show the protective autophagy 
induced by treatment with TMPP, BO, or the 

Figure 3. The synergistic ef-
fect between TMPP and BO on 
reducing apoptosis in striatal 
neurons of GCIR rats. A. Rep-
resentative images of TUNEL 
staining in striatum of the differ-
ent groups. The darkly stained 
neurons were considered apop-
totic cells. B. Quantification of 
the number of apoptotic neu-
rons in random visual fields. C. 
Quantification of the apoptosis 
index. n=6. The model group 
showed increased numbers of 
apoptotic neurons and AI. The 
synergism between TMPP and 
BO had a greater effect on at-
tenuating neuronal apoptosis 
than either monotherapy.
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combination on GCIR injury in rats. Compared 
to the sham group, the model rat group had a 
significant increase in expression of LC II/I, 
Beclin1, BNIP3, and ULK1 in the hypothalamus 
and LC II/I, Beclin1, BNIP3, pAMPK, and ULK1 
in the striatum (p < 0.05, p < 0.01, respective-
ly). These changes indicated that autophagy 
had been triggered by GCIR injury. However,  
it was interesting that autophagy was not  
down-regulated, but was up-regulated after 
treatment with BO, TMPP, or the combina- 
tion. The regulation of protein expression by  
these treatments involved different target  
molecules. In hypothalamus, TMPP and BO 

the combination in hypothalamus were similar 
to those in striatum. All three treatments result-
ed in significantly decreased levels of p53 and 
caspase-3 mRNA in the two brain regions (p < 
0.05, p < 0.01, respectively). Moreover, both 
TMPP and the combination therapy resulted in 
increased Bcl-2 and markedly decreased Bax 
expression (p < 0.05, p < 0.01, respectively). 
Although, the combination therapy did not ex- 
hibit a curative effect in hypothalamus, it was 
more effective in modulating p53 and Bax 
expression compared to the TMPP group, and 
Bax and Bcl-2 compared to the BO group in 
striatum (p < 0.05, p < 0.01, respectively). 

Figure 4. The synergistic effect between TMPP and BO on regulating intra-
cellular calcium concentration in hypothalamic neurons of GCIR rats. (A) 
are representative laser confocal images of sham, model, TMPP (13.3 mg/
kg), BO (0.16 g/kg), and TMPP (13.3 mg/kg) + BO (0.16 g/kg) groups, re-
spectively. (B) Column charts of intracellular calcium concentration in each 
group. n=6. Results for the model group indicated intracellular overload of 
calcium. Treatment with TMPP, BO, or the combination, significantly attenu-
ated neuronal calcium overload. The effect of the combination therapy was 
greater than either monotherapy.

increased the expression of 
pAMPK, ULK1, and LC3 II/I 
and markedly reduced expr- 
ession of mTOR (p < 0.05, p < 
0.01, respectively). In stria-
tum, TMPP and BO treatment 
resulted in similar regulation 
as observed in hypothalamus, 
with the exception of increas- 
ed Beclin1 expression (p < 
0.05, p < 0.01, respectively). 
In addition, the combination 
therapy affected the expres-
sion of some of the proteins 
including LC3 II/I, pAMPK, mT- 
OR and ULK1 in hypothala-
mus, and pAMPK, mTOR and 
ULK1 in striatum more stro- 
ngly compared to the TMPP 
and BO monotherapies (p < 
0.05, p < 0.01, respectively). 

Synergistic effect between 
TMPP and BO in regulating 
the expression of apoptosis-
related genes in hypothala-
mus and striatum of GCIR 
rats

As shown in Figure 8, expres-
sion of p53, Bax, and cas-
pase-3 mRNA was significant-
ly up-regulated and Bcl-2 was 
down-regulated in the model 
group compared to the sham 
group (p < 0.01), which sug-
gested that apoptosis had 
been induced by GCIR dam-
age. Interestingly, the effects 
of treatment with TMPP, BO, or 
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Discussion

In contrast to cortex and hippocampus, hypo-
thalamus and striatum have received much 
less attention regarding treatment of ischemic 
injury. However, there has been increasing evi-
dence to suggest that hypothalamic and stria-
tal neurons are as vulnerable to ischemia as 
cortical and hippocampal neurons [1, 24]. A 
number of reports demonstrated that ische- 
mia and inflammation of hypothalamus, rather 
than body hyperthermia, are the main results 
of heatstroke, which may lead to multi-organ 
dysfunction syndrome (MODS) [25]. In this 

nal apoptosis. The TMPP, BO, and combination 
therapy groups showed significant reductions 
in numbers of apoptotic neurons and AI com-
pared to the model group. In addition, the 
improvement observed in the TMPP + BO group 
was greater than in either of the TMPP or BO 
monotherapy groups. 

Numerous studies have indicated that cas-
pase-3, Bcl-2 family, and p53 play crucial roles 
in neuron apoptosis after activation by a series 
of signal transduction reactions. In terms of 
function, Bcl-2 family members can be divided 
into two groups, pro-apoptotic members includ-

Figure 5. The synergistic effect between TMPP and BO on regulating intracel-
lular calcium concentration in striatal neurons of GCIR rats. (A) are represen-
tative laser confocal images of sham, model, TMPP (13.3 mg/kg), BO (0.16 
g/kg), and TMPP (13.3 mg/kg) + BO (0.16 g/kg) groups, respectively. (B) 
Column charts of intracellular calcium concentration in neurons from each 
group. n=6. The model group indicated intracellular overload of calcium. 
Treatment with TMPP, BO, or the combination, significantly attenuated neu-
ronal calcium overload. The effect of the combination therapy was greater 
than either monotherapy.

study, we examined the syner-
gistic benefit of TMPP + BO 
combination therapy, and ex- 
plored the underlying mecha-
nism of brain protection ag- 
ainst ischemic injury of hypo-
thalamus and striatum in a rat 
model.

Upon ultrastructural examina-
tion, the morphology of mito-
chondria is a determinant of 
the pathophysiology of neur- 
odegenerative diseases such 
as stroke. Ischemic damage 
induces changes in mitoch- 
ondrial membrane permeabil-
ity, followed by mitochondrial 
swelling and release of cyto-
chrome c or other apoptosis-
promoting factors into the 
cytoplasm [26]. Subsequently, 
release of these factors initi-
ates an increase in the Bax to 
Bcl-2 ratio and activates cas-
pase-3 [27]. Our results sug-
gested that treatment with 
TMPP, BO, or the combination 
significantly attenuated the 
severity of abnormalities ca- 
used by ischemic injury, espe-
cially regarding the structure 
of mitochondria in neurons of 
hypothalamus and striatum. 
After GCIR injury, apoptosis 
plays a critical role in the mo- 
lecular mechanism of cereb- 
ral dysfunction. In the present 
study, TUNEL assay was used 
to evaluate the level of neuro-
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ing Bax and Bid, and anti-apoptotic members 
including Bcl-2 and Bcl-XL. The transcription 
factor p53, regarded as the first decision factor 
in the apoptosis cascade, controls the expres-
sion of many apoptosis-related genes. Kiraz 
reported that p53 induced the expression of 
several proteins, such as Bax and Bid, through 
a transcription-dependent apoptotic pathway 
[28]. Therefore, the expression of p53 and its 
related genes plays a crucial role in neuronal 
apoptosis that results from ischemic injury. In 
the present study, treatment of rats with TMPP, 
BO, or the combination significantly reduced 
the transcription levels of p53 and caspase-3 
in neurons from the two brain regions. Both 
TMPP and the combination therapy markedly 
increased Bcl-2 and decreased Bax expression. 
The combination therapy reduced the expres-

sion of these apoptosis-related genes more 
strongly than the TMPP and BO monothera- 
pies.

Autophagy is a highly controlled lysosome-
mediated activity in eukaryotes that eliminat- 
es damaged, aged, or long-lived proteins and 
organelles like ER and mitochondria. Autophagy 
produces amino acids and free fatty acids that 
can be used to synthetize new adenosine tri-
phosphate (ATP) and protein, and ultimately 
maintains cellular survival [29]. The formation 
of the autophagosome, a double membrane 
vesicle that sequesters part of the cytoplasm 
and fuses with lysosomes, is the common 
marker of autophagy activity [30]. It has been 
confirmed that modulation of the expression  
of pAMPK, mTOR, BNIP3, Beclin1, LC3 II/I, and 
ULK1 can affect the autophagy signaling net-

Figure 6. The cooperative effect between TMPP and BO on regulating the expression of autophagy-related proteins 
in hypothalamus of GCIR rats. A. Western blot results for p-AMPA, mTOR, ULK1, BNIP3, Beclin1, and LC3 II/I. B. 
Column charts of the expression of these proteins in each group. n=4. The results suggested that treatment with 
TMPP, BO, or the combination, regulated autophagy by increasing expression of pAMPK, ULK1, and LC3 II/I, and 
decreasing expression of mTOR in ischemic hypothalamus. The effect of the combination therapy was greater than 
either monotherapy.
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work in ischemic neurons [31, 32]. As shown in 
Figure 9, ROS and hypoxia are the main triggers 
of autophagy. ROS stimulates the formation of 
pAMPK, which inhibits the expression of mTOR 
[33]. Inhibition of mTOR reversely promotes 
ULK1 expression, and induces the transforma-
tion of LC3 I to LC3 II. The increase of LC3 II/
LC3 I contributes to formation of the autopha-
gosome [34]. Hypoxia has two pathways to trig-
ger autophagy. One is similar to ROS via the 
pAMPK-mTOR-ULK1 pathway. The other is the 
BNIP3-Beclin1 signaling pathway. After up-reg-
ulation of Beclin1 following the increase of 
BNIP3, the ratio of LC3 II to LC3I is elevated, 
which indicates the formation of the final 
autophagy marker [35]. In our study, damage 

from brain ischemia slightly initiated the 
autophagy cascade, which was similar to previ-
ous reports [36]. Interestingly, autophagy was 
not down-regulated, but further up-regulated 
after the rats were treated with TMPP, BO, and 
the combination, and the different treatments 
resulted in different effects in the two brain 
regions. In hypothalamus, it was speculated 
that treatment with TMPP, BO, or the combina-
tion promoted autophagy via increased AMPK 
phosphorylation, suppressed mTOR activation, 
and enhanced ULK1 expression. In striatum, in 
addition to regulation of the pAMPK–mTOR–
ULK1 pathway as in hypothalamus, the tre- 
atments promoted autophagy by activating 
Beclin1 expression. Furthermore, the combina-

Figure 7. The cooperative effect between TMPP and BO on regulating the expression of autophagy-related proteins 
in striatum of GCIR rats. A. Western blot results for p-AMPA, mTOR, ULK1, BNIP3, Beclin1, and LC3 II/I. B. Column 
charts of the expression of these proteins in each group. n=4. The results suggested that treatment with TMPP, 
BO, or the combination regulated autophagy by increasing expression of pAMPK, ULK1, Beclin1, and LC3 II/I, and 
decreasing expression of mTOR in ischemic striatum. The effect of the combination therapy was greater than either 
monotherapy.



TMPP and BO combination attenuates ischemia

4817 Am J Transl Res 2017;9(11):4807-4820

tion therapy exhibited a gre- 
ater ability to promote auto- 
phagy than TMPP or BO mo- 
notherapy.

Autophagy and apoptosis are 
two different modes of cell 
death. Therefore, what factor 
(s) may decide the definitive 
manner of neuronal death? 
Interestingly, a recent study 
reported that elevation of 
[Ca2+]i might be the switch 
that shifts cells from autoph-
agy to apoptosis [37]. Sim- 
ilarly, Li further confirmed 
that enhancement of [Ca2+]i 
shifted the cell from autopha-
gy to apoptosis in an H. armi-
gera epidermal cell line [38]. 
In the present study, treat-
ment with TMPP, BO, or the 
combination attenuated the 
Ca2+ overload in both cere- 
bral regions after ischemia-
reperfusion damage. Com- 
pared to TMPP or BO mono-
therapy, the combined the- 
rapy group exhibited a great-
er reduction in [Ca2+]i. Thus, 
our study confirmed that TM- 
PP + BO combination thera- 
py might have the ability to 
shift neurons from apoptosis 
to autophagy via modulating 
neuronal [Ca2+]i, and that its 
synergistic effect was grea- 
ter than either of the mono- 
therapies.

Conclusion

The present study demonst- 
rated the synergistic effects 
between TMPP and BO for 
treating ischemia-reperfusi- 
on injury in hypothalamus 
and striatum of rats. The po- 
tential mechanisms involved 
shifting of neurons from har- 
mful apoptosis to protective 
autophagy. Moreover, the sh- 
ift might be related to the 
reduction of neuronal [Ca2+]i.

Figure 8. The cooperative effect between TMPP and BO on regulating the 
expression of apoptosis-related genes in hypothalamus and striatum of 
GCIR rats (n=4). A represents hypothalamus, and B represents striatum. The 
results suggested that TMPP regulated apoptosis by reducing the expres-
sion of p53 and caspase-3 and the Bax/Bcl-2 ratio, and while BO reduced 
expression of p53 and caspase-3 in the two brain regions. The effect of the 
combination therapy was greater than either monotherapy. 
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