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Abstract

Expression of genes in the Notch signaling pathway is altered in the injured spinal cord, which
indicates that Notch participates in repair after spinal cord injury. Buyang Huanwu decoction, a
traditional Chinese herbal preparation, can promote the growth of nerve cells and nerve fibers;
however, it is unclear whether Buyang Huanwu decoction affects the Notch signaling pathway
in injured spinal cord. In this study, a rat model was established by injuring the T, spinal cord.
At 2 days after injury, rats were intragastrically administered 2 mL of 0.8 g/mL Buyang Huanwu
decoction daily until sacrifice. Real-time reverse transcription polymerase chain reaction analysis
demonstrated that at 7, 14 and 28 days after injury, the expression of Notchl was increased in the
Buyang Huanwu decoction group compared with controls. These findings confirm that Buyang
Huanwu decoction can promote the expression of Notchl in rats with incomplete spinal cord
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injury, and may indicate a mechanism to promote the repair of spinal cord injury.
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Introduction

Buyang Huanwu decoction (BYHWD) has been shown to
improve blood circulation, inhibit fibroblast proliferation,
and reduce liquefaction and Wallerian degeneration after
spinal cord injury (SCI), as well as promote the growth of
nerve cells after SCI (Cheng et al., 2001; Zhao et al., 2010;
Zhang et al., 2011; Zhou et al., 2013). The mechanism un-
derlying its promoting effect on neural regeneration may be
associated with its anti-oxidative activity (Yang et al., 2011).
The neuroprotective effect of BYHWD is associated with
modulation of the expression of apoptosis-related proteins
(Liu et al., 2014; Xian-Hui et al., 2014).

The Notch signaling pathway is highly conserved among
multicellular organisms (Vaccari et al., 2008). The Notch
gene was discovered in Drosophila melanogaster, and Notch
mutations can disrupt embryonic development in Drosoph-
ila leading to over-differentiation of the nervous system
(Poulson, 1940). We have previously shown that expression
of Notch signaling pathway genes changes significantly
during spinal cord repair in spinal cord-injured rats, indi-
cating that Notch signaling might play an important role in
spinal cord repair (Guo et al., 2011; Huang et al., 2012). Ac-
tivation of Notch signaling is, therefore, a likely mechanism
by which the locally injured micro-environment contributes
to the proliferation of embryonic neural stem cells after SCI
(Zhou et al., 2014). There are four Notch receptors in mam-

mals (Notch1-Notch4), and Notchl is localized in the cell
membrane (Brou et al., 2000). This study sought to investi-
gate the effects of BYHWD on the expression of Notchl so as
to explore the mechanism underlying BYHWD action in the
repair of SCI in a rat model of incomplete SCI.

Materials and Methods

Experimental animals

Eighty healthy, specific-pathogen-free, Sprague-Dawley adult
rats weighing 150 £ 10 g, half male and half female, were
provided by the Laboratory Animal Center of Liaoning Med-
ical University in China (permission No. SCXK (Liao) 2003-
2007). Rats were equally and randomly divided into normal,
sham operation, SCI, and BYHWD groups. This study was
approved by the Animal Ethics Committee of Liaoning Med-
ical University, China.

Establishment of SCI models

We used a modified Allen’s method (Liu et al., 2013) to
generate a model of SCI: under sodium pentobarbital (40
mg/kg, intraperitoneally) anesthesia, the vertebral columns
of the rats were exposed and a laminectomy at level T,, was
carried out. A 10 g weight was allowed to fall freely from a
height of 12.5 cm onto the T, spinal cord both in the SCI
and BYHWD groups. Rats in the SCI and BYHWD groups
were treated with massage to the bladder and hind limb to
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help urination. Rats that presented dysfunction in both hind
limbs were considered as successful models. Rats in the sham
operation group did not have their spinal cords damaged by
the falling weight. Rats in the normal group were left intact.

Drug administration

BYHWD was made from angelica, astragalus, red peony
root, earthworm extract, szechwan lovage rhizome, safflower
and peach seed (Xian-Hui et al., 2014). The proportion of
each component was 20:3:3:3:3:2:3 (Chen et al., 2008). All
herbs were provided by the Department of Pharmacy, the
First Affiliated Hospital of Liaoning Medical University, Chi-
na. Crude preparations were decocted in water twice, and
above two decoctions were concentrated to 0.8 g/mL, and
then placed in cryopreservation. Rats in the normal group
were given normal access to distilled water. Rats in the sham
operation group and SCI group were administered distilled
water intragastrically (2 mL, three times a day). Rats in the
BYHWD group were administered 0.8 g/mL BYHWD by
oral gavage (2 mL, three times a day). Medicine was given

from day 2 after model establishment until rats were sacri-
ficed.

Tissue treatment

At 1, 7, 14 and 28 days after surgery, five rats in each group
were randomly selected and sacrificed by intraperitoneal in-
jection of 10% chloral hydrate 5 mL/kg. Approximately 2 cm
of damaged spinal cord tissue centered on T, was dissected,
and stored in liquid nitrogen at —80°C.

Real-time reverse transcription PCR

Total RNA in spinal cord tissue was extracted with Trizol
and reverse transcription was conducted using the RNA
PCR kit Ver.3.0 (TaKaRa, Dalian, Liaoning Province, China)
according to the manufacturer’s instructions. Primers were
designed by Premier 5.0 (Sangon Biotech, Shanghai, China);
Notchl gene: forward primer 5'-GCA GCC ACA GAA CTT
ACA AAT CCA G-3', reverse primer 5-TAA ATG CCT CTG
GAA TGT GGG TGA T-3' (689 bp); S-actin: forward primer
5'-GTG GGG CGC CCC AGG CAC CA-3', reverse primer
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Figure 1 Effect of BYHWD on Notch 1 mRNA expression in rats
with SCI (real-time reverse transcription PCR).

No Notchl expression was detected in the normal and sham-
operation groups. Data are expressed as the optical density ratio
of Notchl mRNA to -actin mRNA (mean + SD). Data were
compared with one-way analysis of variance among groups and
between groups with independent samples t-test.*P < 0.05, **P
< 0.01, vs. SCI group; #P < 0.05, ##P < 0.01, vs. the previous time
point. M: Marker; d: day(s); BYHWD: Buyang Huanwu decoction;
SCI: spinal cord injury.

5'-CTT CCT TAA TGT CAC GCA CGA TTT C-3' (170 bp).
Amplification conditions were as follows: denaturation at
94°C for 5 minutes, 29 cycles of 94°C for 30 seconds, 56°C
for 40 seconds and 72°C for 50 seconds, followed by exten-
sion at 72°C for 10 minutes. Reactions were preserved at 4°C.
DNA products were examined by 2% agarose gel electropho-
resis. Target gene expression is presented as the ratio of opti-
cal density of the gene product versus the internal reference.

Statistical analysis

Data are expressed as the mean = SD and were analyzed us-
ing SPSS 16.0 statistical software (SPSS, Chicago, IL, USA).
Measurement data were compared with one-way analysis of
variance among groups and intergroup comparisons were
made with independent samples t-test. A value of P < 0.05
was considered statistically significant.

Results

There was no significant difference in the expression of
Notchl in rat spinal cord at different time points between
normal and sham operation groups (P > 0.05). The expres-
sion of Notchl in injured spinal cord tissue increased, and
then gradually stabilized in the SCI and BYHWD groups;
the expression level peaked at 14 days in the SCI group and
at 7 days in the BYHWD group. As expected, no significant
difference in the expression level of Notchl in injured spinal
cord was detected between the SCI and BYHWD groups
on the first day. However, the expression level of Notchl in
injured spinal cord was higher in the BYHWD group than
in the SCI group at 7, 14 and 28 days (P < 0.01 or P < 0.05;
Figure 1).

Discussion

Shin et al. (2013) found that tetramethylpyrazine (a com-
pound in BYHWD) plays a modulatory role in microglial
activation and may protect the spinal cord from, or delay,
secondary SCI. Kong et al. (2014) showed that BYHWD
may exert its neuroprotective effects in ischemic brain areas.
Wang and Jiang (2013) confirmed that BYHWD prevented
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ischemia/reperfusion-induced SCI in rats. These data indi-
cate that BYHWD has promoting effects on rehabilitation
after SCI.

The Notch signaling pathway is a key stem cell signaling
pathway, and can lead to stem cell aging (Sun et al., 2008).
Homozygous gene disruption of Notchl and Notch2 in
mice causes embryonic death (Okuhashi et al., 2013). Zhou
et al. (2014) showed that activation of the Notch signaling
pathway was one of the mechanisms by which the local in-
jured microenvironment contributes to the proliferation of
embryonic neural stem cells after SCI, and it may involve
up-regulation of Notchl and HesI expression.

The inactivation of Notchl in neural precursor cells in
mice leads to neural cell differentiation, which is consistent
with a prior study on Notchl gene knockout (Chang et al.,
2013; Piccin et al., 2013). Homozygous ablation of Notchl
and Notch2 causes embryonic death in mice (Dijkers and
Faotto, 2012). The inactivation of NotchI in neural precursor
cells causes their differentiation into nerve cells (Wegener et
al., 2012). In this study, the expression of Notchl in rats after
SCI was higher in the BYHWD group compared with that in
the SCI group at 7, 14 and 28 days. Compared with the SCI
group, the BYHWD group reached the maximal expression
of Notchl gene earlier, and the high level of expression con-
tinued for longer. These results suggest that the Notch path-
way plays an important role in BYHWD-stimulated repair.

In conclusion, BYHWD affected the microenvironment
and up-regulated Notchl gene expression in rats after SCL
Thus, BYHWD promoted the repair of SCI. However, due
to the myriad factors influencing SCI repair and the com-
plex composition of BYHWD, the working mechanism of
BYHWD action cannot be explained at present and deserves
further investigation.

Acknowledgments: We would like to thank Hong-dan Li from
the Laboratory Animal Center of Liaoning Medical University,
China for technical support.

Author contributions: XFM was responsible for funding and
authorized the study. ZPG, MNH, Y]Y, JBZ and AQL designed
and performed the study, and participated in data analysis. All
authors approved the final version of the paper.

Conflicts of interest: None declared.

References

Brou C, Logeat F, Gupta N, Bessia C, LeBail O, Doedens JR, Cumano
A, Roux P, Black RA, Israél A (2000) A novel proteolytic cleavage in-
volved in Notch signaling: the role of the disintegrin-metalloprotease
TACE. Mol Cell 5:207-216.

Chang XL, Lu W, Dou TT, Sun X, Zhou ZJ (2013) Paraquat involves
differentiation of human neural stem cells via Notch signaling.
Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi 31:492-495.

Chen A, Wang H, Zhang J, Wu X, Liao ], Li H, Cai W, Luo X, Ju G (2008)
BYHWD rescues axotomized neurons and promotes functional re-
covery after spinal cord injury in rats. ] Ethnopharmacol 117:451-
456.

Cheng YS, Cheng WC, Yao CH, Hsieh CL, Lin JG, Lai TY, Lin CC,
Tsai CC (2001) Effects of buyang huanwu decoction on peripheral
nerve regeneration using silicone rubber chambers. Am ] Chin Med
29:423-432.

Dijkers MP, Faotto RM (2012) Team size in spinal cord injury inpa-
tient rehabilitation and patient participation in therapy sessions: the
SCIRehab project. J Spinal Cord Med 35:624-634.

Guo ZP, Mei XF, Yuan YJ, Zhang H, Li SQ (2011) Expression of Detlal
gene during the differentiation of muscle derived stem cells into neu-
ron-like cells. Jiepou Xue Zazhi 34:641-643.

Huang MN, Guo ZP, Liu K, Mei XF, Fang SQ, Zeng JH, Wang YS, Yuan
YJ (2012) Protein hairy enhancer of split-1 expression during differ-
entiation of muscle-derived stem cells into neuron-like cells. Neural
Regen Res 7:2182-2187.

Kong X, Su X, Zhu J, Wang J, Wan H, Zhong M, Li L, Lin N (2014)
Neuroprotective effect of buyang huanwu decoction on rat ischemic/
reperfusion brain damage by promoting migration of neural precur-
sor cells. Rejuvenation Res 17:264-275.

Liu BY, Song XL, Yi J, Chen XM, Yu Y, Liu H, Cai GX (2014) Buyang
Huanwu Decoction reduces infarct volume and enhances estradiol
and estradiol receptor concentration in ovariectomized rats after
middle cerebral artery occlusion. Chin ] Integr Med 20:782-786.

Liu W, Ding Y, Zhang X, Wang L (2013) Bone marrow stromal cells in-
hibit caspase-12 expression in rats with spinal cord injury. Exp Ther
Med 6:671-674.

Okuhashi Y, Itoh M, Nara N, Tohda S (2013) NOTCH knockdown
affects the proliferation and mTOR signaling of leukemia cells. Anti-
cancer Res 33:4293-4298.

Piccin D, Yu E, Morshead CM (2013) Notch signaling imparts and pre-
serves neural stem characteristics in the adult brain. Stem Cells Dev
22:1541-1550.

Poulson DF (1940) The effects of certain X-chromosome deficiencies
on the embryonic development of Drosophila melanogaster. ] Exp
Zool 83:271-325.

Shin JW, Moon JY, Seong JW, Song SH, Cheong Y], Kang C, Sohn NW
(2013) Effects of tetramethylpyrazine on microglia activation in spi-
nal cord compression injury of mice. Am J Chin Med 41:1361-1376.

Sun D, Li H, Zolkiewska A (2008) The role of Delta-like 1 shedding in
muscle cell self-renewal and differentiation. J Cell Sci 121:3815-3823.

Vaccari T, Lu H, Kanwar R, Fortini ME, Bilder D (2008) Endosomal en-
try regulates Notch receptor activation in Drosophila melanogaster. J
Cell Biol 180:755-762.

Wang L, Jiang DM (2013) Neuroprotective effect of Buyang Huanwu
Decoction on spinal ischemia-reperfusion injury in rats is linked
with inhibition of cyclin-dependent kinase 5. BMC Complement Al-
tern Med 13:309.

Wegener ST, Adams LL, Rohe D (2012) Promoting optimal functioning
in spinal cord injury: the role of rehabilitation psychology. Handb
Clin Neurol 109:297-314.

Xian-Hui D, Xiao-Ping H, Wei-Juan G (2014) Neuroprotective effects
of the Buyang Huanwu decoction on functional recovery in rats fol-
lowing spinal cord injury. J Spinal Cord Med doi:10.1179/204577231
4Y.0000000273

Yang S, Gao Q, Xing S, Feng X, Peng L, Dong H, Bao L, Zhang J, Hu Y,
Li G, Song T, Li Z, Sun J (2011) Neuroprotective effects of Buyang
Huanwu decoction against hydrogen peroxide induced oxidative in-
jury in Schwann cells. ] Ethnopharmacol 137:1095-1101.

Zhang M, Chai Y, Yang C, Liu TS (2011) Effect of Buyang-Huanwu de-
coction on survival, proliferation and migration of neural stem cells
transplanted into injured spinal cord of rats. Shenjing Jiepou Xue
Zazhi 27:326-330.

Zhao SW, Wang T, Wang XL (2010) Experimental study about Buyang
huanwu decoction on the protective effect of neural stem cells in hy-
poxic injury. Shandong Zhongyiyao Daxue Xuebao 34:536-538.

Zhou QZ, Zhang G, Long HB, Lei F, Ye F, Jia XF, Zhou YL, Kang JP,
Feng DX (2014) Effect of spinal cord extracts after spinal cord injury
on proliferation of rat embryonic neural stem cells and Notch signal
pathway in vitro. Asian Pac ] Trop Med 7:562-567.

Zhou SN, Lin XY, Yi J, Guo L, Liu L, Guo C, Liu BY, Cai GX (2013)
Effects of Buyang Huanwu Decoction on nerve function and cell
morphology in experimental rats with cerebral ischemia. Zhongguo
Shiyan Fangji Xue Zazhi 19:25-254.

Copyedited by Allen ], Robens ], Yu ], Qiu Y, Li CH, Song LP, Zhao M

1323



