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Spinal cord injury (SCI) is one of the most severe traumatic
injuries that results in dysfunction of limbs and trunk below
the damaged section. Recent studies have shown that gas-
trodin (GAS) could improve the recovery of SCI. In the cur-
rent study, we aimed to examine the possible mechanism
underlying the effect of GAS on recovery of SCl in rats. In
rats with SCl, GAS improved locomotor functions and de-
creased permeability of blood-spinal cord barrier, as illus-
trated by increase of Basso-Beattie-Bresnahan scores and
decrease of Evans blue leakage. In addition, GAS inhibited
inflammation, as evidenced by decrease of proinflammato-
ry cytokines, including tumor necrosis factor a (TNFa) and
interleukin-13 (IL-1B) in rats following SCI. Moreover, in-
crease of TBARS content and decrease of glutathione (GSH)
content and superoxide dismutase (SOD) activities in SCI
rats were inhibited by GAS. Furthermore, GAS enhanced
mRNA expression of nuclear factor (erythroid-derived 2)-
like 2 (Nrf2), catalytic subunit of y-glutamylcysteine ligase
(GCLc) and modified subunit of y-glutamylcysteine ligase
(GCLm). The data suggested that GAS may promote the
recovery of SClI through the enhancement of Nrf2-GCLc/
GCLm signaling pathway, and subsequent improvement of
oxidative stress and inflammation, resulting in decrease of
permeability of BSCB and improved recovery of locomotor
function in rats with SCI. The results have provided novel
insights into GAS-related therapy of SCI and associated
neurodegenerative diseases.
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INTRODUCTION

Spinal cord injury (SCI) is one of the most severe
traumatic injuties that results in dysfunction of limbs and
trunk below the damaged section, leading to postopera-
tive complications, including spinal cord edema and cell
death in the injured areas, and even permanent disability
and death (Giuliano ef al, 1999; Edwards e al., 2014).
Due to the progress of several advanced techniques, in-
cluding immunotherapy, tissue transplantation, and other
advanced reconstruction methods, the treatment of SCI
has been substantially developed. However, the severe
damage induced by SCI significantly impaired the life
quality of patients. SCI includes acute and secondary in-
juries. The acute SCI could result in a bruise, a partial
tear, or a complete tear in the spinal cord (Alkabie &

Boileau, 2015; Sothmann ez 4/, 2015). The primary SCI
could degrade key cytoskeletal and activate functional
proteins, leading to delayed death of local and adjacent
neurons and glial cells (Dionyssiotis ¢ 4/, 2014; Henke
et al., 2015). Primary injury is considered to be an ir-
reversible mechanical damage (Evaniew ez 4/, 2015). In
contrast, the secondary injury is reversible which could
be altered by potential interventions (Chen e 4/, 2015).
Therefore, large amount of studies have focused on the
understanding of the mechanism of SCl-related second-
ary injury and developing more efficient therapeutic op-
tions that can ameliorate and even reverse secondary
damage of SCI.

The phenolic glucoside gastrodin (GAS) is a main
phenolic compound and an active component derived
from tall gastrodia tuber (Park ez 4/, 2011). It is well-
known that GAS could improve the elasticity of large-
and medium-sized artery walls, expand cerebral vessels,
increase blood supply, relieve pain, and impart resistance
to convulsions (Song e/ al, 2013). Literature in recent
years has shown that GAS exhibits potent neuroprotec-
tive effects. Xu and coworkers (2007) reported that GAS
had a neuroprotective action against hypoxia in cultured
cortical neuron. Dai and coworkers (2011) found that
GAS inhibited the expression of inducible NO synthase,
cyclooxygenase-2 and proinflammatory cytokines in cul-
tured LPS-stimulated microglia via MAPK pathways. Su-
nand coworkers (2004) reported that GAS exerted neu-
roprotective effects by suppressing excitotoxicity, inhib-
iting free radical injury, resisting impairments in energy
metabolism and suppressing apoptosis. GAS may also
improve learning ability and facilitate memory consolida-
tion and retrieval. Recently, it was found that GAS pro-
moted the secretion of brain-derived neurotrophic factor,
contributed to the recovery of neurological function, and
protected neural cells after SCI (Song ez al., 2013). How-
ever, the mechanism underlying the protective effect of
GAS on the recovery of SCI are largely unknown.

In the present study, we aimed to investigate the ef-
fect of GAS on SCI and to eclucidate the possible
mechanism. The results showed that GAS may pro-
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mote the recovery of SCI through the enhancement of
Nrf2-GCLc/GCLm  signaling pathway, and then im-
provement of oxidative stress and inflammation, result-
ing in decreased permeability of BSCB and improved re-
covery of locomotor function in rats with SCI.

MATERIALS AND METHODS

Animal treatment. The adult male Sprang-Dawley
rats weighing 250-300 g were purchased from the Ex-
perimental Animals Center of TaiShan Medical College.
All animal experiments were conducted in accordance
with the National Institute of Health Guide on the Care
and Use of Laboratory Animals and were approved by
the Laboratory Animal Users Committee at TaiShan
Medical College. All animals were housed in individual
cages in a temperature and light * dark cycle controlled
environment with free access to food and water.

The operation was conducted as previously reported
(Hu et al., 2013; Song et al., 2013). The animals were an-
esthetized with an intraperitoneal injection of 10% chlo-
ral hydrate (3 mg/kg). The skin above the vertebral col-
umn was shaved, and then a 15-mm midline skin was cut
and dorsal muscles were separated to the side to expose
the thoracic region of vertebral column (T8-T13). 60 rats
were randomly and blindly divided into four groups with
15 rats in each group, including sham-operated (Sham)
group, SCI group, SCI + low dose of GAS group (SCI
+ L-GAS) and SCI + high dose of GAS group (SCI
+ H-GAS). In Sham group, rats were subjected to the
surgical procedure without the SCI operation; In SCI
group, rats were subjected to SCI and intraperitoneally
(.p.) treated with vehicle; In SCI + GAS groups, rats
subjected to SCI and i.p. injected with GAS (100 or 200
mg/kg) (TAUTO BIOTECH, China), every 24 h for 5
days, starting half an hour after SCI.

Behavioral Assessment. Locomotor activity was
evaluated prior to surgery and at 1, 3, 7, 14, 21 and 28
days post-injury in all groups, based on a 21-point Bas-
so—Beattie—Bresnahan (BBB) Locomotor Rating Scale,
where 0 reflects no locomotion and 21 reflects normal
motor functions (Basso ¢ al, 1995; Hu e al, 2015).
The experiment and calculation of scores of locomotor
function were conducted by two independent and well-
trained investigators according to the BBB scales in a
blinded manner. Two independent examiners who were
blinded to the experimental design observed hind limb
movements, trunk position and stability, tail position,
stepping, coordination, paw placement and toe stretching
over a 5 min period for each rat (Hu ez al, 2015).

Measurement of blood-spinal cord barrier (BSCB)
permeability. Evans blue (EB) was used as a marker of
albumin extravasation and EB leakage was detected to
evaluate BSCB permeability. EB injection and sample
collection were conducted as previously reported (Yu
et al., 2014). Results were expressed as ug EB/g spinal
cord tissue.

Real-time PCR. Total RNA was extracted using
the Trizol method, according to the manufacturer’s in-
structions (Tiangen, China). After reverse transcription
of ¢cDNA, quantitative real-time PCR (qRT-PCR) was
analyzed in a BIORAD CFX96 Real-Time System, us-
ing SYBR Premix Ex TaqTM II (Tiangen, China). The
expression of genes was normalized to B-actin and com-
paratively analyzed using the 2-44¢ method.

Biochemical determination of proinflammatory
cytokines. The spinal cord tissues were homogenated
and the content of II.-18 and TNFa« in spinal cord tissue

homogenates were measured using ELISA kits according
to the manufacturers’ instructions (BioVision Inc).

Evaluation of oxidative stress. The content of TBA
reactive substances and glutathione (GSH) and superox-
ide dismutase (SOD) activity were measured using com-
mercial kits according to the manufacturers’ instructions
(Nanjing Jiancheng, China).

Statistical analysis. The software SPSS 16.0 for
Windows (SPSS Inc., Chicago, I, USA) was used to
conduct statistical analyses. The results are presented
as mean +SEM. The statistical significance of differ-
ences between groups was analyzed via one-way analysis
of variance followed by a Dunnett’s t-test for multiple
comparisons. A P-value <0.05 was considered to be sig-
nificant.

RESULTS

Effect of GAS on locomotor function recovery in rats
with SCI

Locomotor function is believed to be a well indica-
tor of injury of spinal cord. In the present study, we
evaluated the effect of GAS on recovery of locomo-
tor functions. BBB scores were performed both prior
to injury and at 1, 3, 7, 14, 21 and 28 days post-injury.
As shown in Fig. 1, rats in the Sham group exhibited
a 21-point non-injured score, indicating none injuty of
locomotor functions of rats in the Sham group. BBB
locomotor rating scale was promptly decreased one day
after the SCI operation. After that, BBB scores in rats of
SCI group slowly increased during 1-28 days, indicating
that locomotor functions of rats were gradually recov-
ered. Compared with that of SCI, BBB scores of rats in
GAS group were significantly higher during 7-28 days
after the operation (Fig. 1), indicating that GAS adminis-
tration significantly improved the recovery of locomotor
function in rats with contusive SCI.

Effect of GAS on permeability of blood-spinal cord
barrier in rats with SCI

It is considered that increased permeability of blood-
spinal cord barrier (BSCB) is positively related with SCI
(Winkler ez al., 2014; Yu et al., 2015). In our study, we
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Figure 1. Effect of gastrodin on locomotor function recovery in
rats with spinal cord injury.

Prior to surgery and at 1, 3, 7, 14, 21 and 28 days post-injury,
the Basso-Beattie-Bresnahan (BBB) scores of rats were observed.
*<0.05, compared with Sham group. #p<0.05, compared with
SCl group. Sham: sham-operated group, SCl: spinal cord injury
group, SCI + L-GAS: SCI + low dose of GAS group; SCI + H-GAS,
SCI + high dose of GAS group.
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Figure 2. Effect of gastrodin on permeability of blood-spinal
cord barrier in rats with spinal cord injury.

The permeability of blood-spinal cord barrier was assessed by Ev-
ans blue extravasation (ug/g spinal cord tissue). (A) mean +SEM:
SCl: 5.4+1.0; SCI+L-GAS: 3.8+0.64; SCI+H-GAS: 2.8+0.79. (B) mean
+SEM: SCl: 5.8+0.73; SCI+L-GAS: 4.1+0.45; SCI+H-GAS: 3.2+1.21.
*p<0.05, compared with SCI group. SCl: spinal cord injury group,
SCl + L-GAS: SCI + low dose of GAS group; SCI + H-GAS, SCI +
high dose of GAS group.
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Figure 3. Effect of gastrodin on inflammation in rats with spinal
cord injury.

The spinal cord tissues were homogenated and the content of
TNFa (A) and IL-13 (B) in spinal cord tissue homogenates were
measured using ELISA kits. (A) mean £SEM: Sham: 6.8+3.1; SCI:
22.4+5.4; SCI+L-GAS: 16.6+1.5; SCI+H-GAS: 12.2+2.0. (B) mean
+SEM: Sham: 7.6+2.3; SCl: 31.4+2.4; SCI+L-GAS: 20.6+6.5; SCI+H-
GAS: 16.1+4.5. *p<0.05, compared with Sham group. #p<0.05,
compared with SCI group. Sham: sham-operated group, SCI: spinal
cord injury group, SCI + L-GAS: SCI + low dose of GAS group; SCI
+ H-GAS, SCI + high dose of GAS group.
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also assessed the effect of GAS on the permeability
of BSCB using Evans blue extravasation. The results
showed that GAS notably decreased the content of Ev-
ans blue in spinal cord tissue compared with that of SCI
group (Fig. 2), indicating that GAS administration mark-
edly ameliorated the disruption of BSCB in rats with
contusive SCI.

Effect of GAS on inflammation in rats with SCI

Inflammation is closely associated with development
of SCI and anti-inflammatory effect was shown to con-
tribute to improvement of SCI (Allison & Ditor, 2015;
Luo ez al., 2015; Lv et al., 2015; Tyagi et al., 2015). In the
study, we also evaluated the effect of GAS on inflamma-
tion in rats with SCI. As shown in Fig. 3A and B, in SCI
rats, tumor necrosis factor a (TNFo) (A) and interleukin-
18 (IL-18) (B) mRNA expression in spinal cord tissue
homogenates were significantly increased compared with
that of sham rats. GAS treatment markedly reduced the
mRNA expression in SCI rats (Fig. 3). The results indi-
cated that the operation of SCI induced significant in-
flammation and GAS administration exhibited notable
anti-inflammatory effect in SCI rats.

Effect of GAS on oxidative stress in rats with SCI

Increased reactive oxygen species (ROS), also called ox-
idative stress, is related with the occurrence and develop-
ment of SCI (Khayrullina ez 4/, 2015; Luo et al., 2015). In
the next step, we examined the effect of GAS on oxida-
tive stress status in SCI rats. As shown in Fig. 4A, TBARS
content in SCI rats were significantly higher than that of
Sham rats and GAS treatment significantly inhibited the
increase of TBARS content, indicating that GAS could in-
hibit lipid peroxidation after SCL. In Fig. 4B and C, we
showed that glutathione (GSH) content and superoxide
dismutase (SOD) activities were significantly decreased in
SCI rats. The administration of GAS could remarkably in-
hibit the decrease of GSH and SOD (Fig. 4B
and C). These data demonstrated that GAS

#B could effectively ameliorated oxidative stress
in rats with SCI.

Effect of GAS on key regulators of oxidative
stress in rats with SCI

To clarify the possible mechanism of
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Figure 4. Effect of gastrodin on oxidative stress in rats with spinal cord in-

jury.

The spinal cord tissues were homogenated and TBARS (A) and GSH (B) level
and SOD (C) activity were determined by assay kits to assess oxidative stress.
(A) mean +SEM: Sham: 13.4£3.6; SCl: 32.2+4.6; SCI+L-GAS: 26.6+5.1; SCI+H-GAS:
17.8+4.3. (B) mean +SEM: Sham: 34.4+11.3; SCI: 13.0+4.5; SCI+L-GAS: 24.4+3.8;
SCI+H-GAS: 33.2+10.5. (€) mean +SEM: Sham: 0.82+0.12; SCl: 0.2+0.09; SCI+L-
GAS: 0.46+0.11; SCI+H-GAS: 0.66+0.19. *p<0.05, compared with Sham group.
#p<0.05, compared with SCI group. Sham: sham-operated group, SCI: spinal
cord injury group, SCI + L-GAS: SCI + low dose of GAS group; SCI + H-GAS, SCI

+ high dose of GAS group.

& GAS-induced protective effects against SCI

and reduction of inflammation and oxidative
stress, we evaluated the effect of GAS on
key regulators of oxidative stress in rats with
SCI. The results showed that in rats with
SCI, the mRNA expression of nuclear factor
(erythroid-derived 2)-like 2 (Ntf2), an impor-
tant redox controller, was significantly de-
creased (Fig. 5A). GAS administration signif-
icantly inhibited the decrease of Nrf2 in SCI
rats (Fig. 5A). Moreover, mRNA expression
of catalytic subunit of y-glutamylcysteine
ligase (GCLc) and modified subunit of
y-glutamylcysteine ligase (GCLm), impor-
tant rate-limiting enzyme for GSH synthesis,
was notably reduced by contusive SCI (Fig.
5B and C). In contrast, GAS administration
significantly increased mRNA expression of
GCLc and GCLm in SCI rats. The results
demonstrated that the upregulation of Nrf2,
GCLc and GCLm may be involved in the
protective effects of GAS in SCI rats.
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tribute to improvement of SCI (Allison &
Ditor, 2015; Luo ef al., 2015; Lv et al., 2015;
Tyagi et al., 2015). 1L-18 is elevated follow-
ing SCI and important for the signaling re-
quired for chronic damage (Hayashi e/ al,
1997; Kleibeuker e¢# al, 2008). Motreovet,
TNFu« is involved in SCI-related inflamma-
tion and downregulation of TNFa contrib-
utes to recovery of SCI (Haan ef al., 2015;
Yang et al, 2015). We found that GAS
could inhibit inflammation in SCI rats, as
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Figure 5. Effect of gastrodin on key regulators of oxidative stress in rats with

spinal cord injury.

mRNA expression of Nrf2 (A), GCLc (B) and GCLm (C) was detected by real-
time PCR and results were shown as folds of Sham group. (A) mean +SEM:
Sham: 1.0+0.12; SCI: 0.19+0.11; SCI+L-GAS: 0.54+0.22; SCI+H-GAS: 0.72+0.20. (B)
mean +SEM: Sham: 1.0+0.07; SCI: 0.16+0.05; SCI+L-GAS: 0.54+0.11; SCI+H-GAS:
0.7440.21. (C) mean +SEM: Sham: 1.0+0.19; SCI: 0.2+0.11; SCI+L-GAS: 0.45+0.09;
SCI+H-GAS: 0.82 + 0.13. *p < 0.05, compared with Sham group. #p < 0.05,
compared with SCI group. Sham: sham-operated group, SCI: spinal cord injury
group, SCI + L-GAS: SCI + low dose of GAS group; SCI + H-GAS, SCI + high dose

of GAS group.

DISCUSSION

Large amount of literature have shown the neu-
roprotective roles of GAS in vivo and in vitro (Sun et
al., 2004; Xu et al., 2007; Dai et al., 2011; Park et al.,
2011; Peng et al, 2015). Recently, it was also shown
that GAS could improve the recovery of SCI (Song
et al., 2013). It is suggested that GAS may both pos-
sess neuroprotective activity and facilitate neuro-re-
generation. However, the mechanism underlying the
effects of GAS on regeneration after SCI is far from
completely understood. In the present study, using a
model of recovery of SCI, we examined the effect of
GAS on inflammation and oxidative stress in rats with
SCI and evaluated the possible role of antioxidant and
anti-inflammatory activities in GAS-enhanced recovery
from SCI.

In the study, locomotor function and permeability of
BSCB was determined to evaluate the injury of spinal
cord after the operation and GAS administration. Lo-
comotor function is an important indicator of injury
of spinal cord in animals (Ewan & Hagg, 2015). It is
suggested that disruption of BSCB is closely associated
with increased mortality after endovascular therapy and
contributes to early motor-neuron degeneration (Win-
kler ez al, 2014). Improvement of BSCB dysfunction
can significantly reduce secondary nerve injury and en-
hance neuroprotection (Sharma, 2011), implicating that
carly repair of the BSCB is significant for the treatment
of SCI. We showed that GAS could effectively amelio-
rate SCI, as evidenced by improved recovery of loco-
motor function and reduced permeability of BSCB.

Inflammation is closely associated with development
of SCI and anti-inflammatory effect was shown to con-

reflected by decrease of IL-13 and TNFa
levels in SCI rats. Previous studies have
shown that GAS ameliorated anxiety-like
behaviors and inhibited IL-18 level in the
rat model of posttraumatic stress disor-
der (Peng et al., 2013). Li et a/ showed that
GAS inhibited IL-18 and TNFa level in
rotenone-induced Parkinson’s disease model
rats (Li et al, 2012). Combined with these
results, it is suggested that anti-inflammato-
ry effect of GAS may be involved in the
protective effect of GAS against SCI.

Oxidative stress is related with the oc-
currence and development of SCI (Khay-
rullina ez al., 2015; Luo e al., 2015). Wang
and coworkers (2014) found that GAS
prevented motor deficits and oxidative
stress in the MPTP mouse model of Par-
kinson’s disease 2z ERK1/2-Nrtf2 sign-
aling pathway. Peng e a4/ showed that
GAS alleviated cerebral ischemic damage
in mice by antioxidant and anti-inflamma-
tory activities which involved upregula-
tion of SOD and Nrf2 pathway (Peng e#
al., 2015). Ntf2/antioxidant response ele-
ment (ARE) signaling pathway play an important role
in the central nervous system (Sandberg e al, 2014;
Kieseier & Wiendl, 2015), defending against potential
stress or insult. Wang and coworkers (2014) reported
that Nrf2 upregulated ATP binding cassette trans-
porter expression and activity at the blood-brain and
BSCB. Nrf2 was found to be the targets of several
active substances. It was also found that the effect of
ginseng on SCl-induced oxidative stress and inflam-
matory response was mediated by activation of Nrf2
(Wang ez al, 2015). Activation of Nrf2 was involved
in sulforaphane-enhanced recovery after contusive SCI
(Benedict e¢# al., 2012). GCLc and GCLm are the rate-
limiting enzymes for the synthesis of GSH, an impor-
tant antioxidant protein in the body. Various studies
have suggested that GCLc and GCLm are regulated
by Nrf2 in the defense against oxidative insult (Guan
et al., 2015). In the current study, we also tested the
effect of GAS on Nrf2, GCLc and GCLm expression.
The results showed that GAS significantly increased
mRNA expression of Nrf2, GCLc and GCLm in SCI
rats, indicating that enhancement of Nrf2-GCLc/
GCLm pathway may be involved in the protective ef-
fect of GAS against SCI

In conclusion, the novel finding of our study was that
GAS may promote the recovery of SCI through the en-
hancement of Nrtf2-GCLc/GCLm  signaling pathway,
and then improvement of oxidative stress and inflam-
mation, resulting in decreased permeability of BSCB and
improved recovery of locomotor function in SCI rats.
These results have provided novel insights into GAS-
related therapy of SCI and associated neurodegenerative
diseases.
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