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ABSTRACT. The present study aimed to determine the effects of
musk ketone on nerve recovery in rats after spinal cord injury. A total
of 105 SD female rats were used to establish the rat with dorsal spinal
cord injury model (modified Allen’s method). The rats weighed from
200 to 250 g and were provided by the Experimental Animal Center
of Chongqing Medical University. They were randomly divided into
five treatment groups: saline (NS group), methylprednisolone (MP
group), and musk ketone groups (MO1, MO2, and MO3 groups). The
Swash plate test and BBB behavioral score were used to determine
neurological function recovery after spinal cord injury. Hematoxylin-
eosin (HE) staining was used to detect general structural changes in
spinal cord tissue. The enzyme-linked immunosorbent assay was used
for the determination of interleukin 10 (IL-10) in spinal cord tissue. We
found that compared with the NS control group, critical angle, BBB
score and IL-10 levels in rat spinal cord tissue significantly increased
in the MP group and MO groups 7 and 14 days after the operation.
HE staining showed that in the NS group, there was hemorrhage,
edema, necrosis, axonal demyelination, inflammatory cell infiltration
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and glial cell response in spinal cord tissue. After 7 days, spinal cord
edema and inflammation were reduced and neuronal degeneration and
necrosis were not evident in the MP and MO groups. We conclude that
musk ketone can reduce secondary damage after spinal cord injury and
promote nerve recovery in rats.
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INTRODUCTION

Spinal cord injury (SCI) is one of the serious diseases commonly seen in the clinic,
and it can be divided into primary and secondary injury (Mahabaleshwarkar and Khanna,
2014). Studies have reported that spinal cord injury involves a variety of pathophysiological
processes, such as lipid peroxidation, release of excitatory amino acids, inflammation,
intracellular calcium overload, microcirculation disturbance, and apoptosis, and the immune
inflammatory response is one of the most important pathological processes in secondary
damage (Dinc et al., 2013; Ordonez et al., 2013; Smith et al., 2013; Kurtoglu et al., 2014).
Inflammatory cytokines are the basic regulatory molecules in the immune response, where
they are involved in the regulation of inflammatory reactions in SCI (Xiyang et al., 2014).
The necessary inflammatory response is beneficial for functional recovery of SCI, because it
can remove tissue debris, induce the secretion of some neurotrophic factors, and promote the
recovery of motor function. But after SCI, neuronal necrosis, edema, and blood-spinal cord
barrier damage are closely associated with the inflammatory response. After injury, myelin
debris can also cause adverse inflammatory response, with nerve regeneration being inhibited
(David et al., 2012). Therefore, excessive inflammatory response is still one of the main causes
of spinal cord injury. How to adjust the inflammatory response after SCI has become the
focus of research in this area. Musk ketone is a ketone first isolated from a natural musk at
the beginning of this century. It has a special flavor and is one of the main active ingredients
of natural musk (Lovell and Sanders, 1988; Gardeazabal et al., 1992; Hawkins et al., 2002).
Systemic administration of musk ketone in mice showed that it can reach various parts of
the central nervous system through the blood-brain barrier within 5 min after intragastric
administration and within 2 min after intravenous injection (Api and Gudi, 2000). Lehman-
McKeeman et al. (1999) showed that musk ketone had multiple pharmacological effects
such as promotion of neuronal damage restoration, protection of the central nervous system
and prevention of endothelial injury. In addition, studies have shown that musk ketone has
significant anti-inflammatory effects (Stuard et al., 1997; Lehman-McKeeman et al., 1999),
but the influence of musk ketone on nerve injury recovery after spinal cord injury is unclear.
Therefore, the present study focused on the impact of musk ketone on neurological recovery
after SCIL.

MATERIAL AND METHODS
Animal grouping and administration

A total of 105 healthy adult male SD rats were included. They were provided by the
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Experimental Animal Center of Chongqing Medical University, and had a body weight of 200
- 250 g. They were randomly divided into the following treatment groups: normal saline (NS
group, N = 30), methylprednisolone (MP group, N = 30), and intravenous injection of musk
ketone (MO1, MO2, and MO3 groups, 15 in each group).

Methods

Establishment of pre-condition: Chloral hydrate (4%, 0.35 mL/kg) was intravenously
injected in the tail for anesthesia in all animals. The rats were then fixed in the prone position,
and lower back was shaved. The routine disinfected towels were prepared, with the T8 spinous
process in the center. A middle back incision was made, the spinous process and lamina were
exposed, and T7-10 were removed. For spinous process and laminectomy, the spinal cord
was taken as the center, the circular area with a diameter of 5 mm was revealed. The modified
Allen’s method was used to hit the dorsal spinal cord. The hammer with a mass of 10 g was
allowed to fall freely on the spinal cord from a height of 2.5 cm. It struck vertically the soft
plastic sheet, where one end of the plastic film was concave, which was in direct contact with
the endorhachis, allowing the potential energy to pass to the T8 spinal cord.

Sign of successful strike

Spastic tail swing was noticed, and there was a retraction of the lower limbs and torso-
like flutter. Both lower extremities showed flaccid paralysis. The dura, erector spinae, subcutane-
ous tissue and skin were sutured layer by layer. Intramuscular penicillin at 1.0 x 10° IU/day was
injected in each rat after surgery, and the animals were kept at room temperature of 20-25°C.
Artificial bladder squeeze was performed twice a day until the return of spontaneous urination.

Treatment

In the MO1, MO2, and MO3 groups, immediately after the operation, 2.5, 5, and 10
mg/kg musk ketone were injected in the tail vein, respectively. At 3 and 8 h after the operation,
5, 10, and 20 mg/kg musk ketone were injected in the tail vein, respectively. The dose was
changed back respectively to 2.5, 5, and 10 mg/kg, given daily for 7 days. In the MP control
group, a tail injection of 30 mg/kg methylprednisolone was performed immediately after the
operation and repeated the next day. The NS group was only spinal cord injury with tail vein
injection of saline.

Neurological function evaluation after spinal cord injury

At 1, 3, 7, and 14 days, the oblique plate test was performed and BBB behavioral
score determined in rats of each group. The motor function recovery in spinal cord in ani-
mals was observed.

Specimen collection

Six rats of each group were randomly selected 1, 3, 7, and 14 days after the operation.
After intraperitoneal anesthesia, the rats were fixed in a supine position, the chest cut open
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and heart exposed under direct vision. A syringe was inserted through the left ventricle into
the ascending aorta, and the auricula dextra was cut open. The rats were rapidly perfused with
200 mL saline containing heparin (10 U/mL) until the fluid was clear. Next, 200 mL 2% glu-
taraldehyde was slowly infused at 4°C until the limbs and tail hardened. Through the original
incision, T8 spinal cord tissue sections were completely removed according to the anatomy,
and they were fixed in 4% paraformaldehyde for 24-48 h.

Pathological morphology of spinal tissues

Spinal cord tissue was subjected to conventional dehydration, and xylene was used for
clearance. The tissue was then embedded in paraffin and sliced. At each time point, three ran-
domly selected sections were stained with HE and observed under the microscope in each rat.

IL-10 detection in spinal cord tissues

ELISA was used to determine interleukin 10 (IL-10) in spinal cord tissues of rats in
each group at different time points. The specific assay was performed strictly according to kit
instructions.

Statistical analysis

The SPSS 13.0 statistical software was used for analysis, and data are reported as means
+ standard deviation (s). ANOVA was used to compare the difference between groups. The pair-
wise means were compared using the LSD method, P <0.05 indicated a significant difference.

RESULTS
Evaluation of neurological function after spinal cord injury

Swash plate test results are shown in Table 1. Compared with the NS group, the criti-
cal angle significantly increased in MP treatment group and MO treatment group 7 and 14 days
after the operation. BBB behavioral score results were in Table 2. Compared with the NS control
group, BBB behavioral score significantly increased in MP and MO treatment groups.

Table 1. Critical angle of swash plate test in each group at different time points.

Groups 24 h after surgery 3 days after surgery 7 days after surgery 14 days after surgery
NS control 24.5+0.43 28.5+0.55 37.3+0.56 44.5+0.49

MP treatment group 26.1 £0.65 30.4+0.57 48.1£0.63* 49.6 £ 0.66*
MO treatment group 26.9+0.53 31.6 +£0.59 48.0 £ 0.59* 49.4+0.51%*

Compared to NS control group, *P < 0.05.

Table 2. BBB Behavioral scores in each group at different time points.

Groups 24 h after surgery 3 days after surgery 7 days after surgery 14 days after surgery
NS control 2.35+0.33 4.53+£0.35 6.23+0.28 8.56+0.29

MP treatment group 3.16£0.31 4.74+£0.27 9.41 +0.24* 11.56 £ 0.36*
MO treatment group 3424038 5.06+0.21 9.07 +£0.19* 11.47 £0.41%*

Compared to NS control group, *P < 0.05.
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Pathological morphology of spinal cord

For the saline control group, hemorrhage, edema, necrosis, axonal demyelination, in-
flammatory cell infiltration and glial cell response were seen in spinal cord tissue.

After 7 days, in the MP and MO treatment groups, spinal cord edema and inflamma-
tion were reduced, and neuronal degeneration and necrosis were not evident (Figure 1).

Dy

NS group

MP group

MO group

Figure 1. Histological results of each groups at 1 day and 7 days after surgery.

IL-10 levels change in spinal cord tissue
The results are shown in Table 3. Compared with the control group, the MO and MP

groups showed at different time points after surgery significantly increased IL-10 levels in the
spinal cord tissue of each group (P <0.01).

Table 3. IL-10 levels in each group at different time points.

Groups 24 h after surgery 3 days after surgery 7 days after surgery 14 days after surgery
NS control 14.11 £ 1.43 18.23 +1.36 16.20 +1.38 15.31+1.27
MP treatment group 31.63 + 1.35% 38.24 + 1.29% 36.42 + 1.74% 34.53 £ 1.06*
MO treatment group 30.32 + 1.31* 35.06 + 1.288 32.47 +1.19* 3210+ 1.31%*

Compared to NS control group, *P < 0.05.
DISCUSSION

Spinal cord injury is divided into primary and secondary injury. Due to the irreversibil-
ity of primary injury, treatment mainly focuses on secondary spinal cord injury (Umebayashi
et al., 2014). Nowadays, the following factors are considered to be involved in secondary
spinal cord injury: ischemia and reperfusion injury, blood - spinal cord barrier damage, free radi-
cal generation, neuropeptides, monoamines, intracellular ion disorder, nitric oxide, endothelin,
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vascular endothelial growth factor, platelet activating factor, excitatory amino acids, lipid per-
oxidation and cell apoptosis (Fong and Hauptman, 2012). Secondary spinal cord injury is the
deteriorating process of the mutual cascades of neural biochemical mechanisms and vascular
mechanisms. A variety of inflammatory cytokines induce neuronal apoptosis, and their partici-
pation in secondary injury is an important factor in recovery of nerve function (Lu et al., 2000).

IL-10 is an important immunoregulatory cytokine, where it has a wide range of bio-
logical activity including immunosuppressive, anti-inflammatory and immunomodulatory
properties (Baca et al., 2014). Musk ketone significantly inhibits inflammation. Musk ketone
can inhibit croton oil-induced granulation cyst fluid exudation. It also has a significant role
in reducing inflammatory mediators of cervical degeneration. However, studies have not re-
ported the effect of musk on nerve recovery after spinal cord injury. The results of this study
showed that in the MO groups compared with the saline control group, the critical angle, BBB
scores, and IL-10 levels in spinal cord tissue significantly increased after 7 and 14 days. The
result indicates that musk ketone can reduce secondary damage after spinal cord injury, and
thus, it has effects of nerve recovery after spinal cord injury in rats.
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