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Background: Globally, spinal cord injury (SCI) results in a big burden, including 90% suffering permanent
disability, and 60%-69% experiencing neuropathic pain. The main causes are oxidative stress, inflammation, and
degeneration. The efficacy of the stem cell secretome is promising, but the role of human neural stem cell (HNSC)-
secretome in neuropathic pain is unclear. This study evaluated how the mechanism of HNSC-secretome improves
neuropathic pain and locomotor function in SCI rat models through antioxidant, anti-inflammatory, anti-matrix
degradation, and neurotrophic activities.

Methods: A proper experimental study investigated 15 Rattus norvegicus divided into normal, control, and
treatment groups (30 uL HNSC-secretome, intrathecal in the level of T10, three days post-traumatic SCI). Twenty-
eight days post-injury, specimens were collected, and matrix metalloproteinase (MMP)-9, F2-Isoprostanes, tumor
necrosis factor (TNF)-a, transforming growth factor (TGF)-B, and brain derived neurotrophic factor (BDNF) were
analyzed. Locomotor recovery was evaluated via Basso, Beattie, and Bresnahan scores. Neuropathic pain was
evaluated using the Rat Grimace Scale.

Results: The HNSC-secretome could improve locomotor recovery and neuropathic pain, decrease F2-Isoprostane
(antioxidant), decrease MMP-9 and TNF-a (anti-inflammatory), as well as modulate TGF-3 and BDNF (neurotrophic
factor). Moreover, HNSC-secretomes maintain the extracellular matrix of SCI by reducing the matrix degradation effect
of MMP-9 and increasing the collagen formation effect of TGF-B as a resistor of glial scar formation.

Conclusions: The present study demonstrated the mechanism of HNSC-secretome in improving neuropathic pain and
locomotor function in SCI through antioxidant, anti-inflammatory, anti-matrix degradation, and neurotrophic activities.
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INTRODUCTION

Spinal cord injury (SCI) is a trauma that causes persistent
neurologic deficits, including paraplegic and neuropathic
pain [1,2]. Globally, there are 250,000-500,000 SCI ac-
cidents every year, with neuropathic pain occurring in
60%-69% of SCI patients [3,4]. The main causes of neu-
ropathic pain and paraplegia are oxidative stress and
inflammation [2,5]. Oxidative stress and inflammatory
responses play key roles in the secondary phase of SCI [6].
The stages of SCI remodeling are divided into primary
injury, secondary injury, glial scar formation and matu-
ration, and tissue regeneration [7]. Conventional SCI
therapy focused on surgery, pharmacological interven-
tions, and rehabilitation to restore lost function and treat
neuropathic pain [8].

The current treatment for SCI is centered on the sec-
ondary damage of SCI [7]. The effects of the neural stem
cell are strongly beneficial in SCI repair [9]. However,
there is increasing evidence of the effectiveness of stem
cells, which is supported by the paracrine effects of stem
cell secretome [10]. Stem cell secretomes have potential
anti-neuroinflammatory, antiapoptotic, angiogenesis,
and neurogenesis effects [10,11]. Pajer et al. [8], stated
that intravenously administered secretome and the
lesion-induced secretome modulated SCI symptoms
and functional recovery through inflammatory cytokines
supplemented with neurotrophic factors. However, fur-
ther studies are necessary to prove the positive effects of
intraspinal use. Zhou et al. [12] stated that neural stem
cell secretome (NSC-S) significantly promoted the polar-
ization of microglia from the proinflammatory M1 to the
anti-inflammatory M2 phenotype, and reduced the pro-
duction of proinflammatory cytokines. NSC-S promoted
peroxisome proliferator-activated receptor gamma path-
way activation.

Despite extensive research, recently, the pathophysi-
ological mechanisms in the development of neuropathic
pain have not been clearly revealed [13]. The role of hu-
man neural stem cell (HNSC)-secretome in neuropathic
pain is unclear. The mechanism of the HNSC-secretome
improvement of neuropathic pain and locomotor func-
tion in SCI remains unclear. The research question of this
study was in regards to the effect and the mechanism of
HNSC-secretome in improvement of neuropathic pain
and locomotor fuction in SCI. Accordingly, the aim of the
study is to evaluate the mechanism of HNSC-secretomes’
improvement of neuropathic pain and locomotor func-
tion in SCI by analyzing F2-Isoprostanes, tumor necro-
sis factor (TNF)-a, matrix metalloproteinase (MMP)-9,

transforming growth factor (TGF)-B, and brain derived
neurotrophic factor (BDNF).

MATERIALS AND METHODS

1. Ethics statement

The study’s protocol was reviewed and approved by Facul-
ty of Dentistry, University of Jember (REC.1462/UN25.8/
KEPK/DL/2021). All rats were approved by the animal
health office (N0.503/A.1/0005. B/35.09.325/2020).

2. Study design

This research was a true experimental study. The sample
size was calculated using the Lemeshow formula (n =
5 rats), with correction factors of 20%. The rats were
randomly grouped into the following three groups: the
treatment group (five experimental rats had SCI with
HNSC-secretome), the control group (five experimental
rats had SCI without HNSC-secretome), and the normal
group (five experimental rats did not have SCI and did
not get HNSC-secretome). The treatment group received
a 30 pL. HNSC-secretome intrathecal injection at the T10
level three days after the SCI and laminectomy [8,14]. All
groups were replicated five times. The authors observed
the study over 28 days [15]. The independent variable of
the study is HNSC-secretome, where as the dependent
variables are neuropathic pain, locomotor function,
TNF-q, F2-Isoprostane, MMP-9, TGF-f3, and BDNF.

3. Preparation of the HNSC-secretome

The material of HNSC-secretomes was obtained by
buying in installation of stem cells and tissue bank
(REC.0059/KEPK/1X/2020). The neural stem cells were
counted as 2 x 5 x 10°, derived from Adipose-Mesenchy-
mal Stem Cells. HNSC-secretomes are characterized by
the presences of neural cells and Nestin markers.

4. Rats and SCI models

We used a reliable Rattus norvegicus SCI contusion-
compression model [16]. The adult male Rattus norvegi-
cus pure strain Sprague Dawley rats were three to four
months old and weighed 300-350 g. Acclimatization was
carried out for seven days by one chemist and two veteri-
narians. Animals were kept in separate cages, one cage
containing one rat, using a plastic box, 45 x 30 x 15 cm®
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with woven wire as a cover. The floor mat was covered
with wood shavings and there was an underpad to absorb
urine and maintain moisture. The room comfort was pro-
vided by air conditioning to maintain a room tempera-
ture of 22°C + 2°C and a humidity of 50%-70%. An exhaust
fan was used to remove the smell of ammonia. The envi-
ronment was a quiet room with a 12-hour light and dark
cycle. The light sources was a 300 lux electric lamp 1 me-
ter from the floor. The cage was cleaned every three days
with soap and running water. Feed was 30-35 g of pellets
(10% of bodyweight) and 30-35 mL of mineral water (10%
of bodyweight).

Contusion-compression of the spinal cord was con-
ducted using the commercially available spinal cord
impactor aneurysm Yasargil Clip, with a length of 7 mm
and a load of 65 g (equivalent to 150k Dyne). The ani-
mals were anaesthetized using ketamine (75 mg/kg) and
acepromazine (3 mg/kg) intraperitoneal [17]. The ani-
mals were placed on a fixation board in a prone position,
and about a 3-cm portion of their back hair was shaved.
The operating area was disinfected with 10% betadine
and 75% alcohol. The surgical level was marked by trac-
ing the rib at the level of the T10 spinous process using a
2 cm skin incision. A partial laminectomy was conducted
the T10-T11 level to expose the level T10 spinal cord. The
tip of the titanium aneurysm Yasargil Clip was placed at
a distance of 1 mm from the spinal cord anteriorly and
posteriorly. The spinal cord was impacted suddenly for
60 seconds by retraction of the tip using an applicator.
It produced a SCI contusion-compression model with
the dura appearing cloudy white and impacted flat. The
operating field was cleaned using saline, and the muscle
and skin were sutured together in layers.

Three days post-injury, the rat model, in both the treat-
ment and control groups, were completely paraplegic.
The treatment group was administered an intrathecal in-
jection of 30 pL. HNSC-secretome under general anesthe-
sia, which was centered at the site of the injury and 1.5-2
mm deep from the dura to the subarachnoid space with
a tilt angle of 30-40" using a 50 pL. Hamilton Syringe. The
animals received physiological saline subcutaneous (s.c.),
tolfenamic acid 4 mg/kg s.c. and enrofloxacin 10 mg/kg
s.c. and were placed under a 5 W heating lamp. Manual
bladder drainage was conducted twice daily until mictu-
rition was normal.

5. Neuropathic pain assessment

The Rat Grimace Scale (RGS) was used to observe the
neuropathic pain. The RGS is an accurate, sensitive, and
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reliable method of identifying and measuring pain in
mice [18]. The score was measured before surgery and on
days 21 and 28 after surgery. It takes animal facial expres-
sions that consists of four measures, namely orbital/eye
lifting, nose/cheek protrusion, ear changes and whisker
position. It is based on scoring the presence of each ac-
tion unit, which consists of 0, 1, and 2. There score is
“0” if there is no change (normal), “1” if the change is
moderate, and “2” if the change is clear [19]. Each rat was
observed for nine minutes in each testing session using
a video camera. The assessment was carried out every 15
seconds, followed by a 15-second interval. Every three
minutes, the score was averaged, and then the total score
was averaged as the final score.

6. Locomotor assessment

The Basso, Beattie, and Bresnahan (BBB) scores were uti-
lized to measure the locomotors recovery. To assess the
locomotor expression, the BBB open-field test was per-
formed on days 1, 3, 7, 14, 21, and 28 after injury [16]. The
BBB measures the tail, body, legs, trunk stability, limb
movement, and toe clearance, all of which are examined
to measure the locomotor abilities [20,21]. The score
shows a range of numbers between 0 and 21. A score of 0
is no movement, and a score of 21 is normal movement
without a locomotor disorder. Briefly, scores 0-7 rank
the early phase of recovery indicating movement of the
primary 3 joints (hip, knee, and ankle), scores 8-13 de-
scribe the intermediated phases of recovery from weight
bearing stance to coordinated stepping, and scores 14-21
rank the late phase with the return of toe clearance, paw
position, and trunk stability [22].

7. Preparation of the spinal cord tissue for
immunohistochemical assessment

The termination of the animals was carried out on day
28 through the induction of inhalation anesthetics. The
sterilization of the operating area was carried out using
70% alcohol and 10% betadine, then put on sterile cloths.
A transverse incision was made on the left side at the
level of the ribs reaching the T8-T12, then 5 cm of spinal
cord tissue was separated from the vertebral column and
marked at the cranial end. The spinal cord tissue materi-
als were put in a pot and fixed in a 10% buffer formalin.

8. Immunohistochemical assessment

The immunohistochemistry of biomarkers MMP-9,
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TGEF-B, and BDNEF, were evaluated using quantitative
measurements. Five specimens of spinal cord tissue were
taken from animals in each group. The average value of
ten fields of view was observed, and each field of view
had an area of 625 p* with a magnification of 400x. Mac-
rofag cell was observed for MMP-9 and TGF-p, whereas
neuron cells were observed for BDNE. Immunohisto-
chemical operational procedures were as follows: the
specimens were immersed in the xylol solution for 3-5
minutes, then in absolute ethanol for 1-3 minutes, and
finally in 70% ethanol for 1-3 minutes. They were then
washed 3 times with Aquabidest, and the edge of the
slide was cleaned with a tissue. They were then dropped
with H,0, 3%, incubated at room temperature for 10
minutes, washed 3 times in phosphate-buffered saline
(PBS), and the edge of the slide was again cleaned with
a tissue. They were then dropped with Trypsin 0.025%,
and incubated at 37°C for 6 minutes, washed 3 times in
PBS, and the edge of the slide again cleaned with a tissue.
Specimens were then dropped with Ultra V Block and
incubated at room temperature for 5 minutes, with the
edge of the slide cleaned again (no need to wash). They
were then dropped with monoclonal antibody which has
been diluted (1:100) and incubated at room temperature
for 25-30 minutes, washed with PBS 3 times, and the
edge of the slide cleaned with a tissue. Drops of biotin,
incubation at room temperature for 10 minutes, washed
with PBS 3 times, and the edge of the slide cleaned with
a tissue. Specimens were then dropped with horseradish
peroxidase polymer, incubated at room temperature for
10 minutes, washed with PBS 3 times, and the edge of the
slide cleaned with a tissue. They were then dropped with
diaminobenzidine chromogen (20 uL/1 mL substrate),
incubated at room temperature for 5-15 minutes in a
dark room, washed Aquabidest 3 times, cleaned, painted
with Meyer Hematoxylin at room temperature, then incu-
bated for 6-15 minutes, washed in running water 3 times,
and finally soaked in water for 10 minutes, drained, and
mounting.

9. Enzyme-linked immunosorbent assay

The specimen for enzyme-linked immunosorbent assay
(ELISA) was collected from the cardiac blood. The TNF-q.
analysis used the serum, and F2-Isoprostanes used
plasma for analysis. The ELISA kit for the TNF-o analysis
used the Sandwich-ELISA principle. The ELISA kit for the
F2-Isoprostanes analysis used the Competitive-ELISA
principle. TNF-o and F2-Isoprostanes were evaluated us-
ing quantitative measurements.

10. Statistical methods

The data in this research is reported as the mean * stan-
dard deviation. SPSS software version 25 (IBM Co., Ar-
monk, NY) was utilized for analysis. The normality was
analyzed using the Shapiro-Wilk test, while the homo-
geneity was determined using the Levene test. A P value
less than 0.05 was considered statistically significant. The
differences between groups were analyzed using ANOVA
followed by the Tukey HSD test. A P value of < 0.05 was
considered statistically significant.

RESULTS

The rats were evaluated over a period of four weeks to
determine the neuropathic pain reduction using the RGS.
Neuropathic pain decreased on day 21 and continued to
decrease until day 28. Based on the independent t-test,
the results on days 21 and 28 showed that the treatment
and control groups had different consecutive significanc-
es of P < 0.001 and P < 0.001, respectively. The mean dif-
ferences (MD) on days 21 and 28 between the treatment
and control groups were sequentially MD = 1.556 and MD
= 1.238, respectively. The treatment group had a much
higher effect on reducing the value of neuropathic pain in
the rat SCI subacute contusion-compression model (Fig.
1).

The rats were evaluated over a period of 28 days to
determine motor recovery. Locomotor recovery was re-
corded on days 1, 3, 7, 14, 21, and 28. The mean value (%)
BBB score of the treatment group was 19.60, whereas in
the control group, it was 1.20. The MD in the BBB scores
was 18.4 (BBB score 0-21). Based on the independent t-

2.0 1 -e- Treatment group (n = 5 rats) :

-m- Control group (n=5rats) -
Normal group (n=5rats) = """~

1.5 1

1.0 1

RGS of pain

Week

Fig. 1. Graph of Rat Grimace Scale (RGS) scores (mean value).
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test, the control and treatment groups were different, with
a significance of P < 0.001. The treatment group had a
much higher effect on improving the value of the locomo-
tor recovery in the rat SCI subacute contusion-compres-
sion model (Fig. 2).

Based on the mean value, the level of F2-Isoprostane in
the treatment group was significantly different from the

-~ Treatment group (n = 5 rats)
-m- Control group (n = 5 rats)
5 Normal group (n = 5 rats)
5 7 N ¥

20 A

15

BBB scores

10 A

Day

Fig. 2. Graph of Basso, Beattie, and Bresnahan (BBB) scores
locomotors recovery (mean value).

control group (P = 0.001). The number of cells expressing
F2-Isoprostane in the treatment group (X = 255.151) was
smaller than control group (% = 377.649) (Table 1).

Based on the mean value, the level of TNF-q in the
treatment group was significantly different from the con-
trol group (P = 0.032). The number of cells expressing
TNF-q in the treatment group (X =172.048) was smaller
than in the control group (X = 214.705) (Table 2).

Based on the mean value, the number of cells express-
ing MMP-9 in the treatment group was significantly dif-
ferent from those in the control group (P = 0.038), and
the number of cells expressing MMP-9 in the treatment
group (X = 1.200) was smaller than in the control group (X
=3.140) (Table 3 and Figs. 3, 4).

Based on the mean value, the number of cells express-
ing TGF-p in the treatment group was significantly differ-
ent from those in the control group (P < 0.001). Moreover,
the number of cells expressing TGF-f in the treatment
group (X = 3.800) was greater than those in the control
group (X = 2.000) (Table 4 and Figs. 5, 6).

Based on the mean value, the number of cells express-
ing BDNF in the treatment group was significantly differ-
ent from those in the control group (P = 0.001), and the
number of cells expressing BDNF in the treatment group
(x = 1.980) was greater than in the control group (X =
0.560) (Table 5 and Figs. 7, 8).

Table 1. Comparison of the intergroups of biomarker F2-Isoprostanes

Group P value
Treatment group (n = 5) (255.151 + 17.569) Control group (377.649 + 38.817) 0.002
Normal group (252.591 + 25.541) <0.001
Control group (n = 5) (377.649 + 38.817) Treatment group (255.151 + 17.569) 0.002
Normal group (252.591 + 25.541) 0.989
Normal group (n = 5) (252.591 + 25.541) Treatment group (255.151 + 17.569) 0.989
Control group (377.649 + 38.817) <0.001
Values are presented as mean + standard deviation.
P < 0.05, significant differences between groups by Tukey HSD test.
Table 2. Comparison of the intergroups of biomarker tumor necrosis factor (TNF)-o
Group P value
Treatment group (n = 5) (172.048 + 25.543) Control group (214.705 + 25.245) 0.032
Normal group (105.069 + 17.885) 0.001
Control group (n =5) (214.705 + 25.245) Treatment group (172.048 + 25.543) 0.032
Normal group (105.069 + 17.885) 0.002
Normal group (n = 5) (105.069 + 17.885) Treatment group (172.048 + 25.543) 0.001
Control group (214.705 + 25.245) 0.002

Values are presented as mean + standard deviation.
P < 0.05, significant differences between groups by Tukey HSD test.
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Table 3. Comparison of the intergroups of biomarker matrix metalloproteinase-9

Group P value

Treatment group (n = 5) (1.200 + 1.304) Control group (3.140 + 1.352) 0.038
Normal group (0.160 +0.152) 0.003

Control group (n =5) (3.140 + 1.352) Treatment group (1.200 + 1.304) 0.038
Normal group (0.160 +0.152) 0.320

Normal group (n = 5) (0.160 + 0.152) Treatment group (1.200 + 1.304) 0.003
Control group (3.140 + 1.352) 0.320

Values are presented as mean + standard deviation.
P < 0.05, significant differences between groups by Tukey HSD test.
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Fig. 3. A bar graph representing the comparison of cell counts
between groups in matrix metalloproteinase-9 cytokine.

DISCUSSION

HNSC-secretome, which is administered in the rat SCI
subacute contusion-compression model, improved neu-
ropathic pain and locomotor function more significantly
compared to the control group. Neuropathic pain was
evaluated starting on days 21 and 28. This was in accor-
dance with the research conducted by Leung et al. [23],
Wau et al. [24], and Hatch et al. [25], who stated that pain
before day 21 was a combination of various sources of
pain, such as surgical wound pain, surgical stress and
anesthesia, and post laminectomy pain. In another study
found spontaneous neuropathic pain and supraspinal
pain up to 5 weeks after cervical hemicontusion using the
RGS score [26]. Locomotor function improvement started
from day 7 and continued to day 28 post-injury. Cun-
ningham et al. [27] stated that there are 4 studies which
observed locomotor function for 4 weeks, 4 studies which
observed for 6 weeks, and one study which observed for
10 weeks. To date, the time for full recovery process of lo-
comotor function is not yet known.
Immunohistochemistry showed that HNSC-secretome

treatment increased TGF- and BDNF but decreased
MMP-9. ELISA showed that HNSC-secretome treatment
decreased F2-Isoprostane and TNF-qa. Specifically, HN-
SC-secretome showed neurogenic properties that were
regulated by BDNF and TGF-f upregulation as well as
anti-inflammatory and antioxidative stress by decreasing
F2-Isoprostanes and TNF-q, and increasing TGF-f3. More-
over, HNSC-secretomes can maintain the extracellular
matrix (ECM) of SCI by reducing the matrix degradation
effect of MMP-9 and increasing the collagen formation
effect of TGF-. This may reduce glial scar formation and
neuropathic pain.

The administration of secretomes in the brain could in-
duce macrophages to secrete TGF-, MMP-9, and BDNF
[11]. Inflammation contributes to secondary SCI when
the inflammation is slower and longer than the periph-
eral nerve. As a result, the healing process of SCI is be-
coming more complicated [28]. In this research, the role
of HNSC-secretome was clear in repair of SCI, through
several biomarkers and the improvement of neurological
functions.

This research showed that HNSC-secretomes decrease
F2-Isoprostanes. Antioxidant properties have been re-
ported to be effective in treating neuropathic pain [29].
Jia et al. [30] stated that alleviating the oxidative stress of
the secondary injury process may represent an effective
strategy for therapeutic intervention in SCI. Dos Santos
et al. [31] stated that NSC secretomes have an important
antioxidant role in reducing F2-Isoprostane by inhibiting
endoperoxidase, arachidonic acid, and reactive oxygen
species (ROS). F2-Isoprostanes is increased by oxidative
stress and is derived from the free radical induction of
neuronal arachidonic acid in membrane phospholipids
and lipoproteins [32]. ROS that are derived from microg-
lia and leukocytes (macrophages and neutrophils) are
secreted by an enzyme system (nicotinamide adenine di-
nucleotide phosphate oxidase, myeloperoxidases, cyclo-
oxygenase, and xanthine oxidase) [32]. Polyunsaturated
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Fig. 4. We observed immunohistochemical matrix metalloproteinase (MMP)-9 average value of 10 field of views, every field of view
have 625 u2 with 400x magnification. (A) Treatment group, (B) Control group, (C) Normal group. Microglia (red arrow) are small
round cells, solid nuclei and give a positive reaction with anti MMP-9 indicated by brown color. While macrophage (blue arrow) cells
are large, vesicular nucleus, and sometimes elongated resembling fibroblasts (macrophages like fibroblast) and give a positive reac-
tion with anti MMP-9 indicated by brown.

Table 4. Comparison of the intergroups of biomarker transforming growth factor (TGF)-3

Group P value

Treatment group (n = 5) (3.800 + 0.837) Control group (2.000 + 0.707) <0.001
Normal group (0.800 + 0.837) 0.082

Control group (n = 5) (2.000 + 0.707) Treatment group (3.800 * 0.837) < 0.001
Normal group (0.800 + 0.837) 0.010

Normal group (n = 5) (0.800 + 0.837) Treatment group (3.800 + 0.837) 0.082
Control group (2.000 + 0.707) 0.010

Values are presented as mean + standard deviation.
P < 0.05, significant differences between groups by Tukey HSD test.

TGF-p
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Fig. 5. A bar graph representing the comparison of cell counts
between groups in transforming growth factor (TGF)-B cytokine.

fatty acids (arachidonic acid, docosahexaenoic acid)
target free radicals that produce F2-Isoprostanes, which
is an expression of lipid peroxidation [33]. Addition-
ally, they activate nuclear factor kappa-B (NFxB), which
causes an inflammatory process; they release gamma-
aminobutyric acid; they increase intracellular Ca** and
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Na’; they disrupt mitochondrial function, excitotoxicity
and neuronal malfunction; and finally, they result in neu-
ronal death [34].

This research showed that HNSC-secretome decreases
TNF-a. TNF-a, promotes the recruitment of neutrophils
and macrophages to the site of the injury, cleans up de-
bris and necrotic tissue, and secretes pro-inflammatory
cytokines [35]. Additionally, neutrophils and macro-
phages secrete anti-inflammatory cytokines, such as
interleukin (IL)-10 and TGF-B, and induce anti-inflam-
matory regulatory T-cells [36]. Although TNF-o decreases
on the seventh day after trauma, eventually, TNF-q, can
stimulate synaptic plasticity and glutamatergic transmis-
sion and contribute to the survival of injured neurons [37].
TNEF-q, can trigger various cell signaling pathways, which
protect against excitotoxicity-induced cell death and sta-
bilize calcium homeostasis due to the promoted expres-
sion of the calcium-binding protein calbindin [37].

This research showed that HNSC-secretome decreases
MMP-9. MMP-9 are endopeptidases that contribute to
SCI repair by degrading ECM molecules and depleting
MMP-9 [38]. MMP-9 can be promoted by ROS and pro-in-
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Fig. 6. We observed immunohistochemical transforming growth factor (TGF)- average value of 10 field of views, every field of view
have 625 p° with 400x magnification. (A) Treatment group, (B) Control group, (C) Normal group. Microglia are small round cells, sol-
id nuclei and give a positive reaction with anti TGF-3 indicated by brown color. While macrophage cells are large, vesicular nucleus,
and sometimes elongated resembling fibroblasts (macrophages like fibroblast) and give a positive reaction with anti TGF-3 indicated
by brown.

Table 5. Comparison of the intergroups of biomarker brain derived neurotrophic factor (BDNF)

Group P value

Treatment group (n = 5) (1.980 + 0.589) Control group (0.560 + 0.329) 0.001
Normal group (0.400 + 0.354) 0.836

Control group (n = 5) (0.560 +0.329) Treatment group (1.980 + 0.589) <0.001
Normal group (0.400 + 0.354) 0.001

Normal group (n = 5) (0.400 + 0.354) Treatment group (1.980 + 0.589) 0.836
Control group (0.560 + 0.329) <0.001

Values are presented as mean + standard deviation.
P < 0.05, significant differences between groups by Tukey HSD test.
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Fig. 7. A bar graph representing the comparison of cell counts
between groups in brain derived neurotrophic factor (BDNF).

flammatory mediators, such as TNF-¢ and IL-1f through
the NFkB pathway [6]. MMP-9 is inhibited by tissue in-
hibitors of metalloproteinases (TIMP), whereas TIMP
are inhibited by TGF-p [39]. MMP-9 is responsible for the
early degradation of the basal lamina components, which
leads to blood-spinal cord barrier disruption and initiates

leukocyte infiltration, progressive neuroinflammation
response, and demyelination [40]. This system modulates
macrophage invasion and myelin destruction, which
has an important role in neuropathic pain [2]. Moreover,
MMP-9 contributes to neuropathic pain through glial scar
formation [41].

This research showed that the HNSC-secretome in-
creases TGF-fB. TGF-B, as an anti-inflammatory cytokine,
induces regulatory T-cell differentiation and promotes
macrophage polarization towards the M2 phenotype [36].
It prevents M1 from synthesizing with proinflammatory
TNF-q, IL-1, IL-6, indicible nitric oxide synthase, ROS,
glutamate, and proteases [42]. Moreover, TGF-f induces
fibroblasts to secrete collagen, fibronectin, and proteo-
glycans for new ECM formation [43]. TGF-B overcomes
the matrix degradation, which is caused by the effects of
MMP-9 [39]. TGE- is involved in nerve repair and re-
generation, has been widely observed to combat nerve
demage, and stimulate cellular survival, growth, prolif-
eration, differentiation, and the invasion of neurons and
glial cells [36].

This research showed that HNSC-secretome increases
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Fig. 8. We observed immunohistochemical brain derived neurotrophic factor (BDNF) average value of 10 field of views, every field
of view have 625 p? with 400x maghnification. (A) Treatment group, (B) Control group, (C) Normal group. Macrophage cells are large,
vesicular nucleus, and sometimes elongated resembling fibroblasts (macrophages like fibroblast) and give a positive reaction with
anti BDNF indicated by brown.

BDNE. Shahsavari et al. [44] stated that BDNF is a mol-
ecule that is involved in various neurophysiological
functions such as nociception, learning, and memory.
BDNF is a neurotrophin that is important in the regula-
tion of several neurogeneses, such as collateral growth
promotion, neuronal branching, dendrite formation, and
synaptic plasticity [45]. Studies have demonstrated that
increased BDNF in the spinal cord protects motor neu-
rons from degeneration, increases axonal and collateral
sprouting, and upregulates markers of synaptic plastic-
ity [46]. BDNF could support cell survival and adaptive
plasticity after SCI [47]. Moreover, BDNF has been shown
to stimulate axonal growth, enable locomotor function
in spinally transected animals, and support respiratory
function after cervical trauma [48].

The result of this study demonstrated the mechanism
of HNSC-secretome in improving neuropathic pain and
locomotor function in SCI through antioxidant, anti-
inflammatory, anti-matrix degradation, and neurotrophic
activities. Although cell transplantation remains intensely
studied, surprisingly little is known about the mecha-
nisms through which transplanted cells promote repair
and mediate functional improvements [7,49,50]. The lim-
itations of this study are a small sample size and the diffi-
culty in management of paraplegic experimental animals
with impaired urinary, bowel function, which ends with
death. Future research could investigate the histological
features, neurologic functions, and biomarkers. Clinical
relevance of this research requires animal experiments
and clinical trial. Finally, HNSC-secretomes can be used
clinically, mass produced, and affordable.

80 https://doi.org/10.3344/kjp.22279

DATA AVAILABILITY

The datasets supporting the finding of our study are avail-
able from the corresponding author upon reasonable
request.

ACKNOWLEDGMENTS

The authors would like to thank Prof. Dr. dr. Ismail Hadis-
oebroto Dilogo, Sp.OT(K) for his support and advice dur-
ing the research.

CONFLICT OF INTEREST

No potential conflict of interest relevant to this article was
reported.

FUNDING

This research was supported in part by the Faculty of
Dentistry, University of Jember and Anatomical Patholo-
gy Laboratory, Faculty of Medicine, Airlangga University.

AUTHOR CONTRIBUTIONS

I Nyoman Semita: Investigation; Dwikora Novembri Uto-
mo: Study conception; Heri Suroto: Study conception; I
Ketut Sudiana: Data curation; Parama Gandi: Resources.


http://repository.unej.ac.id/
http://repository.unej.ac.id/

HNSC-secretomes for pain and paraplegic

KJP

ORCID

I Nyoman Semita, https://orcid.org/0000-0003-0363-0254
Dwikora Novembri Utomo, https://orcid.org/0000-0002-7832-5695
Heri Suroto, https://orcid.org/0000-0002-9384-897X

I Ketut Sudiana, https://orcid.org/0000-0002-6346-7121

Parama Gandi, https://orcid.org/0000-0002-4481-3877

REFERENCES

1. Kwon BK, Bloom O, Wanner IB, Curt A, Schwab JM,
Fawcett J, et al. Neurochemical biomarkers in spinal
cord injury. Spinal Cord 2019; 57: 819-31.

2. Miranpuri GS, Nguyen ], Moreno N, Yutuc NA, Kim J,
Buttar S, et al. Folic acid modulates matrix metallo-
proteinase-9 expression following spinal cord injury.
Ann Neurosci 2019; 26: 60-5.

3. Hagen EM, Rekand T. Management of neuropathic
pain associated with spinal cord injury. Pain Ther
2015; 4: 51-65.

4. Davari M, Amani B, Amani B, Khanijahani A, Akbar-
zadeh A, Shabestan R. Pregabalin and gabapentin in
neuropathic pain management after spinal cord in-
jury: a systematic review and meta-analysis. Korean
J Pain 2020; 33: 3-12.

5. Liau LL, Looi QH, Chia WC, Subramaniam T, Ng
MH, Law JX. Treatment of spinal cord injury with
mesenchymal stem cells. Cell Biosci 2020; 10: 112.

6. Fakhri S, Sabouri S, Kiani A, Farzaei MH, Rashidi K,
Mohammadi-Farani A, et al. Intrathecal administra-
tion of naringenin improves motor dysfunction and
neuropathic pain following compression spinal cord
injury in rats: relevance to its antioxidant and anti-
inflammatory activities. Korean J Pain 2022; 35: 291-
302.

7. Assinck P, Duncan GJ, Hilton BJ, Plemel JR, Tetzlaff
W. Cell transplantation therapy for spinal cord in-
jury. Nat Neurosci 2017; 20: 637-47.

8. Pajer K, Belldk T, Négradi A. Stem cell secretome
for spinal cord repair: is it more than just a random
baseline set of factors? Cells 2021; 10: 3214.

9. Sabelstrom H, Stenudd M, Réu P, Dias DO, Elfineh M,
Zdunek S, et al. Resident neural stem cells restrict
tissue damage and neuronal loss after spinal cord
injury in mice. Science 2013; 342: 637-40.

10. Dilogo IH, Fiolin J. Role of mesenchymal stem cell-
conditioned medium (MSC-CM) in the bone regen-
eration: a systematic review from 2007-2018. Annu
Res Rev Biol 2019; 31: 1-16.

11. Cunningham CJ, Redondo-Castro E, Allan SM. The
therapeutic potential of the mesenchymal stem cell
secretome in ischaemic stroke. ] Cereb Blood Flow
Metab 2018; 38: 1276-92.

12.Zhou J, Ni W, Ling Y, Lv X, Niu D, Zeng Y, et al. Hu-
man neural stem cell secretome inhibits lipopoly-
saccharide-induced neuroinflammation through
modulating microglia polarization by activating
peroxisome proliferator-activated receptor gamma.
Stem Cells Dev 2022; 31: 369-82.

13. Mercan A, Uzun ST, Keles S, Hacibeyoglu G, Yilmaz
R, Reisli R. Immunological mechanism of posther-
petic neuralgia and effect of pregabalin treatment on
the mechanism: a prospective single-arm observa-
tional study. Korean J Pain 2021; 34: 463-70.

14.Gao L, Peng Y, Xu W, He P, Li T, Lu X, et al. Progress
in stem cell therapy for spinal cord injury. Stem Cells
Int 2020; 2020: 2853650.

15. Haider T, Hoftberger R, Riiger B, Mildner M, Blumer
R, Mitterbauer A, et al. The secretome of apoptotic
human peripheral blood mononuclear cells attenu-
ates secondary damage following spinal cord injury
in rats. Exp Neurol 2015; 267: 230-42.

16. Oliveri RS, Bello S, Biering-Sorensen F. Mesen-
chymal stem cells improve locomotor recovery in
traumatic spinal cord injury: systematic review with
meta-analyses of rat models. Neurobiol Dis 2014; 62:
338-53.

17. Swenson J, Carpenter JW. Select topics for the exotic
animal veterinarian. In: Exotic Animal Formulary.
5th ed. Edited by Carpenter JW, Marion CJ. St. Louis,
Saunders. 2018, pp 636-63.

18. George RP, Howarth GS, Whittaker AL. Use of the rat
grimace scale to evaluate visceral pain in a model of
chemotherapy-induced mucositis. Animals (Basel)
2019; 9: 678.

19.Klune CB, Larkin AE, Leung VSY, Pang D. Compar-
ing the Rat Grimace Scale and a composite behav-
iour score in rats. PLoS One 2019; 14: e0209467.

20.Basso DM, Beattie MS, Bresnahan JC. A sensitive
and reliable locomotor rating scale for open field
testing in rats. ] Neurotrauma 1995; 12: 1-21.

21.Borhani-Haghighi M, Navid S, Mohamadi Y. The
therapeutic potential of conditioned medium from
human breast milk stem cells in treating spinal cord
injury. Asian Spine J 2020; 14: 131-8.

22.Carter MW, Johnson KM, Lee JY, Hulsebosch CE,
Gwak YS. Comparison of mechanical allodynia and
recovery of locomotion and bladder function by dif-
ferent parameters of low thoracic spinal contusion

www.epain.org 81


https://orcid.org/0000-0003-0363-0254
https://orcid.org/0000-0002-7832-5695
https://orcid.org/0000-0002-9384-897X
https://orcid.org/0000-0002-6346-7121
https://orcid.org/0000-0002-4481-3877
https://doi.org/10.9734/arrb/2019/v31i230045
https://doi.org/10.9734/arrb/2019/v31i230045
https://doi.org/10.9734/arrb/2019/v31i230045
https://doi.org/10.9734/arrb/2019/v31i230045
https://doi.org/10.1016/B978-0-323-44450-7.00015-1
https://doi.org/10.1016/B978-0-323-44450-7.00015-1
https://doi.org/10.1016/B978-0-323-44450-7.00015-1
https://doi.org/10.1016/B978-0-323-44450-7.00015-1
http://repository.unej.ac.id/
http://repository.unej.ac.id/

KJP

I Nyoman Semita, et al

injury in rats. Korean J Pain 2016; 29: 86-95.

23.Leung V, Zhang E, Pang DS. Real-time application
of the Rat Grimace Scale as a welfare refinement in
laboratory rats. Sci Rep 2016; 6: 31667.

24.Wu ], Zhao Z, Zhu X, Renn CL, Dorsey SG, Faden Al
Cell cycle inhibition limits development and main-
tenance of neuropathic pain following spinal cord
injury. Pain 2016; 157: 488-503.

25. Hatch MN, Cushing TR, Carlson GD, Chang EY. Neu-
ropathic pain and SCI: identification and treatment
strategies in the 21st century. ] Neurol Sci 2018; 384:
75-83.

26.Schneider LE, Henley KY, Turner OA, Pat B,
Niedzielko TL, Floyd CL. Application of the Rat Gri-
mace Scale as a marker of supraspinal pain sensa-
tion after cervical spinal cord injury. ] Neurotrauma
2017; 34: 2982-93.

27.Cunningham CJ, Enrich MV, Pickford MM, MacIn-
tosh-Smith W, Huang W. The therapeutic potential
of the stem cell secretome for spinal cord repair: a
systematic review and meta-analysis. OBM Neuro-
biol 2020; 4: 080.

28. Mietto BS, Mostacada K, Martinez AM. Neurotrauma
and inflammation: CNS and PNS responses. Media-
tors Inflamm 2015; 2015: 251204.

29.Owoyele BV, Bakare AO, Olaseinde OF, Ochu M]J,
Yusuff AM, Ekebafe F, et al. Synergistic interaction
between acetaminophen and L-carnosine improved
neuropathic pain via NF-xB pathway and antioxi-
dant properties in chronic constriction injury mod-
el. Korean J Pain 2022; 35: 271-9.

30.Jia Z, Zhu H, Li J, Wang X, Misra H, Li Y. Oxidative
stress in spinal cord injury and antioxidant-based
intervention. Spinal Cord 2012; 50: 264-74.

31.Dos Santos MF, Roxo C, Sold S. Oxidative-signaling
in neural stem cell-mediated plasticity: implications
for neurodegenerative diseases. Antioxidants (Basel)
2021; 10: 1088.

32. Giudicessi JR, Ackerman M]J. Determinants of in-
complete penetrance and variable expressivity in
heritable cardiac arrhythmia syndromes. Transl Res
2013; 161: 1-14.

33.Clausen F, Marklund N, Lewén A, Enblad P, Basu
S, Hillered L. Interstitial F(2)-isoprostane 8-iso-
PGF(20.) as a biomarker of oxidative stress after se-
vere human traumatic brain injury. ] Neurotrauma
2012; 29: 766-75.

34.Leung L. Cellular therapies for treating pain associ-
ated with spinal cord injury. J Transl Med 2012; 10:
37.

82 https://doi.org/10.3344/kjp.22279

35.Cheng Z, Zhu W, Cao K, Wu F, Li ], Wang G, et al.
Anti-inflammatory mechanism of neural stem cell
transplantation in spinal cord injury. Int J] Mol Sci
2016; 17: 1380.

36.Li S, GuX, Yi S. The regulatory effects of transform-
ing growth factor-p on nerve regeneration. Cell
Transplant 2017; 26: 381-94.

37.Pajer K, Belldk T, Nogradi A. The mutual interaction
between the host spinal cord and grafted undif-
ferentiated stem cells fosters the production of a
lesion-induced secretome. Neural Regen Res 2020;
15: 1844-5.

38.Hansen CN, Fisher LC, Deibert RJ, Jakeman LB,
Zhang H, Noble-Haeusslein L, et al. Elevated MMP-
9 in the lumbar cord early after thoracic spinal cord
injury impedes motor relearning in mice. ] Neurosci
2013; 33:13101-11.

39. Gomes LR, Terra LF, Wailemann RA, Labriola L,
Sogayar MC. TGF-B1 modulates the homeostasis
between MMPs and MMP inhibitors through p38
MAPK and ERK1/2 in highly invasive breast cancer
cells. BMC Cancer 2012; 12: 26.

40.De Aratjo AA, Varela H, Brito GAC, De Medeiros
CACX, Aragjo LS, Do Nascimento JHO, et al. Azilsar-
tan increases levels of IL-10, down-regulates MMP-
2, MMP-9, RANKL/RANK, cathepsin K and up-reg-
ulates OPG in an experimental periodontitis model.
PLoS One 2014; 9: €96750.

41.Lakhan SE, Avramut M. Matrix metalloproteinases
in neuropathic pain and migraine: friends, enemies,
and therapeutic targets. Pain Res Treat 2012; 2012:
952906.

42. Anwar MA, Al Shehabi TS, Eid AH. Inflammogenesis
of secondary spinal cord injury. Front Cell Neurosci
2016; 10: 98.

43.Joko M, Osuka K, Usuda N, Atsuzawa K, Aoyama M,
Takayasu M. Different modifications of phosphory-
lated Smad3C and Smad3L through TGF-p after spi-
nal cord injury in mice. Neurosci Lett 2013; 549: 168-
72.

44.Shahsavari F, Abbasnejad M, Esmaeili-Mahani S,
Raoof M. The ability of orexin-A to modify pain-
induced cyclooxygenase-2 and brain-derived neuro-
trophic factor expression is associated with its ability
to inhibit capsaicin-induced pulpal nociception in
rats. Korean ] Pain 2022; 35: 261-70.

45. Weishaupt N, Li S, Di Pardo A, Sipione S, Fouad K.
Synergistic effects of BDNF and rehabilitative train-
ing on recovery after cervical spinal cord injury. Be-
hav Brain Res 2013; 239: 31-42.


http://repository.unej.ac.id/
http://repository.unej.ac.id/

HNSC-secretomes for pain and paraplegic

KJP

46.Leech KA, Hornby TG. High-intensity locomotor
exercise increases brain-derived neurotrophic factor
in individuals with incomplete spinal cord injury. J
Neurotrauma 2017; 34: 1240-8.

47.Boyce VS, Mendell LM. Neurotrophins and spinal
circuit function. Front Neural Circuits 2014; 8: 59.

48. Tashiro S, Shinozaki M, Mukaino M, Renault-Mihara
F, Toyamay, Liu M, et al. BDNF induced by treadmill
training contributes to the suppression of spasticity

and allodynia after spinal cord injury via upregula-
tion of KCC2. Neurorehabil Neural Repair 2015; 29:
677-89.

49. Kusiak AN, Selzer ME. Neuroplasticity in the spinal
cord. Handb Clin Neurol 2013; 110: 23-42.

50. Anjum A, Yazid MD, Daud ME Idris ], Hwei Ng AM,
Naicker AS, et al. Spinal cord injury: pathophysiol-
ogy, multimolecular interactions, and underlying
recovery mechanisms. Int ] Mol Sci 2020; 21: 7533.

www.epain.org 83


http://repository.unej.ac.id/
http://repository.unej.ac.id/

