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ARTICLE INFO ABSTRACT
Keywords: Objective: Neuropathic pain has been considered as one of the most serious chronic pain subtypes
Chronic constriction injury and causes intolerable suffering to patients physically and mentally. This study aimed to verify
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HUC-MSCs

Microglia activation
Intravenous administration

the analgesic effect of intravenous administration of human umbilical cord mesenchymal stem
cells (HUC-MSCs) upon rats with chronic constriction injury (CCI)-induced neuropathic pain and
the concomitant mechanism via modulating microglia.

Methods: 30 male SD rats were randomized divided into three groups (n = 10 per group): Sham +
Saline group (S&S group), CCI + Saline group (C&S group) and CCI + HUC-MSCs group (C&U
group). Rats were injected with either saline or HUC-MSCs via the caudal vein on the 7th day
after modelling. The paw mechanical withdrawal threshold (PMWT) and thermal withdrawal
latency (TWL) of the ligation side were measured before (day 0) and after (day 1, 3, 5, 7, 9, 11,
13, and 15) modelling. On day 15 after modelling, western-blotting and immunofluorescent
staining were used to assess the expressive abundance of Iba-1 (a typical biomarker of activated
microglia) in the ligation side of the spinal cord dorsal horn, and ultrastructural changes of the
ligation of sciatic nerve were evaluated by transmission electron microscope (TEM).

Results: Compared with the S&S group, PMWT and TWL in the C&S group were significantly
decreased on day 5 and then persisted to day 15 after modelling (C&S vs S&S, P < 0.05), while a
significant amelioration of mechanical hyperalgesia (day 13, day 15) and thermal allodynia (day
9, day 11, day 15) was observed in the C&U group (C&U vs C&S, P < 0.05). Meanwhile, the
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expression of Iba-1 was significantly suppressed by systemic infusion of HUC-MSCs in the C&U
group according to western-blotting and immunofluorescent staining analyses (P < 0.05). With
the aid of TEM detection, we intuitively noticed the efficacious reconstruction of the laminate
structure of the sciatic nerve ligation, elimination of mitochondrial swelling, and formation of
new myelination were noted on day 15 after modelling in the C&U group.

Conclusions: Overall, intravenous administration of HUC-MSCs systemically revealed an amelio-
rative effect upon CCI-induced neuropathic pain in SD rats by inhibiting microglia activation in
the dorsal horn of the impaired spinal cord and alleviating sciatic nerve injury. Our findings
supply new references for the further development of HUC-MSCs-based cytotherapy for neuro-
pathic pain administration.

1. Introduction

Neuropathic pain (NP) is a chronic pain condition induced by a disease or damage to the somatosensory nervous system [1,2], and
the major clinical manifestations of which include spontaneous pain, hyperalgesia and tactile pain. Despite the tremendous advances
in traditional medicine for NP diagnosis and treatment such as drug therapy and physical therapy, patient outcomes remain ineffective,
with adverse effects largely attributed to the deficiency of pathogenesis [3]. Among them, microglia in the central nervous system are
initially regarded as a class of macrophages, which only respond to damage and have been found to play a more critical role in neuronal
signaling [4] as well as the formation and maintenance of neuropathic pain [5,6]. However, the detailed role of microglia in mediating
NP and their potential feasibility as a therapeutic target remains unclear. Taken together, there is an urgent need to explore the
microglia-associated pathogenesis for the further development of novel therapeutic regimens for managing the intractable NP.
Mesenchymal stem/stromal cells (MSCs), also known as medicinal signaling cells, are a heterogeneous and multipotent cell population
with unique properties of bidirectional immunomodulation and hematopoietic-supporting effects [7-9]. They are involved in neu-
roprotection, nerve regeneration and neuroplasticity, and have been used in the treatment of neuroinflammatory diseases [10]. Of the
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Fig. 1. Schematic diagram of experimental grouping and design flow. A: Schematic diagram of the random allocation and modelling process of 43
SD rats, with 10 rats in each group in the end. B: Flowchart of the pain threshold measurement, injection time, and sample collection for experiments
after the modelling, PMWT: Paw Mechanical Withdrawal Threshold, TWL: Thermal Withdrawal Latency.
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reported MSCs with diverse origins, HUC-MSCs are gaining increasing favor in the field of peripheral neuropathic pain treatment and
research, primarily due to their more robust in vitro proliferation, lower immunogenicity, stronger anti-inflammatory ability, and
higher tissue survival ability [11-13].

Currently, both single and multiple intrathecal transplantation of HUC-MSCs have been reported as the primary therapeutic ap-
proaches, which can alleviate neuropathic pain by inhibiting spinal microglial cell activation [14-16]. Indeed, intrathecal adminis-
tration with high drug utilization provides a more direct targeting of the sensitized central sites. However, this route of administration
is accompanied by inherent risks and drawbacks such as heightened procedural complexities and susceptibility to infections [17]. To
date, intravenous injection remains the most commonly used, convenient, and easily applicable method in clinical practice. However,
the therapeutic effect of MSCs via intravenous injection might be affected by the potentially depositing in lung [18,19], yet the limited
evidence upon peripheral neuropathic pain treatment was inconsistent [20,21]. Therefore, further investigations are imperative to
clarify the efficacy and the concomitant underlying mechanisms of MSC administration via intravenous intervention.

In this study, we took advantage of the CCI-induced SD rat model to verify the therapeutic effect and the underlying mechanism of
HUC-MSCs on neuropathic pain via intravenous infusion. Our findings provided new references for further illuminating the feasibility
of neuropathic pain treatment by systemic HUC-MSC infusion in clinical practice.

2. Materials and methods
2.1. HUC-MSCs culture

HUC-MSCs (passage 3-6) were purchased from Health-Biotech Stem Cell Research Institute Co., Ltd. (Tianjin, China), and cultured
in DMEM-F12 basal medium (Gibco, Montana, USA) supplemented with 10 % fetal bovine serum (FBS) (Gibco), 1 % r-glutamine
(Gibco), 1 % NEAA (Gibco), 4 ng/ml bFGF (Peprotech, New Jersey, USA), and 4 ng/ml EGF (Peprotech), as we recently reported with
several modifications [22,23].

2.2. Animals

As shown in Fig. 1, a total of 43 male Sprague-Dawley (SD) rats (6-8 weeks of age, 120-200 g in body weight) were purchased from
Shanghai Slaccas Laboratory Animal Co. Ltd. (Shanghai, China). All rats were housed at the Laboratory Animal Center of Fujian
Medical University with controlled room temperature (24 + 2 °C), relative humidity (60 & 5 %) and a 12 h light-dark cycle. The rats
were allowed access to food and water ad libitum and handled for 7 days to familiarize them with the experimental environment and
procedure. SD rats were carefully monitored throughout the whole experiment to minimize pain.

2.3. CCl-induced rat model of neuropathic pain

All SD rats were anesthetized under 4-5% sevoflurane (Hengrui Pharmaceuticals Co., Ltd., Jiangsu, China) (The oxygen flow was
set at 2 L/min and the FiO2 at 0.4). Following the method described by Bennett and Xie [24], the rats were positioned prone, and the
fur in the right surgical area was removed. After disinfection and draping, the skin was incised, and the intermuscular space between
the biceps femoris was carefully separated to expose the right sciatic nerve. The sciatic nerve was gently dissected from surrounding
tissues. Using 4-0 chromic gut suture soaked in physiological saline for at least 30 min, loose ligations were performed by wrapping the
suture around the midsection of the main trunk of the sciatic nerve. During each ligation, blood supply was not completely interrupted,
and there was slight tremor in the right lower limb. Ligation was performed every 1 mm for a total of 4 times. The muscles and skin
were then sutured and penicillin G sodium was administered prophylactically to prevent infection. All procedures were carried out by
the same person following aseptic principles to ensure consistency in both the surgical incision and the degree of nerve ligation for
modelling purposes. Rats in the Sham + Saline group (S & S) were given the same surgery except that nerves were ligated.

2.4. Experimental design and grouping

Based on preliminary results and previous literature, the success rate of CCI modelling was estimated to be 70 %. Considering the
bilateral significance level of @« = 0.05 and power = 90 % (f§ = 0.10), sample size calculation using PASS 15.0 determined that each
group would require 10 rats, taking into account a 10 % loss due to errors, modelling success rate, and other experimental re-
quirements. Therefore, a total of 43 rats were included in the study, and 3 SD rats with abnormal basal PMWT value were eliminated
before grouping. After grouping, 2 SD rats with self-mutilation (during Day 7-15 after surgery) and 8 SD rats with unsuccessful
modelling (on Day 7 after surgery) were further eliminated. Finally, the remaining 30 SD rats were randomly allocated into 3 groups
according to a random number table, including the S & S group (n = 10), the C & S group (n = 10) and the C&U group (n = 10)
(Fig. 1A).

Day 0 (T) was recorded as the day of modelling. Behavioral tests were conducted on day 0 (before modelling) and days 1, 3, 5, 7, 9,
11,13 and 15 (denoted as Ty 357,9,11,13,15) after modelling (Fig. 1B). Rats with the baseline paw mechanical pain threshold (To PMWT)
below 2 standard deviations of the mean baseline PMWT were considered to have abnormal pain perception and were excluded from
subsequent grouping and modelling, meanwhile, if the PMWT on the 7th day was less than 2 standard deviations below the basal value,
the rats were considered neuropathic, and those rats that did not meet the above criteria were considered failed preparations [25]. The
SD rats were randomly divided into three groups: (1) Sham + Saline group (the S&S group); (2) CCI + Saline group (the C&S group);
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and (3) CCI + HUC-MSCs group (the C&U group). In the S&S group, only to the right sciatic nerve trunk was located without a ligation
being made, while CCI rats (the C&S group and the C&U group) were administered a right sciatic nerve trunk ligation. On T; after
modelling, 200 pl sterile saline was injected via caudal vein in the S&S and the C&S group after the behavioural tests, while HUC-MSCs
(1 x 10° cells in 200 pl sterile saline) was transplanted in the C&U groups.

2.5. Behavioral evaluations

Before each pain behavioral test, the rats were observed for walking gait, standing posture, local skin condition, mobility, muscle
tone, and the presence of self-injury. If signs of lower limb paralysis, dragging of the hind limbs, or self-mutilation behavior such as toe
biting were observed during the observation period, it was considered indicative of excessive nerve ligation injury, and those rats were
excluded from the experiment.

The rats were placed in a special plexiglass cage with a mesh bottom for 30 min until they were quiet. The up-down method was
used to measure the 50 % PWMT with a Von Frey filament (0.04-15.0 g, IITC Life Science Inc., California, USA), as described by
Chaplan et al. [25]. Starting from a force of 2.0 g, stimulate the glabrous area of the right palmoplantar surface of rats, and the Von Frey
hair was in the shape of "S" for a duration of 6-8 s with an interval of 5 min between adjacent stimulations. During the stimulation time,
the rat raised or licked the right foot as a positive response, which was represented by "X", whereas no response is recorded by "O." If
there was no response to the first fiber stimulation, a fiber with a higher force level was applied,; if there was a response, a fiber with a
lower force level was used. This process was repeated until five measurements were taken starting from the first response, resulting in a
sequence of combinations of "O" and "X", and the k value of this sequence obtained from the table and the strength (f) of the last fiber
was entered into the formula to calculate the PMWT of the rat.

Preheat the temperature-controlled glass plate for 30 min to maintain it at around 30 °C, and the rats were acclimated to the
environment for more than 30 min. The testing was started when the rats were in an awake and calm state. TWL was measured via the
Hargreaves Test (Model 390G, IITC Life Science Inc.) as reported by Hargreaves et al. [26], the 40 % maximum light intensity thermal
radiation beam was positioned on the middle posterior third of the right plantar surface of the rat. Record the time when the rat showed
withdrawal, licking, foot lifting, or paw shaking as the paw withdrawal latency, with a cut-off time of 20 s to prevent injury. Repeat the
measurement five times, with a 5-min interval between each measurement, and the average value of the remaining three measure-
ments was taken as the TWL of the rat after excluding the maximum and minimum values. All measurements were performed by the
same blinded person.

2.6. Western-blotting analysis

On day 15 after behavioral evaluations, SD rats were infused with 150 ml ice saline via the left ventricle after anesthetized with 4 %
sevoflurane, and samples of the right L4-5 spinal cord were quickly isolated and collected on the ice box. After protein extraction, the
sample lysates were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore, Massachusetts, USA). The membranes
were placed in a shaker with a rotating speed of 50-60 rpm/min and blocked by 5 % skim milk for 2 h at room temperature (RT), then
incubated with primary antibodies of a rabbit polyclonal antibody anti-ionized calcium-binding adapter molecule 1 (Iba-1, ab5076,
1:2000; Abcam, Cambridge, UK) and Anti-Beta-Actin Monoclonal Loading Control Antibody (p-actin, G043, 1:2000; ABM good, British
Columbia, Canada) overnight at 4 °C. Next, the membranes were incubated with HRP-conjugated Goat Anti-Mouse or Rabbit anti-Goat
IgG (1:5000; ZSGB-BIO, Beijing, China) for 1 h at RT with a rotating speed of 50-60 rpm/min in a shaker. A Chemiluminescence
imaging system (BIO-RAD, California, USA) was used to detect the labelled protein and signal intensity was measured with Image J
software (National Institutes of Health, Maryland, USA). Western-blotting analyses were replicated in three independent experiments.

2.7. Immunofluorescent (IF) staining

On day 15 after behavioral evaluations, rats were infused with 150 ml ice saline and subsequently with 100 ml 4 % para-
formaldehyde (PFA; Sigma-Aldrich, Missouri, USA) via the left ventricle after being anesthetized with 4 % sevoflurane. Next, the L4-5
spinal cord was cut into approximately 5mm x 5 mm x 3 mm bite-sizes and fixed overnight in 4 % PFA (Sigma-Aldrich, Missouri, USA)
at 4 °C. After dehydration, wax leaching and embedding, the samples were cut into 4 pm paraffin slices. After that, the paraffin slices
were dewaxed, antigen repaired, serum sealed, and subsequently treated with anti-Iba-1 (ab153696, 1:200; Abcam) at 4 °C overnight.
The paraffin slices were then incubated with the FITC-conjugated donkey anti-rabbit IgG (1:300; Servicebio, Hubei, China) for 50 min
at RT in the dark, followed by DAPI (Servicebio) incubation for nuclei labelling for 10 min. Finally, the slices were observed and
photographed under a fluorescence microscope (Nikon, Japan), and Image J software (National Institutes of Health, USA) was used to
analyze the fluorescent imaging of Iba-1.

2.8. Transmission electron microscope (TEM) analysis

On day 15 after behavioral evaluations, rats were sacrificed under 8 % sevoflurane. The sciatic nerves at the ligation site were
collected quickly and placed in a wax block filled with 2.5 % glutaraldehyde and trimmed to 1 mm?. The resin blocks were then cut into
90-100 nm sections on the ultra-microtome (Leica, Germany) after post-fixation, dehydration, resin penetration and embedding, and
polymerization. Then the sections were stained, examined, and photographed by transmission electron microscopy (FEI Company,
Oregon, USA) in the Fujian Medical University Electron Microscopy Unit.
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2.9. Statistical analysis

Statistical analyses were performed with IBM SPSS 16.0. All metrological data were subjected to normality testing, and conforming
to normal distribution was presented as mean =+ standard deviation (mean + SD). Comparison of the PMWT and TWL was conducted
using generalized estimating equations, and the results of WB and the immunofluorescence were analyzed by one-way analysis of
variance, followed by Tukey’s HSD test. Variables with P < 0.05 were considered as statistically significant. GraphPad Prism 8.0
(GraphPad Software, Massachusetts, USA) was used for mapping.

3. Results
3.1. General behavioral observations

Before surgery, all rats in each group displayed normal walking and standing posture. However, 3 rats with abnormal pain
perception were excluded from the subsequent experiments. On Ty, 8 rats did not meet the diagnostic criteria for neuropathic pain,
while 2 rats exhibited self-injury during the observation period, and these rats were excluded from the following study. The remaining
rats in both the C&S group and the C&U group showed behavioral abnormalities on the ligation side of rats, such as toes folded
together, foot valgus, and standing on the contralateral side (Fig. 2A & Fig. 2B-left side). In comparison, the SD rats in the S&S group
revealed no obvious behavioral abnormalities after modelling (Fig. 2B-right side).

Intravenous infusion of HUC-MSCs significantly ameliorated CCI-induced mechanical allodynia and thermal hyperalgesia.

Using generalized estimating equation analysis, statistically significant differences were found between PMWT and TWL values
among the three groups of rats at different time points (P < 0.001). Additionally, there was an interaction effect between groups and
time points (P < 0.001). In terms of separate effects, there was no statistically significant difference in PMWT and TWL at different time
points within the S&S group. In the C&S group, the value of ipsilateral PWMT decreased from the first day after modelling (14.20 +
1.28 g [Tp] t09.72 4+ 4.99 g [T1]), reached neuropathic pain criteria on day 3 (3.98 + 3.27 g, T3), and was then persistently maintained
at a low level until the end of experiment (1.36 + 0.98 g, day 15, T15), which was significantly lower than values in the S&S group (P <
0.01) (Fig. 3A). Similarly, the value of TWL in the C&S group decreased from 16.52 + 5.04 s (Tg) to 13.35 + 3.72 s on day 5 (Ts), and
was persistently maintained until day 15 (11.18 + 6.13 s, T15) when compared with the S&S group (P < 0.01) (Fig. 3B). To investigate
the effects of HUC-MSCs on CCI-induced neuropathic pain, SD rats in the C&U group were injected intravenously with HUC-MSCs on
day 7 when allodynia and hyperalgesia were most prominent, at which time both PWMT and TWL were significantly decreased
compared with the S&S group (P < 0.01). Significantly, we found a gradual amelioration of mechanical hyperalgesia in the C&U group
from 1.93 + 1.35 g (Ty) to 8.37 + 5.60 g (T15). Compared with the C&S group, ipsilateral PWMT in the C&U group was significantly
increased on days 13 (T;3) and 15 (Tys) (P < 0.01). However, when compared to the S&S group, ipsilateral PWMT in the C&U group
did not return to a baseline level, and the difference was still statistically significant (P < 0.01) (Fig. 3A). Meanwhile, the thermal
allodynia in the C&U group gradually decreased from 12.70 + 4.78 s (T7) to 16.69 + 4.24 s (T;5), which was significantly higher than
those in the C&S group (P < 0.01). Additionally, there was no statistically significant difference in TWL value between the C&U group
and the S&S group (P > 0.05) (Fig. 3B).

3.2. CClI-induced activation of microglia was efficiently suppressed by intravenous infusion of HUC-MSCs

To further verify the potential influence of systemic administration of HUC-MSCs upon microglia activation, we took advantage of
western-blotting and immunofluorescent staining analyses. By conducting immunofluorescent staining, we found that the abnormally

Fig. 2. General behavioural observations in different groups of rats. A: After the successful modelling of CCI, the ligation side (right side) of rats
showed some abnormal behavioural changes, such as toes curling together, foot valgus, and standing on the contralateral side. B: Right side: S&S
group, normal standing posture. Left side: CCI modelling showed behavioural abnormalities.
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Fig. 3. HUC-MSCs ameliorated CCl-induced mechanical allodynia and thermal hyperalgesia in ipsilateral limb Paw withdrawal mechanical
threshold (PMWT, A) and thermal withdrawal latency (TWL, B) were significantly reduced in rats with successful modelling by sciatic nerve
ligation, and CCI-induced mechanical allodynia and thermal hyperalgesia were reversible by intravenous injection of HUC-MSCs on day 7 after
modelling. The PMWT and TWL gradually increased from day 7 (T7) until the end of the experiment (day 15, T15) in the C&U group. Compared
with S&S group, *P < 0.05, **P < 0.01; compared with C&S group, *P < 0.05, #*P < 0.01. The data are expressed as mean + SD (n = 10 per group).

elevated expression of Iba-1 (a marker of activated microglia) in the dorsal horn of the spinal cord after CCI was sharply decreased after
HUC-MSCs treatment in the C&U group (Fig. 4A&B). Specifically, the expression of Iba-1 protein was upregulated from 0.57 + 0.13 in
the S&S group to 1.02 + 0.11 (P < 0.05) in the C&S group on day 15, whereas the value decreased from 1.02 + 0.11 to 0.63 & 0.14 in
the C&U group with HUC-MSCs administration (P < 0.05) (Fig. 4C). Collectively, the activation of microglia after CCI was significantly
suppressed by intravenous injection of HUC-MSCs.

3.3. Ultrastructure observations of sciatic nerve

To observe the ameliorative effect of HUC-MSCs upon the sciatic nerve, transmission electron microscope (TEM) analysis was
employed. As shown in Fig. 5, the sciatic nerve revealed a typical ultrastructure in the S&S group, including a thick and compact
myelin sheath, unmyelinated fibres, and enclosing myelinated fibres in Schwann cells (Fig. 5A&B). Differing from the S&S group,
obvious degenerative changes were found in the ligation site of sciatic nerves in the C&S group such as demyelination of sciatic nerve
fibres, twisted myelin sheaths with damaged laminate structure, atrophied axon and myelin whorls engulfed by infiltrating macro-
phages (Fig. 5C&D). Strikingly, the structure of the myelin sheath was basically intact in the C&U group, including the typical
segmental and occasional plaque demyelination, together with vacuolation of axoplasm and new small thin myelinated fibres
(Fig. SE&F).

4. Discussion

In recent years, a growing amount of evidence has suggested the efficacy of HUC-MSCs for the significant remission of mechanical
allodynia and thermal hyperalgesia in different models of neuropathic pain due to their superiority in long-term proliferation, low
immunogenicity [11], anti-inflammatory effect [12], and high tissue survival ability [13]. In terms of drug delivery strategy, previous
research suggested that most MSCs delivered through intravenous injection would be deposited in the lungs and fail to reach the
targeted sites of neuropathic pain, while immune cells in circulation would also directly damage these cells, resulting in a significant
reduction in therapeutic efficacy [18,19]. Currently, there are limited reports on intravenous infusion of HUC-MSCs for peripheral
neuropathic pain treatment. For example, Miyano et al. [20] found that rats with partial sciatic nerve ligation showed relief from pain
hypersensitivity on the second day following a single intravenous injection of HUC-MSCs. Instead, Liu and the colleagues verified the
significant improvement in PMWT only after 14 days of MSC injection [21]. Thus, it’s interesting to further verify the therapeutic
efficacy of intravenous administration, which would also benefit clinical implementation due to the advantages including less invasive
and more convenient. Therefore, in comparison to the existing literatures reporting intrathecal administration [14-16,27], we focused
on the therapeutic effects and possible mechanism of intravenous HUC-MSC administration, and our findings preliminarily verified the
feasibility of systemic infusion of HUC-MSCs for ameliorating CCI-induced neuropathic pain in SD rats via suppressing the
microglia-mediated regulatory mechanism.

In this study, a series of modifications and optimizations were conducted. For instance, as to the time point selected for the
administration of HUC-MSCs, we chose the day on which allodynia appeared most obviously after CCI in rats (on Day 7) based on pre-
experiments and previous studies [28]. To avoid cell damage and decreased viability of HUC-MSCs, we optimized the cell suspension
procedure and the transplanted cell number (1 x 10° cells in 200 pl saline) to avoid forming clusters in the microinjection cannula [29,
30]. Interestingly, a single systemic infusion of HUC-MSCs (1 x 10°) revealed comparable anti-nociceptive effects as intrathecal
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Fig. 4. Effect of HUC-MSCs on the expression of ionized calcium-binding adapter molecule 1 (Iba-1) in the spinal cord horn on day 15 after CCI
Representative immune-histological staining of the nucleus marker DAPI and the microglial marker Iba-1 on the ipsilateral side of the L4-5 spinal
cord (scale bar 500 pm) on day 15 after CCI with or without intravenous injection of HUC-MSCs. Mean fluorescence intensity of Iba-1 in the dorsal
horn is shown in B. Representative Western blot analysis of Iba-1 and the level of relative expression of Iba-1 by densitometric analysis is shown in C.
Compared with S&S group, *P < 0.05; compared with C&S group, AP < 0.05. Values are expressed as mean + SD (n = 3 per group).

injection and could last for at least 7 days [14], which was consistent with the results of Miyano et al., who intravenously transplanted
5 times HUC-MSCs (5 x 10%) into PSNL rats [20]. Notably, we found a significant increase in TWL in the C&U group on two
post-administration days, with a faster recovery than PMWT, which was consistent with the report by Liu et al. [21] It is believed that
thermal hyperalgesia is primarily caused by peripheral mechanisms, while HUC-MSCs administered intravenously can direct them-
selves to the damaged sciatic nerve and exert anti-inflammatory effects as peripheral circulating stem cells. Furthermore, with the aid
of TEM analysis, we verified the resumption of myelin lamellar structure of the sciatic nerve and the formation of new myelin sheath,
together with the significant improvement in myelin basic protein levels after HUC-MSC administration [20] and the potential ability
of tonsilla-derived MSCs to directly differentiate into Schwann cells and promote peripheral nerve regeneration [31], which collec-
tively indicated the complexity of the underlying molecular mechanism in mediating the therapeutic effect of HUC-MSCs during nerve
regeneration and nerve injury repairment.

Recent research has suggested the involvement of immune cells in the formation and maintenance of neuropathic pain, and in
particular, inhibiting the activation of microglia, reducing the polarization of microglia towards pro-inflammatory phenotypes, and
decreasing the level of spinal inflammatory factors such as IL-1f and TNF-a, making this a promising area of study for the treatment of
neuropathic pain [32-35]. In this study, we found that CCI induced an increase in Iba-1-positive cells in the ipsilateral spinal cord
dorsal horn, which suggested that the infiltration of microglia cells into the spinal dorsal horn is attributable to CCI-induced neuronal
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Fig. 5. Electron micrographs of right ligation of sciatic nerve. Dense and intact myelinated fibres (white arrow), unmyelinated nerve fibres (thick
black arrow), and myelinated fibres enclosed by Schwann cells (thin black arrow) were found in the S&S group (A and B). Twisted and degenerated
myelin sheath (white arrow) and infiltrating macrophage (white star) engulfing degenerated myelin whorls were observed in the C&S group (C and
D). Occasional loose fuzzy fragments in the lamellar structure (white arrow) and vacuole formation in the axoplasm (white triangle), accompanied
by the formation of new myelin sheath (thick white arrow), was observed in the C&U group.

damage. Strikingly, HUC-MSCs infusion intravenously could significantly reverse the accumulation of activated microglia, which was
consistent with the results of Chen et al. by intrathecal injection [14]. Interestingly, Miyano et al. also indicated a decline in mac-
rophages activation in the DRG of PSNL rats after HUC-MSCs administration [20]. Taken together, these data suggested the inhibitory
effect of HUC-MSCs upon immune cell activity in neuropathic pain at both a peripheral and central level. Therefore, it is crucial to
further analyze the systemic changes in the immune inflammatory microenvironment from the periphery to the central nervous system
after HUC-MSCs treatment, and this will also be the focus of our subsequent research.

Nevertheless, there are still several unresolved issues in this study, which are also crucial points that need to be further clarified
before large-scale clinical application. For instance, the specific details of the application dosage and administration frequency,
together with the long-term therapeutic effects of HUC-MSCs upon peripheral neuropathic pain, need to be explored in details in the
future. Meanwhile, the elucidation of the underlying mechanism on HUC-MSCs-based cytotherapy for peripheral neuropathic pain is
also urgently needed before clinical transformation. Therefore, in subsequent studies, we will prolong the observation period to assess
the sustained efficacy of single-dose administration and determine if multiple injections yield better results, as well as utilize multi-
faceted techniques such as proteomics and flow cytometry to delve into a series of protein expression, phenotypic polarization, and
downstream inflammatory factor expression after inhibiting spinal microglial cell activation through intravenous administration of
HUC-MSCs. In addition, we have previously established a high-efficient procedure for large-scale generation of CD106" HUC-MSCs, a
novel cell subtype with increased proangiogenic potential, preferable immunomodulatory properties and enhanced homing capability
[22]. Thus, in future work, we will use the cell subtype and its exosomes to conduct in-depth research on the mechanism of neuropathic
pain treatment using data obtained from this study.

5. Conclusions

Overall, we verified that mechanical allodynia and thermal hyperalgesia induced by chronic constriction injury of the sciatic nerve
during neuropathic pain can be significantly reduced by a single intravenous injection of HUC-MSCs. Being that intravenous injection
is the most common used mode of administration in the clinic, this indicates the feasibility of the systemic infusion of HUC-MSC for
ameliorating the CCI-induced neuropathic pain. In addition, the antinociceptive effects of HUC-MSCs were found to be partially
mediated by suppressing the abnormal activation of microglia in the ipsilateral spinal dorsal horn and the repairment of sciatic nerve
injury. Our findings will help further explore the biofunction and the concomitant mechanism of HUC-MSCs for neuropathic pain
administration, and thus provide new references and perspectives for clinical application and promotion in the future.
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