
Research Article
Ultrashort Wave Combined with Human Umbilical Cord
Mesenchymal Stem Cell (HUC-MSC) Transplantation Inhibits
NLRP3 Inflammasome and Improves Spinal Cord Injury via
MK2/TTP Signalling Pathway

Li Na ,1,2 Shuai Wang ,1,3 Tongtong Liu ,2 and Lixin Zhang 1

1Department of Rehabilitation, Shengjing Hospital of China Medical University, Shenyang, Liaoning 110134, China
2Department of Neurology, The People’s Hospital of Liaoning Province, No. 33 Wenyi Road, Shenyang, Liaoning 110016, China
3Department of Rehabilitation, The First Affiliated Hospital of Sun Yat-sen University, Guangzhou, Guangdong 510080, China

Correspondence should be addressed to Lixin Zhang; uzhanglx@aliyun.com

Received 2 July 2020; Revised 9 November 2020; Accepted 23 November 2020; Published 7 December 2020

Academic Editor: Gerard M. Moloney

Copyright © 2020 Li Na et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. To investigate the curative effects of HUC-MSCs combined with USW on spinal cord injury (SCI) and the effects on
inflammatory microenvironment and to explore the regulatory mechanisms of MK2/TTP signalling pathway and NLRP3
inflammasome. Methods. The SCI rat model was established using the modified Allen method; rats were administered with
USW, HUC-MSCs, and combination therapy of USW and HUC-MSCs; the therapeutic efficacies in each group of rats were
monitored and represented in BBB score. SCI levels were observed using HE staining and IF. The microglia polarisation state
and released contents of inflammatory factors were detected. IF and Western Blotting were performed on to detect the
expression levels of MK2/TTP signalling pathway and NLRP3 inflammasome-related proteins. Furthermore, the regulatory
mechanisms of MK2/TTP pathway and NLRP3 were explored by performing on the in vitro study. Results. Combination
therapy of USW and HUC-MSCs was found of significant efficacy on improving motor functions of SCI rats, and it was further
proved that this combination therapy can reduce spinal cord injury in SCI rats, of which USW plays a more important role.
While transplantation of HUC-MSCs can promote microglial cells developing to SCI repair, and M2 microglial cells were taking
advantages gradually. The combination therapy can inhibit the expression of MK2; downregulate NLRP3 inflammasome;
suppress the expression levels of pro-caspase-1, pro-IL-1β, and pro-IL-18; and simultaneously suppress the release of IL-1β and
IL-18, thereby reducing spinal cord neurons apoptosis. It was found that the steady state of microglial polarisation maintained
by combined treatment of USW and HUC-MSCs was destroyed with the upregulation of MK2 expression in cells, of which, M1
type microglial cell was dominant and the increased contents of inflammatory factors were detected. However, overexpressed
MK2 relieved the inhibition of NLRP3 expression by TTP. Conclusions. Combination therapy of USW and HUC-MSCs can
downregulate NLRP3 expression, relieve inflammatory responses, improve immune microenvironment, and rescue spinal cord
injury via suppressing phosphorylation level of MK2.

1. Introduction

Spinal cord injury (SCI) usually leads to the patient’s loss of
feeling below the injury level and motor dysfunction, which
greatly reduces the patient’s quality of life [1]. It is a disease
that seriously harms human health, and it was reported that
its disability rate and mortality rate are extremely high [2].
SCI is generally caused by mechanical external forces, and

the subsequent secondary injuries include inflammation,
hypoxia, and demyelination,etc., forming a complex inflam-
matory microenvironment and causing nerve cell death,
resulting in motor, sensory, and autonomic dysfunction [3–
5]. Therefore, inhibiting inflammation and promoting spinal
cord neuron regeneration are effective ways to treat SCI.

Studies have suggested that human umbilical cord mesen-
chymal stem cells (HUC-MSCs) used in the treatment of SCI
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rats can improve motor function, promote nerve growth fac-
tor expression, and inhibit IL-1β secretion [6–8]. The severe
microenvironment of the injury site is a primary reason for
limiting the clinical application of HUC-MSCs, as the occur-
rence of SCI can break the original balance of the spinal cord
microenvironment, and the inflammatory cells and inflamma-
tory factors in the microenvironment can cause the apoptosis
of the implanted mesenchymal stem cells (MSCs), inhibiting
the posttransplanted survival rate in the body [9, 10]. More-
over, in vitro studies have shown that inflammatory factors
can affect the proliferation, migration, differentiation, and
paracrine functions of MSCs [11]. IFN-γ, TNF-α, and IL-1β
can inhibit MSC proliferation and affect the differentiation
trend of MSCs [12], suggesting that the SCI-caused immune
microenvironment has limited the survival rate and therapeu-
tic effects of HUC-MSCs after transplantation.

As a physical therapy, low-dose ultrashort wave (USW)
has achieved good results in the treatment of various acute
inflammations, and it can also assist in inhibiting inflamma-
tion, eliminating oedema, improving blood circulation, and
promoting nerve regeneration [13]. We have previously con-
firmed that USW can improve the immune microenviron-
ment of SCI rats, reduce the expression of TNF-α and IL-
1β, and improve the motor functions of rats. Its mechanism
of action is related to inhibit the expression of MAPK-
activated protein kinase 2 (MK2), which is involved in the
regulation of cell cycle, cell migration, actin remodelling,
and inflammation as a substrate of p38 MAPK. In inflamma-
tory diseases, MK2 can activate the RNA binding protein
tristetraprolin (TTP), a member of the zinc-finger protein
family, thereby regulating the translation of TNF-α and
inflammatory factors and promoting the relative expressions
[14, 15]. Meanwhile, TTP is a negative regulator of the
NLRP3 inflammasome, inhibiting the expression of NLRP3
through target binding to the 3′-UTR region of NLRP3, spec-
ulating that MK2 might release the inhibition of the NLRP3
expression by TTP and increase the NLRP3 expression
through phosphorylating TTP [16]. NLRP3 inflammasome
is the central process of inflammatory responses; its overacti-
vation can continuously cleave pro-IL-1β and pro-IL-18 into
mature forms by activated Caspase-1, thereby activating
downstream signal transduction pathways, leading to the
accumulated production of inflammatory mediators, causing
severe inflammatory responses and promoting progression
and development of multiple inflammatory diseases [17,
18]. In this study, depending on the improvement effects of
USW on microenvironment, combination therapy with
HUC-MSCs was used to treat SCI to observe the therapeutic
efficacy and its regulatory effects on inflammatory microen-
vironment, in order to investigate the regulatory mechanisms
of MK2/TTP signalling pathway and NLRP3 inflammasome,
providing scientific evidences and theoretical basis on
improving treatment with HUC-MSC transplantation and
its clinical realisation.

2. Materials and Methods

2.1. Experimental Animals. Fifty SPF-grade SD male rats,
weighting from 220 to 260 g, were purchased from Vital

River Laboratory Animals Techniques (Beijing, China) (Pro-
duction License No. SCXK (Beijing) 20120007). The animal
experiments were carried out in barrier system of the Depart-
ment of Laboratory Animal Sciences of China Medical Uni-
versity (User License No. SYXK (Liao) 2013001) and were
approved by Laboratory Animal Welfare and Ethics Com-
mittee of China Medical University (IACUC No.
2019PS461K). Rats were randomly divided into the following
five groups: sham operation group (Sham group, n = 10), SCI
injury model group (SCI group, n = 10), SCI rats treated with
USW group (USW group, n = 10), SCI rats treated with
HUC-MSCs group (MSCs, n = 10), and SCI rats treated with
combination therapy of USW and HUC-MSCs group (CT
group, n = 10) [7]. The randomly method was performed as
the random digital table method for randomly grouping.

2.2. Preparation and Identification of HUC-MSCs. Umbilical
cords were collected, sterilised with 75% ethanol, and cleaned
with PBS buffer. Amniotic membrane and blood vessels were
peeled off, and the posttreated umbilical cords were cut into
tissue sections with a diameter of 1-3mm with a sterilised
surgical scissors. Tissues sections were cultured in T75 cul-
ture flasks with 15ml of culture medium DMEM
(#11965092, Gibco, USA) containing 10% fetal bovine serum
(FBS) (#16140071, Gibco, USA) and 1% poly-antibiotics of
penicillin and streptomycin (P4333, Sigma-Aldrich, USA)
in a preset cell culture incubator (37°C, 5% CO2). Culture
medium was changed every four days. Tissue sections were
removed when cell fusion rate in each group reached about
80-90%; cells were passaged at a ratio of 1 : 2 and collected
on the 15th-20th day.

The identification of HUC-MSCs was performed using
flow cytometry and immunofluorescence. Flow cytometry
was used to detect the surface markers including CD90-
FITC, CD77-FITC, CD105-FITC, CD34-phycoerythrin
(PE), CD44-PE, CD29-FITC, CD14-FITC, HLA-DR, and
CD45-PC7. HUC-MSCs cells grew to 80-90% confluence;
cells were detached with 0.025% trypsin. Then, culture
medium was added; after centrifugation, cells were diluted
to 1 × 106 cells/ml. Cell suspension was transferred, filtered,
and packed into the sample tubes, each containing 200μl.
Then, the mentioned antibody was added to sample tubes
with incubation for 30min at room temperature. Cells were
washed and centrifuged by PBS and adjusted to 500μl. Then,
the results were detected by flow cytometry.

The HUC-MSCs were seeded at 1 × 105 cells/ml and
3ml/well in a 6-well plate with a cover glass. After culture
for 24 h at 37°C, cells were fixed with paraformaldehyde.
Then, the cover glasses were rinsed by PBS for 3 times. Then,
goat serum was dripped on the glass, and fibroblasts were
sealed for 30min at room temperature. After that, diluted
CD105, CD29, CD44, CD73, and CD45 primary antibodies
were dripped into each cover glass, incubating in a wet box
at 4°C overnight. The second day, the secondary antibody
goat anti-rat IgG H&L (1/200, ab150113) was added. Then,
the glass was dripped with 4′,6-diamidino-2-phenylindole
(DAPI) for nucleus staining, sealed with sealing liquid. And
cells were observed under the fluorescence microscope.
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2.3. SCI Model Establishment. The modified Allen method
was used to establish the SCI rats model [19], and rats were
anaesthetised with intraperitoneal injection of 1% pentobar-
bital sodium (P-010, Sigma-Aldrich, USA). A 2 cm long inci-
sion was made along the spine of rat at the central of T10, and
the subcutaneous tendons were separated in order. Mem-
branes and free sacral spinal muscles next to the spine were
separated to reveal the spinous processes and vertebral bodies
of the rat. According to the Allen’s method, using a 10 g
impact rod from 10.00mm height, free fall to cause mild spi-
nal cord injury, the strength of the strike (gram-force) was
maintained at 125 g ·mm. After falling and impacting, retrac-
tion and flutter at lower limbs were obviously noticed, and
the rat tail was spasmodically swayed, proving that the SCI
rat modelling was successfully established. In the Sham
group, the lamina was removed without spinal cord impact-
ing, leading to no substantive spinal cord injury. The rats in
the USW group were given low-dose ultrashort wave treat-
ment once a day for 7 min after SCI modelling. Rats in the
MSC group were given local injection of 10μl HUC-MSCs
(1 × 105/μl) at injury site after SCI modelling surgery. For
the combination therapy in the CT group of rats, 10μl
HUC-MSC (1 × 105/μl) local injection at injury site was per-
formed on SCI rats and followed with once-a-day USW treat-
ment at 24 h post-injection and continuous for 14 days in
total.

2.4. Basso, Beattie, and Bresnahan (BBB) Score. Hind limb
motor function of each group of rats was evaluated at 1 d,
1w, 2w, and 4w after SCI modelling accessed by Bassobiti
motor function evaluation scale [20] (Table 1). Briefly, rats
were placed on the test platform to observe the lower limb
joint activity, gait, stability of the trunk, fine movement of
the paw, position of the tail, and coordination of the body.
Scoring criteria were from minimum of 0 point (no visible
hind limb movements, complete paralysis) to the maximum
of 21 points (sustained palm movement, coordinated gait,
toe grip, torso stability, tail lift, parallel of active claw position
and body, completely normal movement). Rats’ motor func-
tions were evaluated and assigned into one of the following
three categories, depending on their BBB grades.

2.5. Haematoxylin and Eosin (HE) Staining. Tissue sections
fixed in formalin were collected, dehydrated with gradient
ethanol (70%, 80%, 90%, and 100%), and transparentised
with xylene. After that, tissue sections were made into paraf-
finized sections followed by being sliced into 4μm. Slices
were then stained with haematoxylin and eosin staining solu-
tion and rinsed with running distilled water for the removal
of residual staining solution. Slices were then embedded with
neutral resin. Visualised observations were taken under a
light microscope (CX33, Olympus Corporation, Japan).

2.6. Immunofluorescence (IF). Deparaffinised spinal cord tis-
sue sections were rehydrated and applied with 3%H2O2 solu-
tion and rinsed with PBS buffer. Antigen retrieval was done
with applying 0.1M sodium citrate solution. Then, sections
were blocked with goat serum with a 30min incubation at
37°C. Residual serum was removed by then. Primary anti-

bodies against NeuN (#702022, Invitrogen, USA), iNOS
(PA1-036, Invitrogen, USA), arg-1 (PA5-29645, Invitrogen,
USA), IBA-1 (ab5076, Abcam, UK), NLRP3 (MA5-32255,
Invitrogen, USA), and MK2 (ab131531, Abcam, UK) were
applied to the sections followed by the overnight incubation
at 4°C. After the removal of diluted primary antibody solu-
tions, sections were rinsed with PBS buffer solution, ant incu-
bated with fluorescent-labelled secondary antibody solution
at 37°C for 30min. DAPI staining solution was performed
onto the sections for cell nucleus staining after thorough
rinse with PBS buffer. Antifade reagent was applied to the
sections after that to block the sections. Sections were then
observed with a fluorescent microscope.

2.7. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labelling (TUNEL). Spinal cord neuron apoptosis was
detected using an in situ cell apoptosis detection assay kit
(C10618, Invitrogen, USA). Manufacturer’s instruction was
strictly followed in this experiment. Specifically, paraffin-
embedded sections were deparaffinised with xylene (5min/-
change, twice) and administered at 37°C for 30min with
20μg/ml protease K excluding DNase. After that, sections
were rinsed thoroughly with PBS buffer. TUNEL working
solution was then added onto the sections in a volume of
50μl, followed by the incubation at 37°C for 1h protected
from light. DAPI staining solution was then performed onto
the sections for cell nucleus staining with a 10-minute incuba-
tion at room temperature to avoid from light. Antifade work-
ing solution was finally added onto the sections after three
changes of thorough rinse with PBS solution. Spinal cord cell
apoptosis was detected using a fluorescent microscope.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). Con-
tents of M-CSF (SEA090Ra), IL-6 (SEA079Ra), IL-10
(SEA056Ra), IL-1β (SEA563Ra), IL-18(SEA064Ra) and
TNF-α (SEA133Ra) in rats’ spinal cords were determined
using ELISA kits (Cloud-Clone Corp., USA). Protocols of
each ELISA kit were followed in this experiment. Briefly,
standard and diluted sample solutions were added into each
well of ELISA plates in turn, and plates were incubated at
37°C for 1 h. Standards and samples were removed after incu-
bation, and plates were washed with washing buffer solution
provided in the ELISA kits. Detection reagents A and B were
added into each well separately with the washing process per-
formed on between adding the two detection reagents. TMB
substrate was added after completely removing detection
reagent B. Plates were incubated with TMB substrate at
37°C for 15-20min protected from light. It was observed that
the colour in each well turned into blue after incubation with
TMB. With the addition of stop solution, colour changed
into yellow directly, and the optical density values were deter-
mined within 10min after colour changed using a microplate
reader at 450nm. Contents of each indicator were calculated
using the obtained data and standard curves.

2.9. Western Blotting. Frozen spinal cord tissue sections
stored in liquid nitrogen were taken out, and proteins were
extracted with the addition of 1ml RIPA lysis buffer
(#89901, Thermo Scientific, USA) containing 2% protease
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inhibitor and 1% PMSF followed by completely homogenisa-
tion using an ultrasound homogeniser. Tissue homogenisa-
tions were then centrifuged at 12,000 rpm for 10min, and
the supernatants were collected and stored in -80°C for later
use. Protein concentrations were quantified using BCA assay.
Concentrated protein samples were then loaded into SDS-
PAGE gels for electrophoresis and transferred onto 0.45μm
PVDF membranes. Membranes were then incubated with
diluted primary antibodies against MK2 (ab131531, Abcam,
UK), p-MK2 (ab131504, Abcam, UK), TTP (ab124024,
Abcam, UK), NLRP3 (ab263899, Abcam, UK), pro-caspase-
1 (ab179515, Abcam, UK), pro-IL-1β (ab205924, Abcam,
UK), iNOS (ab15323, Abcam, UK), arg-1 (ab272887, Abcam,
UK), and GAPDH (ab8245, Abcam, UK) as loading internal
control at 4°C for 12 h. On the next day, membranes were
incubated with HRP-conjugated secondary antibody for 1 h
at room temperature after rinse with TBST buffer solution
for 3 changes. ECL chemo-reagents were then applied onto
the membranes, and membranes were captured using an
imaging system. Grey values of protein bands were detected
and analysed using the ImageJ software.

2.10. Rat Spinal Cord Microglia Cultivation and
Administration. Spinal cord microglia cells were isolated and
cultivated into the following groups: control group (control
group), microglia cells were cultured in DMEMmedium con-
taining 10% FBS; LPS induction group (LPS group), microglia
cells were administered with 0.5mg/L LPS for 24h; LPS induc-
tion with the USW treatment group (USW+ LPS group), LPS-
induced microglia cells were treated with USW (service power
40W, wavelength 7.37m, practical output power 11W) for
7min; HUC-MSCs and LPS induction coculture microglia cell
group (HUC −MSCs + LPS group), LPS-induced microglia
cells were cocultured with HUC-MSCs; combination thera-
peutic treatment group (CT + LPS group), LPS-induced
microglia cells were cocultured with HUC-MSCs and treated
with 7-minute USW (service power 40W, wavelength
7.37m, practical output power 11W); combination therapy
treated LPS-induced MK2up microglia cells
(CT +MK2up + LPS group), microglia cells were transfected
with MK2-overexpressed viral vectors, induced with LPS and
treated with combination therapy as previously.

2.11. Statistical Analysis. Obtained data were analysed using
SPSS 21.0 Statistics (IBM SPSS Statistics, USA); data were
represented in mean ± standard deviation (SD). One-way
analysis of variance (ANOVA) was performed on the com-
parisons among multiple groups, least significant difference
(LSD) test was used for comparisons between groups, and
Wilcoxon rank-sum test was used when data were distributed

nonnormally. Statistical significance was considered when p
< 0:05.

3. Results

3.1. HUC-MSCs Cells Were Cultivated and Identified
Successfully. The results of flow cytometry demonstrated that
surface markers of HUC-MSCs including CD29, CD44,
CD73, CD90, and CD105 were all positive, while the positive
rates of CD14, CD34, HLA-DR, and CD45 were only 0.38%,
0.12%, 0.18%, and 0.12%, respectively (Figure S1A)).
Immunofluorescence staining showed that HUC-MSCs
were positive for the surface markers CD105, CD29, CD44,
and CD73; however, they are negative for hematopoietic
stem cell marker CD45 (Figure S1B). These results fulfilled
the criteria of MSCs definition.

3.2. Combination Therapy Improves Motor Functions and
Reduces Spinal Cord Injury in SCI Rats. On the 1st day of
SCI modelling in rats, it was found that rats completely lost
motor functions in back limbs; BBB scores of all rats were
evaluated at 0 score. BBB scores were gradually elevated at
2-4w after SCI modelling, and BBB scores of rats in the
USW and CT groups were significantly greater than that of
rats in the SCI group. Interestingly, there was no significant
difference between rats in the MSC and SCI group
(Figure 1(a)), suggesting that USW treatment plays a more
crucial role within the combination therapy of USW and
HUC-MSCs. Histopathological results demonstrated that
necrotic tissues and cell debris were found on the dorsal side
of the spinal cords after SCI occurred, and inflammatory cell
infiltration was obvious (Figure 1(b)). NeuN was detected
using IF, illustrating that the number of neurons was
decreased with SCI occurrence (Figure 1(c)), while mono-
therapy with USW and combination therapy were both
found of improvement efficacy on SCI. In summary, USW
treatment plays an essential role while assisted with MSC
treatment; the above combination therapy can rescue spinal
cord injury in SCI rats, suggesting that the relevant mecha-
nism is correlated to the improvement of blood circulation,
nutrition in tissues, and reduction of inflammatory oedema.

3.3. Combination Therapy Suppresses Inflammatory
Responses and Improves Inflammatory Microenvironment in
SCI Rats. It was reported that SCI can lead to the activation
of microglia cells and infiltration of macrophages, resulting
in local inflammatory microenvironment. Microglia cells are
polarised into M1 and M2 types from resting state after SCI
occurrence. In this study, microglia cells were labelled using
IBA-1, according to the observations of dual-labels of M1 type
charactering factor iNOS and M2 charactering factor arg-1; it

Table 1: BBB score evaluation scale.

Score Description Stage of recovery

0-7 No visible hind limb movements, complete paralysis, or inaccessible joint movements Early stage

8-13 Uncoordinated joint movement Intermediate stage

14-21 Sustained movement, coordinated limb and joint movement, complete normal movement Late stage
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Figure 1: Combination therapy improves motor functions and reduces spinal cord injury in SCI rats. (a) Evaluated BBB scores in each group of
rats in different time-points (preoperation, 1 d, 1w, 2w, and 4w). (b) Histopathological changes in SCI rats treated with monotherapies of USW
and HUC-MSCs, respectively, and combination therapy were observed with HE and Nissl staining (scale bar = 50 μmÞ. (c) Expression level of
NeuN detected with IF (scale bar = 50 μm); percentage of NeuN positive cells was calculated and represented in bar chart attached. “∗, #, &”
indicated significant difference (p < 0:05), “∗” vs. Sham group, “#” vs. SCI group, and “&” vs. rats treated with monotherapy (USW/HUC-MSCs).
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was found that microglia cells at rest state (M0) were polarised
into M1 and M2 types, resulting in the elevated expression
levels of iNOS and arg-1 (Figure 2(a)), and it was also deter-
mined that the overactivatedM1microglia cells secreted enor-
mous inflammatory factors showing as the reduction of M-
CSF and IL-10 and elevated level of IL-6 (Figure 2(b)). Accu-
mulatedM2 typemicroglial cells were found in the three treat-
ment groups, resulting in the increasing level of arg-1, M-CSF,
and IL-10, while a decreasing level of iNOS and IL-6(Figure
2(c)). Among the three treatment groups, the relevant obser-
vations weremost significant in CT group, and no obvious dif-
ferences were detected between USW and MSCs groups,
suggesting that combination therapy can provide neurons
with a more suitable microenvironment.

3.4. Combination Therapy Downregulates NLRP3 and
Inhibits Microglia Pyroptosis in SCI Rats. The ignition of
inflammatory responses requires the involvement of protein
complex of inflammasomes. It has been proved that the
expression level of NLRP3 inflammasome was elevated after
SCI occurs, inhibiting NLRP3 inflammasome can improve
motor dysfunctions caused by SCI. In this study, the expres-
sion level of inflammasome in microglia cells was observed
by dual-labelling IF; results showed that expression levels of
IBA-1 and NLRP3 were both elevated in SCI rats
(Figure 3(a)), and the increased level of NLRP3 further cata-
lysed accumulated expression of pro-caspase-1, thereby pro-
moting expressions of pro-IL-1β and pro-IL-18 (Figure 3(b))
and simultaneously matured into IL-1β and IL-18 with bio-
logical activity (Figure 3(c)) which were involved in the fol-
lowing inflammatory responses and resulted in the neuron
cells apoptosis in spinal cords (Figure 3(d)). NLRP3 inhibi-
tion was detected in the three treatment groups, of which,
monotherapy of HUC-MSCs exhibited a weaker inhibiting
effect on inflammatory responses in microenvironment.
However, combination therapy significantly inhibits pro-cas-
pase-1, pro-IL-1β, and pro-IL-18 and simultaneously sup-
pressed the release of mature IL-1β and IL-18, reduce

apoptosis rate of spinal cord neurons, suggesting that the
combination therapy of USW and HUC-MSCs can suppress
inflammasome and reduce the SCI.

3.5. Combination Therapy Inhibits MK2 Phosphorylation in
SCI Rats. We have previously determined that contents of
MK2 were increased in patients’ plasma, speculating that the
increasing level of the MK2 gene expression might be related to
the occurrence of local inflammatory microenvironment. In this
study, we further investigated the effects of combination therapy
on MK2 gene in SCI rats. Results in Figure 4 demonstrated that
SCI can phosphorylate MK2 in rats, suppressed the activity of
TTP (Figure 4(a)), thereby inducing the release of downstream
factor, TNF-α (Figure 4(c)). Interestingly, the high level of MK2
was also detected in microglia cells (Figure 4(b)), suggesting that
MK2 is involved in the inflammatory responses in SCI rats’
microenvironment. MK2 gene was inhibited in different scales
in the three treatment groups (monotherapy of USW or HUC-
MSCs and polytherapy), of which, combination therapy exhib-
ited the most significant therapeutic efficacy. With the combina-
tion therapy treatment, phosphorylation level of MK2 was
inhibited, TTP expression was raised, and the content of TNF-
α was reduced. It was hypothesised that SCI occurrence upregu-
lated theMK2 expression, suppressed the TTP activity, promoted
the NLRP3 expression, and increased the inflammatory factors
excretion, thereby promoting the formation of local inflamma-
tory microenvironment.

3.6. MK2 Upregulation Blocks the Microglia Polarisation
Promoted by Combination Therapy. To further explore the
regulatory mechanisms of reducing spinal cord injury in
SCI rats by combination therapy via MK2/TTP pathway
and NLRP3, we cultivated rats’ spinal cord microglia cells,
established in vitro SCI model using LPS, treating with
monotherapy of USW or cocultivation with HUC-MSCs
and combination therapy. Results demonstrated that the
combination therapy can regulate microglia M1/M2 polari-
sation state, suppressM1 polarisation, downregulate the iNOS
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expression, and elevate the arg-1 expression (Figure 5(a)).
Meanwhile, it was detected that content of IL-6 was reduced
and IL-10 level was raised with the treatment of combination
therapy (Figure 5(b)). The microglia polarisation state was
destroyed when MK2 gene was upregulated in cells, leading
to the cells polarising to M1 state, resulting in the increasing
levels of inflammatory factors. The over-expressed MK2
unlocked the inhibiting mechanisms of TTP on NLRP3
expression, thereby increasing the expression levels of NLRP3,
pro-IL-1β, and pro-IL-18 (Figure 5(c)) and contents of IL-1β
and IL-18 in cellular supernatants (Figure 5(d)), suggesting
that combination therapy can downregulate the NLRP3
expression level through inhibiting phosphorylation of MK2,
leading to the reduction of inflammatory responses, improv-
ing immune microenvironment, and rescuing SCI.

4. Discussion

SCI is a serious traumatic disease of central nervous system;
the treatment and functional recovery exercise after SCI are
still the focus and difficulty of clinical research at the present
[21]. In this study, combination therapy of USW treatment
and HUC-MSC transplantation was used to treat SCI; it
was observed that different scale of recovery was detected
from the first week, and it reached the most clinical signifi-
cance at 4w. From the results above, it can be confirmed that
USW treatment plays a more important role in improving
rats’ motor dysfunctions, while HUC-MSC transplantation
therapy plays as an assistant role. Combination therapy has
been confirmed of a certain promoting effect on rescuing
SCI due to the abilities of antiapoptosis, antioxidation, and
anti-inflammation and promoting the regeneration of
endogenous stem cells. Its relative regulatory mechanisms
are related to the increasing level of nutrient functions in cor-

responding tissues, reducing inflammation-induced oedema,
and improving the blood circulation in tissues.

The occurrence of SCI can break the balance state of the
original microenvironment in spinal cords [22]. Damaged
neurons, astrocytes, and other injured cells can secrete enor-
mous inflammatory factors (IL-1β, IL-6, TNF-α, and IFN-γ),
causing microglia activation and macrophages infiltration,
forming local inflammatory microenvironment, leading to
the extensive demyelination of living axons and inhibition of
axon regeneration, thereby further blocking the regenerations
of neuro-tissue structure and functions [23–26]. Microglia
cells are in the classic dynamic balance of proinflammatory
(M1 type) and anti-inflammatory (M2 type), and its transfor-
mation is related to the local microenvironment they are in
[27, 28]. The occurrence of neuro-inflammatory responses
can be possibly avoided by adjusting the polarisation balance
of M1/M2 state, providing important significance protecting
nervous system from secondary damage and important clini-
cal evidences in the diagnosis and treatment of SCI [29, 30].
Both the monotherapy of USW treatment and HUC-MSC
transplantation can reduce the activations of microglia and
macrophages, decreasing inflammatory responses and
improving local microenvironment at injury tissues. Notably,
the combination therapy can lead tomore effective therapeutic
efficacy compared to each monotherapy. It has been reported
that HUC-MSC transplantation can promote the develop-
ment of microglial cells to SCI repair, showing the roles of
immune regulation, tissue repair, and functional remodelling.
While the USW treatment can enhance the immune func-
tions, elevating the phagocytic ability of macrophages,
improving blood circulation and tissue nutrition, promoting
the discharge of inflammatory productions ,and is conductive
to inflammation control and dissipation.

Inflammasomes are the important inflammatory factors
involved in the inflammatory responses discovered in recent
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Figure 3: Combination therapy downregulates NLRP3 and inhibits microglia pyroptosis in SCI rats: (a) NLRP3/IBA-1 costaining detected by
IF (scale bar = 50μm); (b) protein expression levels of pro-caspase-1, pro-IL-1β, and pro-IL-18 determined using Western Blotting; (c) levels
of IL-1β and IL-18 determined using ELISA; (d) neuron cell apoptosis detected using TUNEL (scale bar = 50μm). “∗, #, &” indicated
significant difference (p < 0:05), “∗” vs. Sham group, “#” vs. SCI group, and “&” vs. rats treated with monotherapy (USW/HUC-MSCs).
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Figure 5: MK2 upregulation blocks the microglia polarisation promoted by combination therapy: (a) iNOS and arg-1 expression levels
detected using Western Blotting; (b) contents of inflammatory factors (IL-6 and IL-10) determined using ELISA; (c) Western Blotting was
performed on to determine the expression levels of TTP, NLRP3, pro-IL-1β, and pro-IL-18; (d) contents of IL-1β and IL-18 in cellular
supernatant were quantified with ELISA. “∗, #, &” indicated significant difference (p < 0:05), “∗” vs. Sham group, “#” vs. SCI group, and
“&” vs. rats treated with monotherapies and combination therapy.
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years; classical inflammasome pathways are mediated by Cas-
pase-1, where the activated Caspase-1 can induce inflamma-
tory responses and the classical pyroptosis also occurs in this
way [18]. The activation of inflammasomes and its induced
expressions of IL-1β and IL-18 are all detected in SCI tissues.
Accumulated evidences reported that inhibiting NLRP3
inflammasome can activate and regulate nervous inflamma-
tion by drug administration to recover the SCI-caused nervous
damage, indicating that NLRP3 inflammasome is the key fac-
tor regulating SCI-induced secondary injury in mice [31, 32].
In this study, we proved that the NLRP3 expression in SCI rats
was considerably downregulated with combination therapy;
meanwhile, Caspase-1 activation was inhibited, leading to
the reduced expression levels of pro-IL-1β and pro-IL-18,
thereby relieving inflammatory responses, decreasing cell apo-
ptosis rate, and suppressing the secretions of matured IL-1β
and IL-18, reporting that the combination therapy can reduce
SCI via suppressing inflammasomes.

In our previous study, we have reported that the mRNA
and protein expression levels of MK2 in SCI patients’ plasma
were both higher than those of volunteers without SCI disease,
and it was also suggested that MK2 has regulatory effects on
biosynthesis of TNF and other inflammatory factors, speculat-
ing that the regulatory effects might be related to the formation
of inflammatory microenvironment [33]. Literatures indicated
that less accumulation of TNF-α, IL-6, and macrophage
inflammatory protein-2 (MIP-2) were detected in mice with
MK2 knockout, showing a weaker inflammatory response.
Other studies reported that levels of IL-1β, IL-18, and TNF-α
were reduced through inhibiting inflammasome in colorectal
carcinoma mice with inhibited MK2, leading to the reduction
of inflammatory responses and suppression of tumour growth,
suggesting that MK2 can promote the expression of NLRP3
inflammasome through activating TTP, thereby promoting
inflammatory responses [34]. To further investigate the effec-
tive mechanisms of MK2/TTP pathway and NLRP3 in combi-
nation therapy-relieved SCI in rats, we primarily confirmed
that the combination therapy inhibited MK2 phosphorylation
in SCI rats, promoted the TTP expression, and suppressed
the NLRP3 expression and inflammatory responses. Further-
more, the in vitro experiment was carried out in this study;
the MK2 expression was upregulated in the SCI in vitromodel.
Results showed that the polarisation state regulated by the
combination therapy was destroyed, and it was confirmed that
M1 type primarily regulated the above mechanism. After the
balance was destroyed, increasing level of inflammatory factors
promoted cell apoptosis; meanwhile, the overexpressed MK2
unlocked the inhibiting effects on NLRP3 by TTP, indicating
that combination therapy can downregulate the NLRP3
expression level via suppressingMK2 phosphorylation, thereby
reducing inflammatory responses, improving immune micro-
environment, and relieving SCI.

Data Availability

The datasets used and/or analysed during the current study
are available from the corresponding author on reasonable
request.

Conflicts of Interest

The authors declare that they have no competing interests.

Acknowledgments

This work was supported by the National natural science
youth fund project (81101462), the Liaoning Natural Science
Foundation project (201602875), the Liaoning provincial
public welfare science foundation project (2016003001),
and the Cultivate discipline construction funding project of
CMU (112-3110119071).

Supplementary Materials

Figure S1: the identification of hUC-MSCs. (A) Surface
marker profiles of CD29, CD44, CD73, CD90, CD105,
CD14, CD34, HLA-DR, and CD45 in hUC-MSCs were
detected by flow cytometry. (B) Surface marker profiles of
CD105, CD29, CD73, and CD45 were examined by immuno-
fluorescence. (Supplementary Materials)

References

[1] N. B. Finnerup, “Pain in patients with spinal cord injury,”
Pain, vol. 154, pp. S71–S76, 2013.

[2] M. E. L. van den Berg, J. M. Castellote, I. Mahillo-Fernandez,
and J. de Pedro-Cuesta, “Incidence of spinal cord injury world-
wide: a systematic review,” Neuroepidemiology, vol. 34, no. 3,
pp. 184–192, 2010.

[3] M. A. Anwar, T. S. Al Shehabi, and A. H. Eid, “Inflammogen-
esis of secondary spinal cord injury,” Frontiers in Cellular Neu-
roscience, vol. 10, 2016.

[4] A. Alizadeh, S. M. Dyck, and S. Karimi-Abdolrezaee, “Trau-
matic spinal cord injury: an overview of pathophysiology,
models and acute injury mechanisms,” Frontiers in Neurology,
vol. 10, p. 282, 2019.

[5] H. Nakajima, K. Uchida, A. R. Guerrero et al., “Transplanta-
tion of mesenchymal stem cells promotes an alternative path-
way of macrophage activation and functional recovery after
spinal cord injury,” Journal of Neurotrauma, vol. 29, no. 8,
pp. 1614–1625, 2012.

[6] Z. Guo, X. Sun, X. Xu, J. Peng, and Y. Wang, “Human umbil-
ical cord mesenchymal stem cells promote peripheral nerve
repair via paracrine mechanisms,” Neural Regeneration
Research, vol. 10, no. 4, pp. 651–658, 2015.

[7] L. Wu, X. Pan, H. Chen, X. Fu, J. Jiang, and M. Ding, “Repair-
ing and analgesic effects of umbilical cord mesenchymal stem
cell transplantation in mice with spinal cord injury,” BioMed
Research International, vol. 2020, 10 pages, 2020.

[8] S. omid Sadatpoor, Z. Salehi, D. Rahban, and A. Salimi,
“Manipulated mesenchymal stem cells applications in neuro-
degenerative diseases,” International Journal of Stem Cells,
vol. 13, no. 1, pp. 24–45, 2020.

[9] A. Shao, S. Tu, J. Lu, and J. Zhang, “Crosstalk between stem cell
and spinal cord injury: pathophysiology and treatment strate-
gies,” Stem Cell Research & Therapy, vol. 10, no. 1, p. 238, 2019.

[10] E. S. MacDonald and J. G. Barrett, “The potential of mesenchy-
mal stem cells to treat systemic inflammation in horses,” Fron-
tiers in Veterinary Science, vol. 6, p. 507, 2020.

12 BioMed Research International

http://downloads.hindawi.com/journals/bmri/2020/3021750.f1.docx


[11] X. Fu, G. Liu, A. Halim, Y. Ju, Q. Luo, and G. Song, “Mesen-
chymal stem cell migration and tissue repair,” Cells, vol. 8,
no. 8, p. 784, 2019.

[12] M. D. M. Joel, J. Yuan, J. Wang et al., “MSC: immunoregula-
tory effects, roles on neutrophils and evolving clinical poten-
tials,” American Journal of Translational Research, vol. 11,
no. 6, pp. 3890–3904, 2019, https://pubmed.ncbi.nlm.nih
.gov/31312397.

[13] W. Zhao, C. Ju, D.Wang, and H. Shen, “Clinical observation of
effects of ultrashort wave therapy combined with acupuncture
and rehabilitation training in the treatment of patients with
dysphagia after stroke,” Journal of Neurorestoratology, vol. 7,
no. 3, pp. 136–142, 2019.

[14] S. Sanduja, F. F. Blanco, and D. A. Dixon, “The roles of TTP
and BRF proteins in regulated mRNA decay,”Wiley Interdisci-
plinary Reviews: RNA, vol. 2, no. 1, pp. 42–57, 2011.

[15] W. S. Lai, M. L.Wells, L. Perera, and P. J. Blackshear, “The tan-
dem zinc finger RNA binding domain of members of the tris-
tetraprolin protein family,” Wiley Interdisciplinary Reviews:
RNA, vol. 10, no. 4, article e1531, 2019.

[16] M. Haneklaus, J. D. O’Neil, A. R. Clark, S. L. Masters, and L. A.
J. O’Neill, “The RNA-binding protein Tristetraprolin (TTP) is
a critical negative regulator of the NLRP3 inflammasome,” The
Journal of Biological Chemistry, vol. 292, no. 17, pp. 6869–
6881, 2017.

[17] Y. Yang, H. Wang, M. Kouadir, H. Song, and F. Shi, “Recent
advances in the mechanisms of NLRP3 inflammasome activa-
tion and its inhibitors,” Cell Death & Disease, vol. 10, no. 2,
p. 128, 2019.

[18] L. Franchi, T. Eigenbrod, R. Muñoz-Planillo, and G. Nuñez,
“The inflammasome: a caspase-1-activation platform that reg-
ulates immune responses and disease pathogenesis,” Nature
Immunology, vol. 10, no. 3, pp. 241–247, 2009.

[19] T. Khan, R. M. Havey, S. T. Sayers, A. Patwardhan, and W. W.
King, “Animal models of spinal cord contusion injuries,” Lab-
oratory Animal Science, vol. 49, no. 2, pp. 161–172, 1999.

[20] D. M. BASSO, M. S. BEATTIE, and J. C. BRESNAHAN, “A
sensitive and reliable locomotor rating scale for open field testing
in rats,” Journal of Neurotrauma, vol. 12, no. 1, pp. 1–21, 1995.

[21] H. Huang, W. Young, S. Skaper et al., “Clinical neurorestora-
tive therapeutic guidelines for spinal cord injury (IANR/-
CANR version 2019),” Journal of Orthopaedic Translation,
vol. 20, pp. 14–24, 2020.

[22] W. Xue, Y. Zhao, Z. Xiao et al., “Epidermal growth factor
receptor-extracellular-regulated kinase blockade upregulates
TRIM32 signaling cascade and promotes neurogenesis after
spinal cord injury,” Stem Cells, vol. 38, no. 1, pp. 118–133,
2020.

[23] M. Sochocka, B. S. Diniz, and J. Leszek, “Inflammatory
response in the CNS: friend or foe?,” Molecular Neurobiology,
vol. 54, no. 10, pp. 8071–8089, 2017.

[24] W.-Y. Wang, M.-S. Tan, J.-T. Yu, and L. Tan, “Role of pro-
inflammatory cytokines released from microglia in Alzhei-
mer’s disease,” Annals of Translational Medicine, vol. 3,
no. 10, p. 136, 2015.

[25] G. Ramesh, A. G. MacLean, and M. T. Philipp, “Cytokines and
chemokines at the crossroads of neuroinflammation, neurode-
generation, and neuropathic pain,” Mediators of Inflamma-
tion, vol. 2013, 20 pages, 2013.

[26] E. A. Huebner and S. M. Strittmatter, “Axon regeneration in
the peripheral and central nervous systems,” in Cell Biology

of the Axon. Results and Problems in Cell Differentiation, vol
48pp. 305–360, Springer, Berlin, Heidelberg.

[27] X. Hu, R. K. Leak, Y. Shi et al., “Microglial and macrophage
polarization—new prospects for brain repair,”Nature Reviews.
Neurology, vol. 11, no. 1, pp. 56–64, 2015.

[28] L. Parisi, E. Gini, D. Baci et al., “Macrophage polarization in
chronic inflammatory diseases: killers or builders?,” Journal
of Immunology Research, vol. 2018, 25 pages, 2018.

[29] D. J. DiSabato, N. Quan, and J. P. Godbout, “Neuroinflamma-
tion: the devil is in the details,” Journal of Neurochemistry,
vol. 139, pp. 136–153, 2016.

[30] F. H. Brennan and P. G. Popovich, “Emerging targets for
reprograming the immune response to promote repair and
recovery of function after spinal cord injury,” Current Opinion
in Neurology, vol. 31, no. 3, pp. 334–344, 2018.

[31] A. Zendedel, S. Johann, S. Mehrabi et al., “Activation and reg-
ulation of NLRP3 inflammasome by intrathecal application of
SDF-1a in a spinal cord injury model,” Molecular Neurobiol-
ogy, vol. 53, no. 5, pp. 3063–3075, 2016.

[32] Y. Chen, J. Meng, F. Bi et al., “NEK7 regulates NLRP3 inflam-
masome activation and neuroinflammation post-traumatic
brain injury,” Frontiers in Molecular Neuroscience, vol. 12,
2019.

[33] N. Parameswaran and S. Patial, “Tumor necrosis factor-α sig-
naling in macrophages,” Critical Reviews in Eukaryotic Gene
Expression, vol. 20, no. 2, pp. 87–103, 2010.

[34] C.-C. Qin, Y.-N. Liu, Y. Hu, Y. Yang, and Z. Chen, “Macro-
phage inflammatory protein-2 as mediator of inflammation
in acute liver injury,” World Journal of Gastroenterology,
vol. 23, no. 17, pp. 3043–3052, 2017.

13BioMed Research International

https://pubmed.ncbi.nlm.nih.gov/31312397
https://pubmed.ncbi.nlm.nih.gov/31312397

	Ultrashort Wave Combined with Human Umbilical Cord Mesenchymal Stem Cell (HUC-MSC) Transplantation Inhibits NLRP3 Inflammasome and Improves Spinal Cord Injury via MK2/TTP Signalling Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Experimental Animals
	2.2. Preparation and Identification of HUC-MSCs
	2.3. SCI Model Establishment
	2.4. Basso, Beattie, and Bresnahan (BBB) Score
	2.5. Haematoxylin and Eosin (HE) Staining
	2.6. Immunofluorescence (IF)
	2.7. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling (TUNEL)
	2.8. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.9. Western Blotting
	2.10. Rat Spinal Cord Microglia Cultivation and Administration
	2.11. Statistical Analysis

	3. Results
	3.1. HUC-MSCs Cells Were Cultivated and Identified Successfully
	3.2. Combination Therapy Improves Motor Functions and Reduces Spinal Cord Injury in SCI Rats
	3.3. Combination Therapy Suppresses Inflammatory Responses and Improves Inflammatory Microenvironment in SCI Rats
	3.4. Combination Therapy Downregulates NLRP3 and Inhibits Microglia Pyroptosis in SCI Rats
	3.5. Combination Therapy Inhibits MK2 Phosphorylation in SCI Rats
	3.6. MK2 Upregulation Blocks the Microglia Polarisation Promoted by Combination Therapy

	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

