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ARTICLE INFO ABSTRACT

Keywords: Aims: The activation of NLRP3 inflammasome, which initiates an inflammatory cascade and triggers in-
Echinacoside flammatory death, plays a crucial role in the pathogenesis of spinal cord injury (SCI). Echinacoside (ECH) is a
NLRP3 phenylethanoid glycoside possessing prominent anti-inflammatory effects and various neuroprotective proper-
;‘iig‘g‘ﬁzsome ties in the central nervous system, but the effect of ECH on SCI was rarely studied. Therefore, the purpose of this

experiment was to look into the therapeutic effects of ECH on SCI and the underlying mechanisms.

Main methods: Basso-Beattie-Bresnahan (BBB) locomotion scale, Nissl staining, and hematoxylin-eosin (HE)
staining was employed to examine the therapeutic effects of ECH on SCI. In addition, reactive oxygen species
(ROS) generation, mitochondrial membrane potential (MMP) in BV-2 cells stimulated with lipopolysaccharides
and adenosine 5’-triphosphate were examined. The expression levels of proteins involving NLRP3 inflamma-
some-related pathway were measured.

Key findings: The in vivo experiment indicated that administration of ECH significantly enhanced the BBB scores,
reduced the neuron loss, and ameliorated the tissue architecture after SCI. Additionally, ECH dramatically in-
hibited NLRP3 inflammasome activation in the rat SCI model. In vitro study indicated that ECH significantly
reduced ROS level, improved the MMP, blocked activation of NF-kB, and inhibited the NLRP3 inflammasome
signaling pathway. The effect of ECH on inhibition of NLRP3 inflammasome signaling pathway was partially
governed by suppression of the generation of ROS and activation of NF-«xB.

Significance: ECH can accelerate motor function recovery in rats following SCI by inhibiting NLRP3 inflamma-
some-related signaling pathway, suggesting that ECH may serve as a potential therapeutic agent for treating SCI.

Spinal cord injury

1. Introduction

Spinal cord injury (SCI), which is a condition mainly characterized
by motor and sensory deficits below scathed segments, is a devastating
event to affected individuals who usually experience a remarkable de-
crease in quality of life. Literature has reported that the prevalence of
SCI ranges from 250 to 906 cases per million worldwide [1]. SCI has
resulted in huge medical consumption and economic loss, and imposed
a heavy burden on families and society. Despite enormous progress has
been made in neuroscience and surgical treatment, SCI remains to be a
major challenge in clinical work [2]. Thus, it is of great significance to
investigate the underlying mechanism of SCI pathogenesis so as to de-
velop an effective therapeutic strategy for this disease.

According to pathophysiological phases, SCI can be divided into
primary injury and secondary injury [3]. As a result of intense physical
forces of the traumatic event, primary SCI is irreversible.

Correspondingly, secondary injury is a delayed and ongoing injury that
leads to further functional loss, which can be blocked by appropriate
treatment strategies. Concerning its reversibility, current treatments
mainly focus on the secondary injury with an aim to provide a better
microenvironment for resident cells in the spinal cord. Considerable
evidences indicate that secondary injury of SCI is accompanied by di-
verse pathophysiologic mechanisms, including inflammatory response
[4], endoplasmic reticulum stress [5,6], mitochondrial dysfunction
[7,8], glutamate-induced excitotoxicity [9,10], as with excessive pro-
duction of free radicals [11,12]. Of them, inflammatory response con-
tributes greatly to the pathogenesis of SCI and makes it more difficult to
restore [13,14]. How to effectively repress inflammatory response has
become one of the focuses in SCI research.

In the past decade, a rapidly expanding literature demonstrates that
inflammasomes play a crucial role during the inflammatory process
after central nervous system injuries [15]. The inflammasomes are a
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cluster of cytosolic multi-protein complexes that function as receptors
and sensors of immune system in response to exogenous and external
damages through damage-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs) [16]. NLRP3 in-
flammasome is the most widely studied inflammasome which partici-
pates in the transforming of inactive pro-caspase-1 to its active form.
Once activated, caspase-1 proteolytically processes the pro-in-
flammatory cytokines of pro-interleukin (IL)-18 and pro-IL-18 into
mature IL-1f and IL-18, which can drive a robust inflammatory cas-
cade, eventually magnifying the inflammatory response. In the rodent
SCI models, inhibition of the NLRP3 inflammasome exerted a promi-
nently neuroprotective effect, demonstrating that NLRP3 inflamma-
some was a vital mediator during SCI [17]. Therefore, the NLRP3 in-
flammasome may be a novel target of pharmacological therapy for SCI.

Echinacoside (ECH) is a phenylethanoid glycoside isolated from
Cistanches, which has been used as a herbal medicine for centuries in
China [18]. Numerous studies have elucidated the beneficial properties
of ECH, including anti-inflammatory, anti-oxidative, and anti-apoptosis
activities [19]. Further studies also demonstrate that ECH exerts ob-
viously neuroprotective effects [20-23].

However, thus far, no study has been carried out to look into
whether ECH could influence NLRP3 inflammasome-driven in-
flammatory pathway after SCI. Hence, the main purpose of this study
was to investigate the role of NLRP3 inflammasome in the therapeutic
effects of ECH on SCI using an in vitro microglia injury model and an in
vivo rat SCI model.

2. Materials and methods
2.1. Drugs and antibodies

ECH (HPLC=98.8%) was purchased from Must Bio-technology
(Chengdu, China). Primary antibodies against NLRP3, caspase-1, p-NF-
kB, and p-Ik-Ba were purchased from Abcam (Massachusetts, USA).
Primary antibodies against ASC, IL-18, IL-1p, NF-xB and Ik-Ba were
bought from Wuhan Proteintech Group (Wuhan, China). Primary an-
tibody of NEK7 was obtained from Cell Signaling Technology (Beverly,
Massachusetts, USA). Primary antibody of GAPDH was brought from
Bioss (Beijing, China). Second antibodies for Western blot and im-
munofluorescence were provided by ZSJB-BIO (Beijing, China) and
Elabscience Biotechnology (Wuhan, China), respectively. Information
of antibodies was listed in Table 1. Adenosine 5’-triphosphate disodium
salt (ATP) and lipopolysaccharide (LPS) were brought from Sigma-Al-
drich (St Louis, MO, USA). All other chemicals and kits were com-
mercially available.
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2.2. Cell culture and treatment

BV-2 cells are a murine cell line, which is generated by transfecting
v-raf/v-myc oncogene into primary microglial cells of one-week old
C57BL/6 mice [24]. They are immortalized cells and widely used as
substitute for primary microglia. BV-2 cell line was obtained from cell
bank of Wuhan University (Wuhan, China). Briefly, BV-2 cells were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine
serum (Gibco, Australia), 100 U/mL penicillin and 100 pg/mL strepto-
mycin (HyClone, USA) at 37 °C with 5% CO2 in a humidified cell in-
cubator. To induce the activation of NLRP3 inflammasome, BV-2 cells
were stimulated with 500 ng/ml LPS for 12 h, followed by 1 mM ATP
for 30 min.

2.3. Cell viability assays

Cell Counting Kit-8 (CCK-8) assays were used to estimate the cyto-
toxic effect of ECH. In brief, BV-2 cells were seeded into 96-well plates
(1 x 10*cells/well) with 100 pul RPMI-1640 medium per well in the
presence of ECH at gradient concentrations (1, 2, 5, 10, 20, 50, 100, and
200 pg/ml) for 24 h and 48 h, BV-2 cells without ECH were designed as
the control group. At the end of the stimulation time, 10 ul CCK-8 so-
lution was added into each well, incubated at 37 °C for 1h. Finally,
absorbance of each well was measured at 450 nm by a Microplate
reader (Thermo, USA).

2.4. Measurement of reactive oxygen species

Intracellular reactive oxygen species (ROS) was measured by flow
cytometry using ROS assay kits (Beyotime Biotechnology, Jiangsu,
China). BV-2 cells were seeded into 6-well plates (2 x 10° cells/well)
and routinely cultured. When the confluence reached 70%, BV-2 cells
were administrated with 500 ng/ml LPS for 12 h followed by 1 mM ATP
for 0.5h, in the presence of ECH (0, 10, 20, or 50 ug/ml). BV-2 cells
without any stimulation were considered as control group. At the end of
ECH treatment, BV-2 cells were washed twice with basic RPMI-1640
medium and loaded with 10 uM dichlorofluorescin diacetate (DCFH-
DA), incubated at 37 °C for 30 min. After that, the cells were trypsinized
for the detection of ROS by the flow cytometer (BD Biosciences, USA).

2.5. Detection of mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was examined by
using Mito-Tracker Red probe (Beyotime, China). BV-2 cells given dif-
ferent treatments as above described were incubated at 37 °C with
RPMI-1640 medium supplemented with 20 nM Mito-Tracker Red for
30 min. Nuclei were stained by DAPI (Boster, Wuhan, China) and

Table 1

Main information of primary and secondary antibodies.
Antibody Supplier Catalog# Source Dilution

WB IF

GAPDH Bioss bs-2188R Rabbit 1: 20000 —
NLRP3 Abcam ab214185 Rabbit 1: 1000 1: 300
ASC Wuhan Proteintech Group 10500-1-AP Rabbit 1: 1000 —
Caspase-1 Abcam ab1872 Rabbit 1: 1000 —
NEK7 Cell Signaling Technology #3057 Rabbit 1: 1000 —
IL-18 Wuhan Proteintech Group 10663-1-AP Rabbit 1: 1000 —
IL-18 Wuhan Proteintech Group 10806-1-AP Rabbit 1: 1000 —
NF-«xB Wuhan Proteintech Group 10745-1-AP Rabbit 1: 2500 —
p-NF-xB Abcam ab86299 Rabbit 1: 2500 —
Ik-Ba Wuhan Proteintech Group 10268-1-AP Rabbit 1: 2500 —
p- Ix-Ba Abcam ab133462 Rabbit 1: 2500 —
Peroxidase-conjugated second antibody ZSGB-Bio ZB-2301 Goat 1: 25000 —
FITC-conjugated second antibody Elabscience E-AB-1014 Goat — 1: 100
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photographed with a confocal microscope (Olympus Inc., Japan).
Fluorescence intensity was quantified through Image J software.

2.6. Immunofluorescence staining

BV-2cells were seeded into 24-well plates with glass coverslips
(2 x 10° cells/well). When the confluence reached 50%, BV-2 cells
were stimulated as abovementioned. After fixation with 4% paraf-
ormaldehyde (PFA), BV-2 cells were permeabilized with Triton X-100
for 15 min, blocked with 5% bovine serum albumin (Sigma, USA) for
60 min, and incubated with primary NLRP3 antibody overnight. Then,
the cells were incubated with FITC-conjugated second antibody for 1 h
and labeled with DAPI for 10 min. Finally, coverslips were observed in a
confocal fluorescence microscope (Olympus Inc., Japan).

2.7. Animals, experimental design, and surgical procedure

Adult male Sprague-Dawley (SD) rats (180-220g) were bought
from the Animal Center of Xinjiang Medical University. The rats were
kept with free access to water and food for seven days to adapt to the
environment before experiments, on a 12h light/dark cycle, under
standard temperature- and humidity-controlled conditions. All animal
protocols were approved by the Ethics Committee of Xinjiang Medical
University Affiliated First Hospital (IACUC-20190225-11).

The rats were randomly assigned into three groups: (i) sham group,
rats were subjected to T9 laminectomy and administered with daily
0.5 ml 0.9% sodium chloride by intraperitoneal injection; (ii) SCI
group, rats were subjected to T9 SCI and administered with daily 0.5 ml
0.9% sodium chloride by intraperitoneal injection; (iii) SCI + ECH, rats
were subjected to T9 SCI and administered with daily ECH (20 mg/kg)
dissolved in 0.5 ml 0.9% sodium chloride by intraperitoneal injection.

SCI was induced by the Allen's method. Briefly, rats were anesthe-
tized with intraperitoneal injection of 30 mg/kg pentobarbital sodium.
Laminectomy was carried out to expose the spinal cord at vertebral T9
to T11 segments. The spinal cord at vertebral T10 segment received a
10 g impactor dropped by a 25mm height. After that, rats were ad-
ministered intramuscular injections of penicillin (40 x 10° unit/an-
imal/day) and buprenorphine (0.01 mg/kg) to prevent infection and
relieve pain. In addition, the rats received manual bladder emptying
twice a day.

2.8. Neurological scoring

The neurological deficit of each rat was assessed by using Basso,
Beattie, and Bresnahan (BBB) locomotor test [25]. Assessment was
carried out before surgery and at 1st, 3rd, 7th, 14th, 21st, 28th, and
35th day post-surgery by two independent investigators who were
blinded to the experimental conditions.

2.9. Tissue preparation

For Western blot experiment, the spinal cords were removed di-
rectly after euthanasia at the 3rd day following surgery. For staining
experiment, the rats were perfused with 0.9% sodium chloride followed
by 4% PFA at 7th day after surgery. The spinal cord tissues were re-
sected with the epicenter included, and immersed in 4% PFA. The im-
mersion liquid was replaced with 30% sucrose solution 24 h later. Then,
10 um crosswise sections were prepared for Nissl straining and hema-
toxylin-eosin (HE) staining.

2.10. Nissl straining and hematoxylin-eosin staining

To evaluate neuronal survival and morphological changes of spinal
cord, Nissl staining and HE staining were performed respectively. For
Nissl straining, sections were dewaxed with xylene, rehydrated in
graded concentrations of ethanol, treated with Nissl staining solution
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(Boster, China). Only cells with visible nuclei and typical neuronal
morphology were counted. For each rat, every other continuous section
was selected and a total of three sections were counted. The ventral
motor neurons were counted for the quantitative statistics analysis by
Image J software [26]. For HE straining, sections were stained with
hematoxylin followed by eosin, and permeabilized with xylene.

2.11. Protein extraction and Western blot

Spinal cord tissues were dissected 5 mm above and below the injury
site, homogenized using RIPA buffer containing phosphatase and pro-
tease inhibitors (Solarbio, Beijing, China). The supernatant was col-
lected after centrifugation at 12000g, 4 °C for 30 min. For cultured BV-
2 cells, they were lysed with RIPA buffer on ice for 30 min, the fol-
lowing steps were similar to the protein extraction of BV-2 cells. Protein
concentration was measured with a BCA Protein Assay Kit (Solarbio,
China). SDS-PAGE loading buffer (Solarbio, China) was added to the
supernatant, and heated at 100 °C for 5min. Protein samples (30 ug)
were loaded and electrophoresed on 10% SDS-polyacrylamide gels,
transferred to a 0.22 pm polyvinylidene difluoride membrane (Roche,
Mannheim, Germany), blocked with 5% skim milk (for phosphorylated
target proteins, bovine serum albumin was used), and incubated with
primary antibodies overnight at 4 °C. Then, the membranes were in-
cubated with rabbit HRP-conjugated secondary antibody at room
temperature for 1 h. Protein band signals were visualized by ECL che-
miluminescence substrate (Thermo, USA). Image J software was used
for data analysis, and band intensity was normalized to that of GAPDH.

2.12. Statistical analysis

SPSS statistics version 22 was used for statistical analyses. The re-
sults were presented as mean * standard deviation (SD). Two groups
with normal distribution were analyzed using unpaired Student's t test.
One-way ANOVA with LSD post hoc analysis were employed for mul-
tiple comparisons to assess differences among all groups. Differences
were considered to be statistically significant when P < 0.05.

3. Results
3.1. ECH had no cytotoxic effect on BV-2 cells

The chemical structure of ECH was displayed in Fig. 1A. CCK-8
assays were applied to investigate the effect of ECH on the viability of
BV-2 cells. As demonstrated in Fig. 1B-C, the results indicated that ad-
ministration of <100 pg/ml ECH at 24 and 72h had no significant
cytotoxic effect on BV-2cells. Therefore, 10, 20, and 50 pg/ml ECH
were selected for further experiments, as precious literature has re-
ported [27].

3.2. ECH promoted motor function recovery, alleviated structural disorder
and neuron loss following SCI

BBB scores of rats in both SCI group and SCI + ECH group gradually
increased with time elapsed, but the ECH treatment group scored better
than the SCI group, especially from the 3rd day after operation
(P < 0.05, Fig. 2A). These data indicated that ECH could effectively
advance the recovery of hindlimb motor function following SCI. The
Nissl staining and HE staining were employed to evaluate the mor-
phological changes of spinal cords. Worse texture disorder and ab-
normal tissue arrangement were witnessed in the SCI group, whereas
ECH significantly ameliorated the histological morphology (Fig. 2B).
For Nissl staining, the number of survival neurons was quantitated by
counting of intact neurons located in the ventral horn, and fewer neu-
rons were lost in the SCI + ECH group than that in the SCI group
(P < 0.01, Fig. 2C-D). The above data suggested that ECH reduced
tissue disorder and neuron loss, and improved the motor function after
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Fig. 1. Effects of ECH on the viability of BV-2 cells. A, The chemical structure of ECH; B-C, The cytotoxic effect of ECH on BV-2 cells was examined at different
concentrations for 24 h and 48 h by using CCK-8 assays. There was a significant reduction in cell viability treated with ECH at the concentration of =100 pg/ml. The
values presented were the mean = SD of three independent experiments. *P < 0.05, **P < 0.01.

SCL

3.3. ECH inhibited the NLPR3 inflammasome signal pathway in LPS/ATP
induced BV-2 cells and SCI rats

To investigate whether ECH suppressed the activation of NLRP3
inflammasome, the expressions of NLPR3 inflammasome-related pro-
teins were detected in LPS/ATP-induced BV-2 cells in present or absent
of ECH. The stimulation of LPS/ATP significantly increased the ex-
pression of NLPR3 inflammasome-associated proteins, including NEK?7,
NLRP3, ASC, caspase-1, IL-18, and IL-13 (P < 0.01, Fig. 3A-G).
Whereas, administration of ECH prominently inhibited these protein
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expressions in a dose-dependent manner (P < 0.05, Fig. 3A-G). Ad-
ditionally, concerning NLRP3 was the core protein in the NLRP3 in-
flammasome signaling pathway, we investigated the expression of the
NLRP3 through immunofluorescence. Similarly, BV-2 cells treated with
ECH resulted in reduced fluorescent intensity in a concentration-de-
pendent manner, suggesting ECH obviously down-regulated the ex-
pression of NLRP3 (Fig. 3H). In agreement with the findings of in vivo
experiment, SCI-induced increase of NLRP3 inflammasome-related
proteins were also significantly decreased by the administration of ECH
(Fig. 4A-G). The data of both in vivo and in vitro experiments suggested
that ECH inhibited the NLPR3 inflammasome signal pathway in LPS/
ATP treated BV2 cells and SCI model of rat.

SCI SCI+ECH

Fig. 2. ECH improved functional recovery of hindlimb motor and ameliorated structural disorder with less neuron loss following SCI. A, The BBB scores at 0, 1, 7, 14,
21, 28, and 35 days of each group. B, Representative images of HE staining at 7th day after surgery. C, the number of surviving neurons was counted after Nissl
staining at 7th day following surgery. D, Representative Nissl staining of spinal motor neurons at 7th day after SCI. *P < 0.05, **P < 0.01, compared with SCI
group; *#P < 0.01, Compared with the sham group; n = 6 per group. All data were presented as mean * SD. SCI, spinal cord injury; BBB scores, The Basso, Beattie

and Bresnahan scores; HE, Hematoxylin-Eosin.
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Fig. 3. ECH inhibited NLRP3 inflammasome signaling pathway in LPS/ATP-induced BV-2 cells. BV-2 cells were treated with 500 ng/ml LPS for 12h followed by
1 mM ATP for 0.5h, in or without the presence of ECH (0, 10, 20, or 50 pg/ml). BV-2 cells without any stimulation were considered as control group. Protein
expression was detected by Western blot and immunofluorescence straining. A, The expressions of NEK7, NLRP3, caspase-1, ASC, IL-1f3, and IL-18 in BV-2 cells; B-G,
The relative intensity of each band was quantitated in NEK7 (B), NLRP3 (C), caspase-1 (D), ASC (E), IL-1f (F), and IL-18 (G), GAPDH was utilized as a loading control;
H, Immunofluorescence images of NLRP3 (magnification, 600 X); I, Quantitative analysis of NLRP3 fluorescent intensity. All results were representative of three

independent experiments. The data were presented as mean *
LPS/ATP group.

3.4. ECH inhibited LPS/ATP-induced NF-kB pathway in BV-2 cells

Emerging evidences have demonstrated that NF-kB pathway plays a
crucial role in mediating the inflammatory response. To further analyze
the anti-inflammatory mechanism of ECH, Western blot was employed
to detect whether ECH could inhibit the expression of NF-xB pathway-
related proteins in BV-2 cells upon LPS/ATP stimulation. Notably, sti-
mulation with LPS/ATP enhanced the levels of p-NF-xB (p-p65) and p-
Ik-Ba proteins when compared with that in the control, whereas ad-
ministration of ECH strikingly reversed the ratios of p-p65 and p-Ik-Ba
in a concentration-dependent manner (Fig. 5A-C, P < 0.01). Collec-
tively, these findings suggested that ECH remarkably impeded LPS/ATP
-induced activation of NF-kB pathway in BV-2 cells.

SD. *P < 0.05, **P < 0.01 compared with control group, *P < 0.05, **P < 0.01 compared with

3.5. ECH prevented LPS/ATP induced mitochondrial dysfunction in BV-
2 cells

MitoTracker Red is a red fluorescent dye dependent on MMP in
mitochondria. As displayed in Fig. 6A-B, stimulation with LPS/ATP
resulted in significantly decreased intensity of red fluorescence. How-
ever, administration of ECH rescued the loss of fluorescence intensity
(P < 0.01). These data indicated that ECH could protect mitochondria
from damage.

3.6. Echinacoside inhibited the production of ROS in BV-2 cells

To investigate whether ECH had an effect on the production of ROS
in BV-2 cells, we measured intracellular ROS production through flow
cytometry. Obtained data showed that upon exposure to LPS/ATP, the
intracellular ROS production significantly increased, indicating LPS/
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Fig. 4. ECH inhibited NLRP3 signaling pathway in spinal cord injury model of rats. A, The protein expressions of NEK7, NLRP3, caspase-1, ASC, IL-1§3, and IL-18 in
spinal cord tissue were detected by Western blot at 3rd day following SCI. B-G, The relative intensity of each band was quantitated in NEK7 (B), NLRP3 (C), caspase-1
(D), ASC (E), IL-1p (F), and IL-18 (G). GAPDH was employed as a loading control. Above results were obtained from three independent experiments, each group
consisted of 6 rats. The data were presented as mean = SD. **P < 0.01 compared with sham group, **P < 0.01 compared with SCI group.

ATP enhanced the generation of ROS in BV-2 cells. However, treatment
with ECH was able to effectively reduce the ROS generation (Fig. 6C-D,
P < 0.01).

4. Discussion

Traumatic strike to spinal cord elicits an intense inflammatory re-
sponse including rapid activation of microglia and release of pro-in-
flammatory cytokines, which subsequently enlarge the vulnerable
perilesional region and induce permanent damage [28]. Given the pi-
votal nature of inflammatory changes after SCI, blockage of the in-
flammatory context is an extremely important area of translational
research and may provide a desirable therapeutic strategy to reduce
tissue damage and promote recovery.

As a natural extract of plants, ECH had displayed its excellent anti-
inflammatory and neuroprotective effects. Precious studies have de-
monstrated that ECH has beneficial effects on CNS disorders like is-
chemic brain injury [20], Alzheimer's disease [29], and Parkinson's
disease [22]. However, the effect of ECH on SCI has not been in-
vestigated thus far. In the early stage of this experiment, the safe con-
centration of ECH on BV-2 cells was determined by CCK-8 arrays. Three
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different concentrations containing 10, 20, and 50 pg/ml were applied
in the following study. For the in vivo study, the most commonly used
dose of 30 mg/kg was employed [18]. The findings of our in vivo ex-
periment highlighted that ECH ameliorated motor function of lower
limbs as with reduced tissue damage of SCI in rats. In addition, it was
witnessed that ECH inhibited the activation of NLRP3 inflammasome
both in vivo and in vitro. These findings indicated that ECH played a
neuroprotective effect through its NLRP3 inflammasome-associated
anti-inflammatory property, suggesting the potentially therapeutic ef-
fect of ECH on SCL The findings of this study also broadened the un-
derstanding of anti-inflammatory and neuroprotective mechanism of
ECH on SCI.

The essential components of NLRP3 inflammasome, which include
NLRP3, caspase-1, as with ASC, always exist separately in the cyto-
plasm. Upon stimulates, these components aggregate to form into
NLRP3 inflammasome. Excessive NLRP3 inflammasome formation
promotes sustained inflammatory response that gives rise to the de-
velopment of various diseases. The role of NLRP3 inflammasome in the
progression of SCI has gained a growing attention and extensive studies
have linked it to the secondary damage phase of SCI [30]. Therefore,
interventions to suppress the activation of NLRP3 inflammasome may
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serve as a novel approach to ameliorate outcomes following SCI. Acti-
vation of NLRP3 inflammasome always involves two distinct steps,
which are known as priming (signal 1) and activation (signal 2) [31].
The priming step initiates the NF-kB-mediated up-regulation of NLRP3,
pro-IL-18, and pro-IL-1f for efficient inflammasome formation. This
step is followed by activation step which can be triggered by DAMPs,
resulting in the oligomerization and assembly of the NLRP3 in-
flammasome (Fig. 7) [32]. Our findings also demonstrated the NLRP3
inflammasome might be a potential target for pharmacological inhibi-
tion following SCI, as NLRP3, caspase-1, IL-1p, and IL-18 were sig-
nificantly enhanced after SCI and ECH obviously suppressed the ex-
pression of those NLRP3 inflammasome-related proteins.

NF-kB is a ubiquitous inducible transcription factor that governs the
expression of most genes and regulates a range of cellular functions. It
has been considered as a critical contributor and a robust regulator in
the transcription of pro-inflammatory mediators and cytokines [33].
Literature has shown that NF-kB could induce the expression of NLRP3
infalmmasome-related genes, and the latter are further required for the
formation of NLRP3 inflammasome complexes [34]. Therefore, we
looked into whether ECH could inhibit the activation of NLRP3 in-
flammasome through down-regulating NF-xB signaling pathway.
Phosphorylation of NF-kB and IkBa are required for the initiation of NF-
kB signaling pathway. Data obtained from our in vitro experiment in-
dicated that the protein levels of phosphorylated NF-xB (p-p65) and
IkBa (p-IkBa) were significantly up-regulated with the stimulation of
LPS/ATP in BV-2 cells, and administration of ECH reversed the levels of

+

SD of three independent experiments. **P < 0.01 compared with control group,

p-p65 and p-IkBa, indicating ECH acted as a negative regulator in the
NF-xB signal pathway during NLRP3 inflammasome activation. Actu-
ally, precious studies had revealed that ECH had an effect on NF-xB
signal pathway. Kuang et al. [35] reported that ECH down-regulated
NF-«kB p-65 in H,0,-induced PC12cells, thus protecting PC12 cells
against damage. Zhang et al. [36] demonstrated that ECH exerted
neuroprotective efects through down-regulating the NF-xB p-52 sig-
naling pathway. The above evidence supported that ECH could in-
hibited the NF-xB signal pathway, and our experiment further demon-
strated that ECH could suppressed the activation of NLRP3
infmammasome through downregulating NF-xB p-65 pathway.
Mitochondrial dynamics exert a crucial physiological role in main-
taining cell homeostasis [37]. ROS, which is mainly produced by mi-
tochondria, has been proposed to be a pivotal regulator of in-
flammatory response and a major trigger for the activation of NLRP3
inflammasome [31,38]. The generation of mitochondrial ROS could be
induced by NLRP3 inflammasome agonists, and inhibition of ROS ab-
rogated the activation of NLRP3 inflammasome [39]. Zhou et al. [40]
reported that NLRP3 inflammasome could sense mitochondrial dys-
function. Once mitochondrial activity was inhibited, ROS generation
and inflammasome activation were also suppressed [40]. Previous
evidences have indicated that ROS is implicated in the development of
secondary SCI, and suppression of ROS is of great importance to the
survival of neural cells and the treatment of SCI [41]. As a product of
cellular energy metabolism, overproduction of ROS may contribute to
the mitochondrial dysfunction. Conversely, damaged mitochondria,
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which are characterized with lower MMP, generate much more ROS
and give rise to the release of molecules like mitochondrial DNA and
mitochondrial ROS, thus leading to the NLRP3 inflammasome activa-
tion [39]. As a matter of fact, precious evidences have supported the
beneficial effect of ECH in the down-regulation of ROS. ECH treatment
has been shown to significantly attenuate the production of ROS and
ameliorate the mitochondrial dysfunction in damaged PC12 cells [42].
Zhao et al. also reported that ECH significantly improved SH-SY5Y cells
survival by inhibiting the generation of ROS induced by 1-methyl-4-
phenylpyridinium ion [27]. Parallel to those precious evidences, our
data indicated that ECH alleviated the intracellular accumulation of
ROS, improved the MMP in LPS/ATP-stimulated BV-2 cells. The sup-
pressive effect of ECH on NLRP3 inflammasome might partly attribute
to the inhibition of ROS generation.

Recent publications have reported that NEK7 promoted the NLRP3-
dependent inflammatory response, as it was also required for the oli-
gomerization and activation of NLRP3 inflammasome by binding to
NLRP3 leucine-rich repeat domain, which was in the downstream of
mitochondrial ROS [43,44]. The maturation of caspase-1 and release of
IL-13 appeared to be abrogated in the NEK7-deficient macrophages
[44]. Another study reported that the formation NLRP3-dependent
pyroptosome was dampened in macrophages that were in the absence
of NEK7, indicating that NEK7 might functioned specifically upstream
of NLRP3 inflammasome [45]. The present study found that the ex-
pression of NEK7 significantly elevated after SCI and stimulation with
LPS/ATP in BV-2 cells, and the administration of ECH could remarkably
reversed the elevation of NEK7. Nevertheless, whether ECH regulated
the interaction of NEK7 and NLRP3 remains to be clarified. And further
studies are still required to gain insight into the underlying mechan-
isms.

Several limitations existed in this study should be overcome in fu-
ture work. First, BV-2 cell line was selected as an alternative for primary
spinal cord microglia. Nevertheless, it is noteworthy that BV-2 cell is
not an ideal substitute for microglia as literature has found several
differences between them. Hence, further investigation in primary mi-
croglia is greatly encouraged [46]. Second, we only examined the short-
term (less than 5 weeks) effect of ECH on SCI rats, long-term (more than
5 weeks) observations are still warranted. Third, as for administration
dose of ECH in animal study, we selected 30 mg/kg/d as most previous
literatures have reported [18]. It remains to be determined whether the
therapeutic effect of ECH on SCI rats has a dose-dependence. Fourth,
during the in vitro study, we did not investigated the effect of ECH on
other spinal cord resident cells like neuron, astrocyte and oligoden-
drocyte, which are also reported to participant in the NLRP3 in-
flammasome signaling pathway [16,47].

5. Conclusion

The present study suggests that ECH is able to attenuate neuroin-
flammation by inhibiting NLRP3 inflammasome activation, conse-
quently improves neurological function following SCI (Fig. 7). The
findings indicate that ECH may serve as a promising therapeutic agent
for SCI.
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