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ARTICLE INFO ABSTRACT

Keywords: Pyroptosis pathway is closely related to inflammation. However, Celastrol effect on pyroptosis pathway after

Celastrol spinal cord injury (SCI) are poorly understood. We studied the anti-inflammatory and neuroprotective effects of

Pyroptosis Celastrol on acute spinal cord injury in rats, and its anti-inflammatory effects on lipopolysaccharide (LPS)/ATP-

15\/[1’:‘:’18;‘:‘1 injury induced microgliosis. Our results show that Celastrol can improve the recovery of hindlimb motor function after
T

SCI in Sprague-Dawley (SD) rats, and reduce the cavity area of spinal cord injury along with the neuronal loss.
Celastrol simultaneously reduced the activation of microglia (especially M1 microglia) in the spinal cord, in-
hibited the pyroptosis-related proteins (NLRP3 ASC Caspase-1 GSDMD), reduced the release of TNF-a IL-1f3 and
IL-18 inflammatory factors, and increased the release of IL10 cytokines. In vitro studies showed that Celastrol
reduced the toxicity resulting from the administration of LPS with ATP to BV-2 cells, inhibited the pyroptosis-
related proteins (NLRP3 Caspase-1 GSDMD), and inhibited the release of corresponding inflammatory factors.
Finally, Celastrol can inhibit the expression of NFkB/p-p65 in vitro and in vivo. Our results show that Celastrol
can attenuate the inflammatory response of the spinal cord after SCI, which is associated with inhibition of
microglial activation and pyroptosis pathway. Further study to explore the use of Celastrol to treat SCI is

warranted.

1. Introduction

Traumatic spinal cord injury (SCI) is a severe and disabling trauma,
which remains a challenging clinical problem [1,2]. SCI is largely a
result of car accidents and falls at high altitudes [3]. Spinal cord injury
can cause motor and neurological dysfunction, reducing quality of life
and increasing the burden of social care. In developed countries, the
incidence of SCI in the United States is 20.7-83 per million, and in
Europe is 8.0-130.6 per million. Studies have shown that the incidence
rate in China is similar to that in developed countries [4].

As a result of this drastic damage, the spinal cord undergoes a series
of primary and secondary pathophysiological changes resulting from
the trauma which includes shear stress, torsion, compression, and
contusion. Primarily, the physical integrity of the spinal cord neurons
and nerve fibers is destroyed and the continuity of the spinal cord in-
terrupted. Cell edema, tissue ischemia, inflammation, intracellular ion
homeostasis imbalance, apoptosis and other secondary changes may
increase the degree of acute SCI, and contribute to the neurological
dysfunction after injury [5]. Since the primary injury to the spinal nerve
structure is difficult to reverse, current research focuses on the inter-
ventions to the “secondary injury” and aims to reduce the inflammatory

* Corresponding author.
E-mail address: wjspine@163.com (J. Wang).

https://doi.org/10.1016/j.intimp.2018.11.029

response, reduce the necrosis and apoptosis of neurons, and to reduce
further expansion of the lesion area, thereby creating a favorable mi-
croenvironment for axonal regeneration.

Neuroinflammation plays a key role in the secondary injury of acute
SCI [6]. The cascade of secondary damage causes the inflammatory
reaction at the lesion site to enlarge. While inflammation at the early
stages is beneficial as well as harmful, extensive research has shown
that inflammation can spread to surrounding tissues, leading to cell
death, while inhibiting spontaneous regeneration and functional re-
covery of tissues [7].

Recent studies have shown that the activation of the inflammatory
body pathway promotes cell pyroptosis, resulting in the release of a
large number of inflammatory factors [8,9]. As an innate immune cell
of the central nervous system, microglia can participate in in-
flammatory reactions through pyroptosis [10,11]. Pyroptosis, a specific
form of cell death, is mainly mediated by caspase-1 and Gasdermin-d
(GSDMD). It is a newly discovered programmed cell death and is ac-
companied by the production of various inflammatory mediators in-
cluding interleukin-1f (IL-1f), IL-18 [12-14]. During pyroptosis, the
cysteine protease-1 precursor (Pro-Caspase-1) may be indirectly linked
to the pattern recognition receptor through the linker protein ASC
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(Apoptosis-associated speck-like protein contain a CARD) to form a
macromolecular complex designated as an inflammasome. The in-
flammasome activates and cleaves Pro-Caspase-1 to form active cas-
pase-1. Caspase-1 can cleave GSDMD protein to form active N-terminus
and C-terminus moieties. The N-terminus product promotes cell mem-
brane perforation and cell death, and expands the inflammatory re-
sponse [15,16].

Microglial cells are the innate immune cells of the central nervous
system (CNS) and serve an important role in mediating neuroin-
flammation [17,18]. They are heavily activated upon damage to the
spinal cord [19]. SCI also produces many secretory factors (such as
cytokines) that can bind cell surface receptors to further activate mi-
croglial cells and cause them to participate in cellular signaling path-
ways. These signaling pathways constitute a potent proinflammatory
response that amplifies inflammation and aggravates secondary da-
mage [20]. Therefore, controlling the activation of microglia, and the
resultant production of inflammatory factors, may contribute to the
treatment of SCIL.

Celastrol is also known as phatosporine and is a triterpenoid methyl
triterpene. It is widely distributed in the botanical family Cervidaceae,
and is an important active ingredient present in Tripterygium wilfordii,
where it was the first natural product isolated from the root bark.
Studies in the past show that Celastrol has many beneficial biological
effects such as anti-oxidation, anti-apoptosis, anti-inflammation, anti-
cancer, and anti-obesity [21-24]. It has been used in the treatment of
cerebral ischemia and Parkinson's disease, where its anti-inflammatory
effects have been confirmed in the CNS [25,26]. However, the specific
mechanism of the effects of Celastrol on SCI remains unclear.

We hypothesize that Celastrol reduces inflammation resulting from
SCI by regulating glial activation and pyroptosis. Our results may
provide new therapeutic targets and explain aspects of the scientific
mechanisms involved in the treatment of SCI acute-phase inflamma-
tion.

2. Materials and methods
2.1. Animals

8-week-old female Sprague-Dawley (SD) rats weighing 220-250 g
were purchased from the Animal Center of Chinese Academy of
Sciences, Shanghai, China. All experimental operations and animal
husbandry were approved by the institutional review board of the
University of Wenzhou Medical University.

2.2. Spine cord injury model constructing and grouping

A total of 72 rats were randomly divided into 3 groups including
sham group, SCI group, and SCI + Celastrol group. Rat SCI model was
generated according to the method published by Rivlin [27]. Before
surgery, we anesthetized rats with an intraperitoneal injection of so-
dium pentobarbital (50 mg/kg). The T8-T10 lamina was removed after
spinal exposure and the spinal cord was fully exposed. The spinal cord
was squeezed with a vascular clip (30 g forces, Oscar, Shanghai, China)
for 1 min. The sham group underwent the same surgical procedure,
except that the spinal cord was not damaged. Successful generation of
an SCI model required manipulation of the rat's bladder to facilitate
manual urination twice a day. Celastrol was dissolved in 0.9% sodium
chloride (NaCl) containing 1% dimethyl sulfoxide. Postoperative rats
were immediately treated with intraperitoneal injection of Celastrol,
with subsequent Celastrol (1 mg/kg meilunbo, China) [28,29] being
administered daily by intraperitoneal injection until sacrifice. In the
control group and SCI group, an equal volume of vehicle was injected.
And animal experiments were independently performed at least three
times.
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2.3. Locomotion recovery assessment

Rat hindlimb function was evaluated according to Basso Beattie
Bresnahan (BBB) scores [30] and an inclined plane test [31]. The test
time points included 0, 1, 7, 14 and 21 days in this experiment. The BBB
scoring method assesses the hindlimb movement of rats on a scale of 0
to 21, with a total of 22 grades. A score of 0 indicates that the hind
limbs have no exercise capacity, and 21 points indicate that the hin-
dlimbs have a completely normal motor function. The inclined plane
test was also used at the corresponding point in time. The capacity of
the rat to stay on top of an angled plane for 5s without dropping was
recorded, and the maximum angle recorded. Three measurements were
taken to obtain an average value for each rat. Three trained examiners
who were blinded to the experimental conditions independently per-
formed the tests to obtain the score.

2.4. Hematoxylin-Eosin (HE) and Nissl staining

On the 7th day after model establishment, rats were anesthetized
with 2% sodium pentobarbital, the chest was opened. Cardiac perfusion
was performed using physiological saline, followed by cardiac perfu-
sion performed with 4% paraformaldehyde (Solarbio, China). And the
length of the lesion centered at 1 cm was collected. The spinal cord was
fixed in 4% paraformaldehyde fixative for 24 h, rinsed overnight with
running water, subjected to stepwise dehydration with ethanol, ren-
dered transparent in xylene, embedded in paraffin, and then serially
sectioned (thickness 5pm) for routine HE staining (Beyotime, China)
[30] or Nissl staining (Solarbio, China) [30]. Stained sections were
observed under an optical microscope (BX53, Olympus, Japan). The
number of neurons containing Nissl bodies was counted.

2.5. Cell culture and drug treatment

BV-2 microglial cells were purchased from the Cell Storage Center of
otwo (Guangzhou, China). Cells were cultured in Dulbecco's modified
Eagle's medium (DMEM, Gibco, Grand Island, NY) with 10% fetal bo-
vine serum (Gibco, Grand Island, NY) and 1% streptomycin/penicillin
(Gibco, Grand Island, NY) and maintained at 37 °C under 5% CO,. Prior
to the experiment, cells were plated into 96-well plates at a density of
0.5 x 10° or plated into 6-well plates at 2 x 10° densities. Celastrol
was dissolved in cell culture medium containing 0.1% dimethyl sulf-
oxide. After culturing for 24 h, Celastrol (100 nM) was first added for
1 h, then LPS (100 ng/ml Sigma, USA) was added for 24 h, and finally,
ATP (1 mM Sigma, USA) was added for 3h [32-34]. Cell experiments
were independently performed at least three times.

2.6. Cell viability measurements

Prior to the experiment, cells were plated in 96-well plates at a
density of 0.5 x 10°, and 100 ul of cell suspension was added to each
well and incubated in the incubator for 24 h. Cells were treated with
different concentrations of Celastrol (50 mM, 100 mM, 200 mM) for 1 h,
then LPS (100 ng/ml) was added for 24 h, and finally, ATP (1 mM) was
added for 3 h. Cell viability was then measured with Cell Counting Kit-8
(CCK-8 Dojindo, Japan). After the cells were treated as described above,
10 ul of CCK-8 solution was added to each well and the plates were
incubated in the incubator for 2h. Finally, the absorbance was mea-
sured at 450nm with a microplate reader (SpectraMax® Plus384,
Molecular Devices, USA).

2.7. Immunoblotting

Spinal cord tissue was dissected 0.5 cm above and below the injury
site, and RIPA lysis buffer (containing PMSF; Beyotime Biotechnology,
China) was added and the tissue homogenized with a homogenizer. The
supernatant was collected by centrifugation (Sorvall Legend Micro 21,



W. Dai et al.
A Cc Sham
28] --Sham
20 -=SCI
@ -SCl+Celastrol
2151
: =
[e'] 10 *#
@
5 .
0 T T T
0 7 14 21
Days post operation
B
o - Sham
@ -+ SCI
i ~ SChCelastrol
£
‘G 40 #
% # K%
£20 i _—F
0 v . .
0 7 .
Days post operation
D *k %
40~ r 1T 1
% o
5304
]
£ —
8204 e
= ",
2 10
2] )
=0 = 5555555555555 =
N 5 >
> N
o N &
"o(}xg

International Immunopharmacology 66 (2019) 215-223

SCl+Celastrol

Fig. 1. Celastrol reduces motor neuron loss and promotes recovery of hindlimb motor function in SCI rats.

(A and B) The BBB scores and angles of inclined plane at 0, 1, 7, 14, and 21 days after SCI were shown for all groups of rats. (C) In the 3 groups, the representative
sections were stained with HE on the 7th day after spinal cord injury. (D) 7 days after spinal cord injury in rats, the number of surviving neurons was counted after
Nissl staining. (E) Representative Nissl staining of spinal motor neurons on day 7 after SCI. *P < 0.05, **P < 0.01, compared with SCI group, n = 6 per group,
#P < 0.01, Compared with the previous time. And the data comes from three independent experiments.

SCI: spinal cord injury; BBB scores: The Basso, Beattie and Bresnahan scores; HE: Hematoxylin-Eosin.

Thermo Fisher Scientific, USA) at 12000 rpm for 30 min at 4 °C. For
cultured cells, following a similar protocol, cells were lysed with RIPA
lysis buffer on ice for 30 min, and the whole cell extracts were obtained
after the supernatant was collected by centrifugation at 12000 rpm for
20min at 4°C. The protein concentration in the supernatant was
measured with a BCA Protein Assay Kit (Thermo Fisher Scientific, USA).
SDS-PAGE loading buffer was added to the supernatant, and heated at
100 °C for 5 min. A normalized amount of protein (30 pug) was loaded on
10% SDS-PAGE gels for electrophoresis. The proteins were then trans-
ferred to polyvinylidene fluoride membranes (Bio-Rad, Hercules, CA,
USA). The membrane was blocked with skimmed milk powder at room
temperature for 2h. then incubated overnight with the following pri-
mary antibody: rabbit anti-Pro-Caspase-1 (1:1000 Abcam, UK), rabbit
anti-Caspase-1 (1:500 Affinity Biosciences, USA), rabbit anti-NLRP3
(1:1000 Abcam, UK), rabbit anti-GSDMD (1:500 Bioworld, USA), rabbit
anti- ASC (1:500 Affinity Biosciences, USA), rabbit anti-NF-kB (1:1000
Cell Signaling, USA), rabbit anti-P-NF-kB (1:1000 Cell Signaling, USA),
rabbit anti-B3-Actin (1:1000 Cell Signaling, USA) at 4 °C. After washing
with Tris Buffered saline Tween (TBST) 3 times (10 min each), the
membrane was incubated with a secondary antibody room temperature
for 1h, and again washed with TBST 3 times (10 min each). After en-
hanced chemiluminescence (ECL; Thermo Fisher Scientific, USA) was
added, proteins on the membrane were detected by ECL Western
blotting detection system (Thermo Fisher Scientific, USA) and gray

value analysis performed.

2.8. Quantitative real-time PCR (qRT-PCR)

Total RNA (3 pg) was extracted from cultured cells or spinal cord
tissue using TRIzol reagent (ThermoFisher Scientific, Waltham, MA
USA), according to the manufacturer's instructions. RNA was quantified
by determining the absorbance at 260/280nm using a spectro-
photometer. Reverse transcription was performed using the Revert Aid
First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA
USA). A sample of cDNA was used to quantify gene expression by qPCR
using an SYBR Green (BioRad, California, USA)-based PCR reaction
mixture on a CFX96™ Real-Time system. The amount of mRNA for each
gene was normalized by [3-Actin, and the relative expression levels were
calculated using the 27 24" method. The sequences of all primers used
for the real-time quantitative PCR experiments is as follows: Iba-1
(Ionized calcium-binding adapter molecule 1) forward: ATGTCCTTGA
AGCGAATGCTGGAG, reverse: AACGTCTCCTCGGAGCCACTG; iNOS
(Inducible nitric oxide synthase) forward: GAGACGCACAGGCAGAGG
TTG, reverse: CAGGAAGGCAGCAGGCACAC; Arg-1 (Arginase-1) for-
ward: ACATCAACACTCCGCTGACAACC, reverse: GCCGATGTACACGA
TGTCCTTGG; IL-10 (Interleukin 10) forward: AGCAAAGGCCATTCCA
TCCG, reverse: CACTTGACTGAAGGCAGCCC; TNF-a (tumor necrosis
factor a) forward: GCATGATCCGAGATGTGGAACTGG, reverse: CGCC
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Fig. 2. Celastrol inhibits key proteins in the pyroptosis pathway, and reduces inflammation in the spinal cord at 7 days after spinal cord injury.

(A) Representative immunoblot bands for the NLRP3, ASC, Pro-Caspase-1, Caspase-1, and GSDMD proteins. -actin was used as a loading control; (B-C) The
expression levels of IL-1B and IL-18 in spinal cord tissue were detected by ELISA kit at 7 days after spinal cord injury. (D-H) Histogram of Relative Expression of
NLRP3, ASC, Pro-Caspase-1, Caspase-1, and GSDMD; *P < 0.05, **P < 0.01 compared with SCI group, n = 6 per group. And the data comes from three in-

dependent experiments.
qRT-PCR: Quantitative Real-Time PCR.

ACGAGCAGGAATGAGAAG.

2.9. ELISA

Spinal cord tissue was dissected 0.5 cm above and below the site of
injury, placed in pre-cooled PBS buffer, and homogenized. The super-
natant was collected by centrifugation at 3000 revolutions/min (r/min)
for 20 min at 4 °C. For cultured cells, the supernatant was collected after
treatment under the same conditions as described above, and the
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supernatant was carefully collected by centrifugation at 2000 r/min for
20 min. The expression of IL-1f and IL-18 in the spinal cord homo-
genate and cell supernatant was quantitated according to the instruc-
tions of the ELISA kit (eBioscience USA), using a standard curve.

2.10. Statistical analysis

Experimental data were analyzed using SPSS 20.0 software and
expressed as the mean + SEM. Student t-test determined statistical
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Fig. 3. Celastrol inhibits the activation of microglial.

qRT-PCR was used to detect microglia content and state of activation in the spinal cord on the 7th day after spinal cord injury. (A) iba-1 expression level in each group
(microglia marker); (B) iNOS expression level in each group (M1 microglia marker); (C) Arg-1 expression level in each group (M2 microglia marker); (D) IL-10
expression level in each group; (E) TNF-a expression level in each group. *P < 0.05, **P < 0.01 compared with SCI group, n = 6 per group. And the data comes

from three independent experiments.

significance for comparison between data from two experimental
groups. For more than two group, statistical significance was de-
termined with one-way analysis of variance (ANOVA) test, followed by
Dunnett's LSD post hoc testing to calculate the longitudinal differences
between groups. A value of P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Celastrol promotes recovery of hindlimb motor function in rats with
spinal cord injury

In order to explore the therapeutic efficacy of Celastrol, we first
established a rat SCI model. The functional recovery of the hind limbs
of rats was measured with BBB scoring and an inclined plane test. As
shown in Fig. 1, the treat group scored better than the SCI group in the
BBB test (P < 0.05 or P < 0.01). Similarly, in the inclined plane test,
the slope angle of the treat group was greater than the SCI group
(P < 0.050rP < 0.01). In addition, the scores of the BBB and inclined
plane tests in the treat group, gradually increased as post-treatment
time elapsed (1. 7. 14. 21 days) (P < 0.01). These data show that Ce-
lastrol can effectively promote the recovery of hindlimb motor function
in SCI rats (Fig. 1).

3.2. Celastrol alleviates the severity of spinal cord injury in rats

To more comprehensively evaluate the protective effect of Celastrol
on spinal cord injury, we performed HE staining and Nissl staining on
adjacent paraffin sections of spinal cord. Normal spinal cord tissue
structure was observed in the HE staining of the sham group, while the
SCI group had a disordered spinal cord structure and cavity formation.
In the treat group, the architecture of the spinal cord was better pre-
served. As seen in a Nissl stain, fewer neurons were lost in the treated
group than in the SCI group, and this was quantitated by the counting of
intact neurons located in the ventral horn (P < 0.01). The above data
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shows that Celastrol has a protective effect on spinal cord neurons
(Fig. 1).

3.3. Celastrol inhibited the activation of microglia, inhibited the pyroptosis
pathway and decreased the release of proinflammatory factors in SCI rats

To understand the specific mechanism of the protective effect of
Celastrol on spinal cord in SCI rats, we measured the expression of Iba-
1, iNOS, Arg-1, IL-10 and TNF-a by qRT-PCR. The data showed that
compared with the sham group, the microglial cells in the SCI group
increased significantly (P < 0.01), and the activation was significantly
reduced in the presence of Celastrol (P < 0.05). The expression of
iNOS, which is a marker of M1 microglia cells, was significantly in-
creased in the SCI group (P < 0.01), and the expression of iNOS in the
treat group was significantly decreased (P < 0.01). The expression of
the marker Arg-1, which represents M2 microglia, was elevated in the
SCI group (P < 0.05). And it also an increase in the treat group com-
pared with the SCI group (P < 0.05). The level of inflammatory factor
IL-10 in the SCI group was increased (P < 0.01). And IL-10 was further
improved after drug treatment (P < 0.05). However, TNF-a was ele-
vated in the SCI group and decreased in the treat group.
Immunoblotting was used to determine the relationship between
Celastrol and the pyroptosis pathway. The data shows that NLRP3, ASC,
Caspase-1, GSDMD in the spinal cord of the treated group is sig-
nificantly lower than that of the SCI group (P < 0.05 or P < 0.01).
Pro-caspase-1 did not change significantly in the three groups
(P > 0.05). By ELISA, IL-1f and IL-18 in the treat group were sig-
nificantly lower than those in the SCI group (P < 0.05 or P < 0.01).
Combining the above experimental results, it can be shown that the
protective effect of Celastrol on tissue and the reduction of inflamma-
tion is related to the inhibition of microglia activation and pyroptosis
pathways (Figs. 2 and 3).



W. Dai et al. International Immunopharmacology 66 (2019) 215-223

A B
. - g s = 15- * % * %
NLRP3 | © B f 1r 1
T e =)
- 2
S 101
=
s
S >
ASC e 3 -
5
o
(-8
-
1Akt -
ProCacpise! | ottt y 5
O
RS
00
K
&
v
2
g
Caepase-1 | wasmm empi— . \a
C
= 100
E
GSDND | N S — 2 s
=
S
£ 60
=
[
8 40
B-actin | "ENNEGEGE_G N — 3
Pt 20
-~
=2 o
ATP+LPS = + +
Celastrol = - +
D E F
* * —_
_. 25 r 10 1 _ E Lo
£ E &
& 20 2 5
— [ =3 1.5
15 5 k]
e < L
S .3 < 1.0
T 1.0 © <
s e 8
2 o5 9 g 05
g 2 :
©
= Q
0.0 y "y ° 0.0
o 2 o o > > >
8 5 & & ) &
S QL P S Q &
+ o &
<
NV NV
J vgz" H | ;3)(
25 £ 150-
=2 &
» 2.0 =
.- w =
S s S
£ 15 =3 > 100
S = =
© =] 8
& 1.0 & S
= < >
") g 3 50+
gos = 3
< [72]
O 0.0 )
04

Celastrol  LPS(10ng/ml)+ATP(1mM)
+Celastrol

Fig. 4. Celastrol inhibits pyroptosis in LPS + ATP-induced BV-2 cells and reduces IL-1f and IL-18 inflammatory factor release.

After culturing for 24 h, Celastrol (100 nM) was first added for 1h, then LPS (100 ng/ml) was added for 24 h, and finally, ATP (1 mM) was added for 3h. (A)
representative immunoblot bands for NLRP3, ASC, Pro-Caspase-1, Caspase-1, and GSDMD proteins. 3-actin was used as a loading control; (B-C) The content of IL-1f
and IL-18 in the cell supernatant was detected by ELISA kit. *P < 0.05, **P < 0.01 compared with SCI group, n = 6 per group; (D-H) Histogram of Relative
Expression of NLRP3, ASC, Pro-Caspase-1, Caspase-1, and GSDMD. *P < 0.05, **P < 0.01 compared with SCI group, n = 6 per group.; (I) To evaluate the in-
hibitory effect of celastrol on LPS + ATP-induced BV-2 cell death. BV-2 cells were pretreated with celastrol (0, 50, 100 and 200 nM) for 1h. Cell viability was
measured by CCK-8 and presented as a percentage of sham, and each value represents the mean = SEM of three independent experiments. (n = 3 experiments,
*P < 0.05 versus control and #P < 0.05, ##P < 0.01 versus LPS + ATP group).

CCK-8: Cell Counting Kit-8.

3.4. Celastrol inhibited microglial pyroptosis and reduced the release of pro- were performed using BV-2 cells. Using immunoblotting, the expression
inflammatory factors of NLRP3, Caspase-1, and GSDMD proteins were significantly increased
in LPS + ATP-stimulated microglia, while it was significantly decreased

In order to have a more comprehensive understanding of the effects after intervention with Celastrol (P < 0.05 or P < 0.01). Pro-caspase-

of celastrol on pyroptosis in microglial cells, in vitro experimental tests 1 and ASC did not change significantly (P > 0.05). Similarly, ELISA

220
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assays of inflammatory cytokines in cell supernatants were also per-
formed and it was found that IL-1f and IL-18 were significantly lower
in the treat group than those in the LPAS + ATP group (P < 0.01). The
above trends of the key proteins and inflammatory factors in the pyr-
optosis pathway are consistent with the in vivo experiments. In addi-
tion, the results of CCK-8 showed that Celastrol can inhibit the death of
microglia (P < 0.05 or P < 0.01). Thus Celastrol may reduce in-
flammatory factors by inhibiting pyroptosis in microglial cells (Fig. 4).

3.5. Effects of celastrol on NF-kB activation

The NF-xB pathway is a key pathway required for NLRP3 expres-
sion. Our results showed that the expression of NFKB/P-P65 decreased
after treatment with Celastrol in vivo (P < 0.05), and the expression of
NFKB/P-P65 also decreased in the presence of Celastrol in vitro
(P < 0.05 or P < 0.01). This indicates that Celastrol can inhibit the
NF-kB pathway and bring about a reduction of the expression of NLRP3
(Fig. 5).

4. Discussion

In traumatic SCI, as against irreversible primary injury, treatment is
directed at the secondary injury with an aim to provide a micro-
environment which may promote neuron survival. Inflammatory re-
sponse is an important factor of secondary injury in SCI [35,36]. The
production of specific factors has become an important indicator of the
degree of damage. The adoption of various measures to prevent or
suppress inflammation has become a means of SCI treatment. However,

the inflammatory response is a “double-edged sword” in the secondary
injury of SCI, and, the course of treatment needs to be optimized while
it is in progress, such that adverse aspects of the inflammatory process
can be reduced to the minimum and beneficial aspects enhanced, rather
than attempting to completely prevent the occurrence of the in-
flammatory reaction. The purpose of this study was to investigate the
effect of Celastrol in reducing the inflammatory response in SCI. Our
data indicate that it may relieve the acute phase of the inflammatory
response by inhibiting the pyroptosis in the cells of microglia, while
promoting the recovery of neurological function in rats with SCIL
Some current studies have demonstrated that Celastrol has ther-
apeutic effects on neurodegenerative diseases such as Parkinson's dis-
ease and Alzheimer's disease [37,38]. In vitro studies have shown that
Celastrol can inhibit NF-kB and inactivate caspase-1, thereby reducing
IL-1P and TNF secretion in THP-1, a macrophage-like cell line. Celastrol
can attenuate inflammation in an adjuvant-induced early arthritis rat
model in vivo. It inhibits the infiltration and proliferation of in-
flammation cells, and reduces the level of IL-6 in serum [39]. Celastrol
can inhibit the production of pro-inflammatory cytokines (IL-1f, IL-6,
IL-8, and TNF) in LPS-activated PBMCs (Peripheral Blood Mononuclear
Cells) and biopsies of patients with Crohn's disease by inhibiting NF-xB
and p38 MAPK [40]. However, the purpose of this study was to study
the effects of Celastrol on SCI in rats. Our in vitro and in vivo studies
have shown that both IL-13 and IL-18 pro-inflammatory cytokines in
the tissues and cell supernatants after drug intervention are reduced.
These results are in line with previous studies. Compared with the BBB
score and inclined plane test in the rat spinal cord injury group, the
scores and slope angles of the rats in the treat group increased,
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indicating that the motor function of the lower limbs had improved. In
the HE staining, the recovery of the treat group was observed. Nissl
staining indicated that the corresponding nerve cells were protected
and the number of neurons in the treated group was greater than that of
the injury group.

In the central nervous system injury, there are many kinds of cells
involved in the development of the disease. And microglia play an
important role in the inflammatory response [10,11]. It is well-known
that microglia are the main innate immune defense cells of the CNS.
After undergoing SCI, microglia maybe activated and undergo changes
in morphology and function [41]. In the acute phase of SCI, microglial
cells in the injured area are induced to activate and produce pro-in-
flammatory cytokines including IL-1f, IL-6, and TNF-a, proteases, and
other cytotoxic substances, thus enhancing damage and impairing
nerve regeneration [42]. A recent survey found that reducing in-
flammation and immune cell infiltration have a certain role in pro-
moting the regeneration of neurons in the damaged central nervous
system [43]. Therefore, the inhibition of the activation of microglia and
the resultant release of inflammatory factors, and the stabilization of
the internal environment of nerve cells in SCI, may play a role in pro-
moting the recovery of damaged nerves. In our in vivo studies we de-
tected Iba-1 (microglia marker) by PCR and found that Celastrol can
inhibit the activation of microglia. In addition, in the past studies
showed that the M1 phenotype of microglia released a large number of
harmful substances such as inflammatory factors and oxygen free ra-
dicals in the early stage of inflammation, destroying the structure of
neurons and affecting the normal function of neurons; The M2 pheno-
type microglia secrete some neurotrophic substances in the late stage of
inflammation, remove necrotic or apoptotic neuron fragments, and
promote the formation of tissue glial scars. In this study, the expression
of iNOS (marker of M1 microglia) was elevated in the SCI group and
decreased in the SCI + Celastrol group. However, Arg-1 (marker of M2
microglia) were slightly elevated in the SCI group. And it is more ex-
pressed in the SCI + Celastrol group than in the SCI group. The results
also show that the expression of TNF-a and IL-1f harmful cytokines was
decreased and the IL-10 cytokine was increased after drug treatment.
This indicates that Celastrol inhibits microglial hyperactivation (espe-
cially M1 microglia) and may reduce the release of inflammatory fac-
tors.

Pyroptosis is a type of programmed cell death characterized by pro-
inflammatory activity. When the body is subjected to noxious stimuli,
intracellular and extracellular signaling pathways induce the formation
of intracytoplasmic inflammasome through a caspase-1-dependent
classical apoptotic pathway and/or caspase-4/5/11-dependent non-
classical pyroptosis pathway. This results in the activation of caspase-1
or caspase-4/5/11 to promote the secretion of pro-inflammatory cyto-
kines such as interleukin-13 (IL-13) and interleukin-18 (IL-18), leading
to cell pyroptosis [44-46]. Numerous studies have shown that pyr-
optosis occurs extensively in diseases of the central nervous system
[47,48]. Therefore, targeting the regulation of cell pyroptosis, may lead
to the regulation of disease inflammation. In this study, we demonstrate
the validity of this hypothesis. Both SCI rats and LPS + ATP-induced
BV-2 cells had decreased expression of NLRP3, Caspase-1, and GSDMD
after Celastrol treatment.

Previous studies have shown that the NLRP3 inflammasome exists
in microglia [49]. Its activation requires two signals: the first signal is
the pathogen-associated molecular pattern (PAMP), for example, lipo-
polysaccharide (LPS) is recognized and bound by the cell membrane
pattern recognition receptor (PRR). The PAMP activates the NF-kB
signaling pathway, and induces the expression of the inflammatory
response related proteins such as NLRP3 and pro-interleukin-1f (pro-IL-
1P);The second signal is the damage-associated molecular pattern
(DAMP) such as adenosine triphosphate (ATP) that activates NLRP3,
recruits pro-caspase-1 through the linker protein ASC, which leads to
self-catalyzed processing to form activated caspase-1 [50]. Therefore, it
is becoming increasingly clear that the NF-k B signaling pathway plays
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an important role in reducing NLRP 3 inflammation and inflammatory
factors. Our experiments demonstrate that intervention with Celastrol,
leads not only to a decrease in the expression of proteins related to the
pyroptosis pathway, but also to a reduction in the expression of NFkB/
P-P65.

While studies relating to pyroptosis in the CNS were few, most of
them focused on the brain [51,52]. The specific role of cell pyroptosis in
SCI has not yet been fully elucidated. Therefore, in this study, we ex-
plored the correlation between inflammation in SCI and pyroptosis in
microglia. The study was performed in rat SCI models and BV-2 cells
stimulated with LPS + ATP. In in vivo experiments, by detecting the
key proteins and inflammatory factors of the pyroptosis pathway, we
found that the NLRP3, ASC, Caspase-1, GSDMD increased significantly
in SCI rats, and the IL-1p and IL-18 in these animals also increased. Our
in vitro experimental results were consistent with the in vivo data. In-
tervention with Celastrol, caused a decline in the levels of these pro-
teins. There is no tendency of ASC in BV-2 glial cells, which is similar to
that reported by Alexander Slowik [53].

In summary, our research found that the Celastrol plays a role in the
inhibition of inflammation that is induced by microglial pyroptosis and
microglial hyperactivation in SCL

Our study has a few limitations which requires future attention. 1.
Our experiments focus on the classical pathway of pyroptosis, and the
non-classical pathway remains to be explored. 2. We selected time
points and concentrations based on previous literature. The therapeutic
effects of Celastrol on other time points remains to be studied, and it
remains to be determined whether the treatment has dose dependence.
3. The interaction between microglia and nerve cells has not been
thoroughly investigated. 4. There are many mechanisms that cause SCI
inflammation, but this study focused on the pyroptosis of microglia in
SCI inflammation.
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