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Abstract
Background: Spinal cord injury (SCI) is a serious injury that can lead to irreversible motor dysfunction and
subsequently result in disability and even death. Due to its complicated pathogenic mechanism, there are
no effective drug treatments. Piperine, a natural active alkaloid extracted from black pepper, suppressed
in�ammation in a previous study. The aim of this study was to investigate the therapeutic effect of
piperine in a spinal cord injury model.

Methods: Spinal cord injury was induced in C57BL/6 mice by clamping the spinal cord with a vascular
clip (15 g force; Oscar) for 1 min. Eighty mice were divided randomly into the following four groups: The
Sham group (n = 20), the SCI+Vehicle group (n = 20), the SCI+ Piperine group (n = 20), and the SCI+
Piperine+3MA group (n = 20). Before SCI and every 2 days post-SCI, evaluations of the Basso mouse
scale (BMS) were performed. On day 14 after SCI, inclined plane tests and footprint analyses were
performed. On postoperative day 3, the spinal cord was harvested to assess pyroptosis, reactive oxygen
species (ROS), in�ammation, and autophagy. Qualitative or quantitative analysis of the components of
these potential mechanisms was performed by Western blotting (WB), immuno�uorescence (IF),
quantitative real-time PCR (qRT-PCR) and enzyme-linked immunosorbent assay (ELISA).

Results: Piperine enhanced the functional recovery of spinal cord injury. Additionally, piperine inhibited
in�ammation, attenuated oxidative stress and pyroptosis, and activated autophagy. However, the effects
of piperine on the functional recovery of SCI, ROS-mediated autophagy, in�ammation and pyroptosis
were reversed by the inhibition of autophagy.

Conclusions: Our experiments demonstrated that piperine facilitated the functional recovery of spinal
cord injury by inhibiting the in�ammatory response, oxidative stress and pyroptosis, which are mediated
by the activation of autophagy.

Introduction
Spinal cord injury (SCI) is one of the most common central nervous system disorders and can result in a
devastating loss of motor and sensory function.1 It can also signi�cantly reduce the quality of life and
life expectancy of patients.2,3 Approximately 250,000 to 500,000 people suffer from SCI each year
worldwide.4 However, there is currently no therapy that can achieve an ideal outcome for treating SCI.
Therefore, investigation of the pathology and effective treatment of SCI is required.

The pathological process of SCI includes primary injury and secondary injury. Primary injury is caused by
direct trauma to the spinal cord. Then, the primary injury can trigger a series of pathologies, including
in�ammation, oxidative stress and ischemia-reperfusion injury, to cause secondary injury.5-7 Secondary
injury is considered an important component of SCI progression and a vital time period for the
application of SCI therapy.8
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Pyroptosis, which is mediated by gasdermin D (GSDMD), is a programmed in�ammatory necrotizing cell
death process.9 The main characteristic of pyroptosis is the activation of the in�ammasome, represented
by nod-like receptor family pyrin domain-containing 3 (NLRP3). Then, the in�ammasome recruits and
activates the proteolytic enzyme caspase-1. Finally, the proteolytic enzyme caspase-1 can lead to the
cleavage of GSDMD and the maturation of the proin�ammatory cytokines interleukin-1β (pro-IL-1β) and
IL-18.10,11 These proin�ammatory cytokines can lead to further in�ammation. Fleming et al. pointed out
that in�ammation plays an important role in the expansion of secondary injury and inhibition of recovery
of motor function after SCI. Recent studies have indicated that oxidative stress is involved in many
neurological disorders (e.g., SCI)12-14 In addition, ROS production, which is signi�cantly increased after
SCI, is an important factor involved in secondary injury.15 Previous studies have demonstrated that
oxidative stress and the production of ROS play a critical role in NLRP3 activation and the priming step of
pyroptosis.16,17

Autophagy, a self-protecting mechanism, facilitates the recycling of damaged organelles and degrades
misfolded proteins.18,19 Under SCI conditions, moderate activation of autophagy can increase the survival
and adaptation of spinal cord neurons.20 Recently, an increasing number of studies have pointed out that
activating autophagy can inhibit pyroptosis.21-23 Autophagy can inhibit the activation of NLRP3
in�ammasomes, which activate pyroptosis, and reduce pro-IL-1β and IL-18. He et al. showed that
activating autophagy can attenuate oxidative stress and reduce ROS production in spinal cord neurons.24

In addition, autophagy can attenuate the in�ammatory response.25-27 Therefore, autophagy may be a
promising target to attenuate the in�ammatory response, oxidative stress and pyroptosis of SCI and thus
facilitate recovery after SCI.

Piperine, a natural compound, is present in black pepper (Piper nigrum Linn) and other related herbs.28

Piperine has been reported to have multiple pharmacological activities, such as anticancer, antimicrobial,
anti-asthmatic, antioxidative and anti-in�ammatory activities.29-32 Recently, one study showed that
piperine can suppress systemic in�ammation and pyroptosis to protect against bacterial sepsis.33

Piperine can signi�cantly suppress the activation of the NLRP3 in�ammasome and inhibit the release of
proin�ammatory cytokines to block pyroptosis.34 In addition, piperine can induce autophagy to inhibit the
proliferation of prostate cancer cells.35 However, whether piperine has a therapeutic effect on SCI remains
unknown. In the present study, the effect of piperine on functional recovery from SCI was investigated in
mice. The underlying mechanisms by which piperine-mediated autophagy activation inhibits
in�ammation, oxidative stress, and pyroptosis were analyzed in the SCI model.

Materials And Methods
Ethical Statement

All animal experiments in this study were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals of the China National Institutes of Health. The animal experiments were approved by
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the Animal Research Committee of Wenzhou Medical University (wydw2017-0022).

Reagents

Piperine was purchased from MedChemExpress (Form: powder, Purity: 98.94%). Pentobarbital sodium
was purchased from Solarbio Science & Technology (Beijing, China). Primary antibodies against LC3B,
p62, NLRP3, Beclin1, endothelial nitric oxide synthase (eNOS), superoxide dismutase 1 (SOD1), heme
oxygenase 1 (HO1), ATG5 and ATP6V1B2 were purchased from Cell Signaling Technology (Beverly, MA,
USA). Primary antibodies against iNOS and Cox-2 were obtained from Abcam (Cambridge, UK). Rabbit
monoclonal anti-phosphoinositide-3-kinase (VPS34) and anti-cathepsin D (CTSD) antibodies were
purchased from the Proteintech Group (Chicago, IL, USA). The primary antibody against GAPDH was
obtained from Biogot Technology (AP0063; Shanghai, China). Antibodies against GSDMD and C-CASP1
were obtained from A�nity Biosciences (OH, USA). 3‐Methyladenine (3MA) was purchased from Sigma-
Aldrich Chemical Co. (Milwaukee, WI, USA). The �uorescein isothiocyanate (FITC)-conjugated IgG
secondary antibody was purchased from Boyun Biotechnology (Nanjing, China), and the horseradish
peroxidase (HRP)-conjugated immunoglobulin G (IgG) secondary antibody was provided by Santa Cruz
Biotechnology (Dallas, TX, USA). The 4′,6-diamidino-2-phenylindole (DAPI) solution was obtained from
Beyotime Biotechnology (Jiangsu, China). The BCA Kit was obtained from Thermo Fisher Scienti�c
(Rockford, IL, USA). The Electrochemiluminescence (ECL) Plus Reagent Kit was acquired from
PerkinElmer Life Sciences (Waltham, MA, USA).

SCI model and groups

C57BL/6 mice (male, 20–30 g) were obtained from the Experimental Animal Center of Wenzhou Medical
University (License No. SCXK [ZJ] 2005-0019). All experimental procedures followed the Chinese
Guidelines of Animal Care and Welfare. This study was approved by the Wenzhou Medical University
Animal Care and Use Committee. Eighty mice were divided randomly into the following four groups: The
Sham group (n = 20), the SCI+Vehicle group (n = 20), the SCI+ Piperine group (n = 20), and the SCI+
Piperine+3MA group (n = 20). Before surgery, mice were anaesthetized with 1% (w/v) sodium
pentobarbital (50 mg/kg). Next, we cut the ligaments and muscles around the T8 spinous process and
then performed a laminectomy at the T8 vertebral level to expose the spinal cord. A vascular clip (15 g
force; Oscar) was used to clamp the spinal cord for 1 min to induce SCI. The same surgical procedure
was performed in the Sham group but without compression of the spinal cord. After surgery, the bladders
of the mice were emptied manually every day. In addition, the SCI+ Piperine group was given 10 mg/kg
piperine (dissolved in a solution of 2% DMSO in normal saline) by peritoneal injection immediately after
SCI and then daily until they were sacri�ced. The other groups were injected simultaneously with the
same dose of saline. The SCI+ Piperine + 3MA group was treated with 3MA (15 mg/kg) 30 min before
piperine injection. In each group, ten mice were for evaluating functional recovery and another ten mice
were for follow-up experiments. 

Evaluation of locomotor recovery
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The locomotor function of mice was assessed using the Basso Mouse Scale (BMS), the inclined plane
test and the footprint test. The BMS score ranges from 0 (complete paraplegia) to a score of 9 (normal
function). The inclined plane test was used to determine the maximum angle at which the mice could
remain on the testing apparatus without falling for least 5 seconds in two positions. All tests above were
carried out in an open-�eld apparatus. We used footprint analysis to assess the rotation angle, base of
support and stride length, which measure relative paw placement and regularity. The BMS score were
measured before SCI and every 2 days post-SCI. Inclined plane tests and footprint analyses were
conducted on day 14 after SCI. Each test was scored by four investigators who were blinded to the
experimental groups.

Quantitative real-time PCR (qRT-PCR)

The mRNA levels of in�ammatory factors were measured by qRT-PCR. Three days after the surgery, mice
were euthanized with 2% (w/v) sodium pentobarbital (200 mg/kg) for euthanizing. Parts of the spinal
cord (10 mm) containing the lesion epicenter were harvested at 3 days after the surgery, and total RNA
was extracted using TRIzol reagent (Invitrogen). cDNA was synthesized from total RNA by reverse
transcription using 1st Strand cDNA Synthesis SuperMix for qPCR (11123ES10, Yeasen). qRT-PCR was
performed using SYBR Green reagent (Bio‐Rad) and a CFX96® Real‐Time PCR System (Bio‐Rad). Primers
for IL‐6, TNF-α, IL-1β, IFN-γ and GAPDH are listed in the supplementary information. (Supplementary
Table S1)

Western blot analysis

Total protein was extracted from spinal cord tissues. Next, the extracts were quanti�ed by a BCA kit
(Beyotime) and equilibrated to the same protein concentration. We used 12% SDS‐polyacrylamide gel
electrophoresis to separate the protein samples and then transferred them to polyvinylidene �uoride
membranes (Millipore, 0.2 μm). The membranes were blocked with 5% (w/v) nonfat milk for 2 h at room
temperature and subsequently incubated with the primary antibody overnight at 4°C. The membranes
were then incubated with the appropriate secondary antibodies for 2 h at room temperature. The bands
on the membranes were detected by the ECL Plus Reagent Kit and quanti�ed using Image Lab 3.0
software (Bio-Rad, Hercules, CA, USA).

Immuno�uorescence

On postoperative day 3, mice were euthanized, and the spinal cords were collected and �xed in 4% (w/v)
paraformaldehyde for 24 h. The samples were embedded in para�n for transverse para�n sections.
Then, the para�n sections (approximately 4 mm thick) were mounted on poly-L-lysine-coated slides.

Next, the sections were depara�nized, rehydrated, washed, and then treated with 10.2 mM sodium citrate
buffer for 10 min at 95°C. The sections were permeabilized with 0.1% (v/v) Triton X-100 in PBS for 30
min. After blocking with 10% (v/v) bovine serum albumin in PBS for 30 min, the samples were incubated
with antibodies against CASP1 (1:300)/NeuN (1:400), LC3 (1:200)/NeuN (1:400) or p62 (1:200)/NeuN
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(1:400) at 4°C overnight. The next day, the samples were incubated with secondary antibodies at room
temperature for 1 h. A �uorescence microscope (Olympus, Tokyo, Japan) was used to visualize and
assess the spinal cord in six randomly selected �elds from each sample.

Detection of MAD and SOD

Mice were sacri�ced on postoperative day 3. The spinal cord was harvested and frozen in liquid nitrogen.
The level of superoxide dismutase (SOD) in the tissue was measured as an index of tissue antioxidant
activity, while malondialdehyde (MDA) was measured as an index of the lipid level in the tissue. First, the
spinal cord sample (approximately 100 μg) was dissolved in 1 ml normal saline at 4°C. Then, the
supernatant was harvested by centrifugation. The MDA concentration (nmol/mg) and SOD activity (U/m)
were assessed. The amount of protein in the sample was calculated by using the BCA Kit. (Jiancheng
Bioengineering Institute, Nanjing, China)

Enzyme-linked immunosorbent assay

Parts of the spinal cord (10 mm) containing the lesion epicenter were harvested at 3 days after the
surgery. The samples were harvested and washed with PBS and then homogenized in lysis buffer (1×
RIPA lysis buffer). The samples were then centrifuged at 15,000 RPM for 15 min at 4°C. The tissue lysate
protein concentration was calculated using a BCA kit. The protein levels of IL-1β, IL-18, IL-6, TNF-α and
IFN-γ were measured by using ELISA kits (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Statistical analysis

All data are shown as the mean ± standard deviation (SD). All statistical analyses were performed by
using SPSS software (version 18; IBM Corp., USA). Statistical signi�cance was calculated by one‐way
analysis of variance (ANOVA) followed by Tukey's analysis or t-tests for comparisons between control
and treatment groups. In addition, generalized linear mixed models were used to analyze signi�cant
differences in the BMS score. We considered *P < .05 or **P < .01 as statistically signi�cant.

Results
Piperine promotes functional recovery

The BMS score were used to assess locomotor function recovery in the Sham, Vehicle, Piperine and
Piperine + 3MA groups pre-SCI and every 2 days post-SCI. After surgery, both BMS score were
signi�cantly higher in the Sham group than in the Vehicle group at different time points; after piperine
treatment, the SCI group had higher BMS score than the SCI group. However, the changes were attenuated
by 3-MA (Figure 1A). In the inclined plane test, we then tested the inclined plane angle, and in the footprint
analysis test, we measured the rotation angle, base of support and stride length in the 4 four groups. The
inclined plane angle and stride length results showed that the mice in the Vehicle group had lower scores
than those in the Sham group, while piperine restored the scores, and 3-MA reversed the effect of piperine
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(Figure 1B, E). Moreover, the rotation angle and base of support in the Vehicle group were higher than
those in the Sham group. In contrast, piperine decreased the data above, while 3-MA inhibited the effects
of piperine (Figure 1C, D).

Piperine enhances autophagy after SCI

To evaluate the level of autophagy at the spinal cord lesion after SCI, we measured the levels of
autophagosomal markers (Beclin1, ATG5, VPS34 and LC3II), autolysosome-related markers (CTSD and
ATP6V1B2) and a substrate protein (p62). The immuno�uorescence results showed that the percentage
of LC3II-positive neurons was higher in the SCI group than in the Sham group. Furthermore, piperine
treatment further increased the percentage of LC3II-positive neurons in SCI mice (Figure 2A, B). Similarly,
the percentage of p62-positive neurons increased substantially after SCI, while the percentage of p62-
positive neurons was lower in the Piperine group than in the SCI group (Figure 2C, D). The Western
blotting results showed the expression levels of Beclin1, ATG5, VPS34, CTSD, ATP6V1B2, LC3II and p62
(Figure 2E). The optical density (OD) values for Beclin1, ATG5, VPS34, CTSD, ATP6V1B2, LC3II and p62
were higher in the Vehicle group than in the Sham group (Figure 2F–L). In addition, the changes in the OD
values of these markers (except p62) were enhanced in the Piperine group (Figure 2F–L).

Piperine attenuates oxidative stress after SCI

Considering that SCI might result in oxidative stress, we next determined the effects of piperine on SOD,
MDA, eNOS and HO-1 levels in the spinal cord. The level of SOD in the tissue was measured as an index
of tissue antioxidant activity, and the level of MDA was measured as an index of the lipid level in the
tissue. The activity of SOD decreased after SCI, while piperine attenuated the change (Figure 3A).
Compared with the Sham group, the SCI group showed a signi�cant decrease in the levels of SOD, eNOS
and HO-1. Interestingly, piperine signi�cantly attenuated the abnormally decreased levels of these
markers (Figure 3 C, D, E, F). In addition, compared with the Sham group, the SCI group showed an
abnormal increase in the level of MDA. However, piperine signi�cantly attenuated the abnormally
increased levels of MDA after SCI (Figure 3B).

Piperine attenuates pyroptosis after SCI

To assess the status of pyroptosis, we evaluated the pyroptosis biomarkers NLRP3, GSDMD, C-CASP1, IL-
18 and IL-1β to determine the pyroptosis level in the Sham, SCI + Vehicle and SCI + Piperine groups. As
shown in Figure 4A, immuno�uorescence staining was performed to show the expression of C-CASP1 in
neurons at the lesion (C-CASP1 is labeled in green, the neurons are labeled in red, and the nuclei are
labeled in blue). Our results showed that the �uorescence intensity of C-CASP1 was much brighter and
the number of C-CASP-1-positive cells was much greater in the SCI group than in the Sham group, but
piperine signi�cantly decreased the �uorescence intensity of C-CASP1 and diminished the number of C-
CASP-1 positive cells (Figure 4A, B). As shown in Figure 4B, the Western blotting results revealed the
expression levels of NLRP3, GSDMD, and C-CASP1 (Figure 4C). The OD values of NLRP3, GSDMD, and C-
CASP1 were higher in the Vehicle group than in the Sham group, while piperine attenuated these changes
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(Figure 4D–F). The levels of IL-1β and IL-18 were detected by ELISA, and the results showed that both IL-
1β and IL-18 levels in the Vehicle group were increased compared with those in the Sham group.
Meanwhile, piperine signi�cantly reversed the alterations in IL-1β and IL-18 levels in the mice after SCI
(Figure 4G, H).

Piperine suppresses in�ammation after SCI

Three days after SCI, we used ELISA to evaluate the protein concentrations of proin�ammatory cytokines,
including IL-1β, IL-6, TNF-α and IFN-γ, in the spinal cord of the three groups. Owing to the profound impact
of the injured spinal cord, the SCI group had signi�cantly increased protein concentrations of
proin�ammatory cytokines compared to the Sham group, while the administration of piperine
signi�cantly reversed the effects of SCI (Figure 5A–D). Because incorrect interpretation of in�ammation
could result when only the protein levels of these proin�ammatory cytokines are measured, we used PCR
to detect the mRNA levels of these proin�ammatory cytokine proteins. Compared with the Sham group,
the SCI group exhibited increased IL-1β, IL-6, TNF-α and IFN-γ mRNA levels, indicating that increased
transcription of proin�ammatory cytokines may be directly related to SCI. Compared with the SCI group,
the Piperine group exhibited signi�cantly lower relative cytokine mRNA levels, suggesting that decreased
transcription of these cytokines may be related to treatment with piperine (Figure 5H–K). We also
detected the expression levels of proin�ammatory factors, such as iNos and COX-2. Western blotting
revealed that the expression levels of Cox-2 and iNos were increased in the SCI group compared to the
Sham group; however, they were inhibited by piperine treatment in the SCI+Piperine group compared with
the SCI group (Figure 5E-G).

Inhibition of autophagy reverses the effect of piperine on oxidative stress, pyroptosis, in�ammation and
functional recovery after SCI

After autophagy inhibition, the levels of autophagy, oxidative stress, pyroptosis and in�ammation in SCI
were evaluated by Western blotting. The expression levels of Beclin1, ATG5, VPS34, CTSD, ATP6V1B2,
LC3II, and p62 were detected by Western blotting (Figure 6A). The results revealed that the OD values of
Beclin1, ATG5, VPS34, CTSD, ATP6V1B2 and LC3II were lower in the SCI+Piperine+3MA group than in the
SCI + Piperine group, while a higher OD value of p62 was observed in the SCI + Piperine group (Figure
6B). We also detected the expression levels of Cox-2, iNOS, NLRP3, GSDMD, C-CASP1, SOD1, eNOS and
HO-1 by Western blotting (Figure 6 C-E). The OD values of Cox-2, iNOS, NLRP3, GSDMD, C-CASP1, SOD1,
eNOS and HO-1 were higher in the SCI+Piperine+3MA group than in the SCI+ Piperine group (Figure 6F–
H). We then measured the levels of IL-1β and IL-18 by ELISA, and the results revealed that both IL-1β and
IL-18 levels in the SCI+Piperine+3MA group were increased compared with those in the SCI+ Piperine
group (Figure 6I, J).

Discussion
Piperine, an alkaloid isolated from black pepper, has been highly appreciated for decades owing to its
pharmacological and medicinal value, which includes anti-in�ammatory, anti-arthritic, antidepressive and
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anticoagulant activities 36. Many studies have proven that piperine plays an important role in the
treatment of diverse diseases, including hepatocellular carcinoma 37, liver injury 38, tuberculosis 39, insulin
resistance 40, and colon cancer 41. SCI, which involves serious damage to the spinal cord caused by
sustained or sudden trauma, can give rise to a wide range of complications. It remains unknown whether
piperine can be used to treat SCI. Our research con�rmed that piperine ameliorated SCI, and the potential
mechanism included enhancing autophagy to suppress in�ammation and ROS-mediated pyroptosis.

Autophagy is a highly conserved lysosomal pathway that involves the bulk degradation of cytoplasmic
contents and has been deemed a predominant cause of nonapoptotic cellular death 42. Autophagy is
particularly important in neurons because neurons are terminally differentiated cells and must exist
throughout the lifetime of the organism. In neurons, autophagy occurs through both constitutive and
stress-induced pathways and catalyzes the degradation of a large number of damaged or aged
mitochondria, the endoplasmic reticulum, other cellular organelles and polyribosomes. These two
pathways are indispensable in the maintenance of neuronal homeostasis as well as neurodevelopment
43. In a previous study, substantial evidence was found that autophagy is directly related to some
neurodegenerative diseases, including Alzheimer's disease (AD), Parkinson’s disease (PD), Huntington’s
disease (HD), amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD) 44. Boland et al.
analyzed both postmortem and experimental models of human tissues, and the results suggested that
dysfunction of autophagy might be a predominant contributor to pathogenicity across these diseases 45.
Additionally, autophagy has generally been found to bene�t mice after SCI. For example, Yuan et al.
found that intermittent fasting exerted a neuroprotective effect after acute SCI via the upregulation of
autophagy 46. Zhu et al. reported that piperine analogs promoted ROS and autophagy and regulated p38
and Akt/mTOR signaling 47. Thus, we evaluated the relationship between piperine and autophagy by
measuring the levels of autophagy-related proteins. Our WB results showed that Beclin1, ATG5, VPS34,
CTSD, ATP6V1B2 and LC3II levels were increased after SCI and were further increased in the Piperine
group. Immuno�uorescence staining for NeuN/LC3II and NeuN/P62 demonstrated that piperine
upregulated the level of autophagy in neurons of spinal cord lesions as well. From the above �ndings, we
can draw a conclusion based on our experimental results that piperine enhanced autophagy in SCI.

Pyroptosis, which is characterized by the swelling and rupture of cells, is a speci�c type of
proin�ammatory programmed cell death that can lyse cells and cause the release proin�ammatory
molecules 48. Piperine reportedly protected macrophages from pyroptosis in a mouse model
intraperitoneally infected with Escherichia coli 33. In a previous study, it was reported that pyroptosis
plays a central role in many diseases, including osteoarthritis 49, kidney diseases 50, rheumatoid arthritis
51, and COVID-19 52. Therefore, we suspected that piperine may suppress pyroptosis in SCI. We evaluated
the level of pyroptosis in spinal cord tissue. The main feature of pyroptosis is the activation of the
in�ammasome, which can recruit and activate the proteolytic enzyme caspase-1, resulting in the cleavage
of the pore-forming protein GSDMD protein and the activation of the proin�ammatory cytokines
interleukin-1b (IL-1b) and IL18 53. Consequently, we examined NLRP3, GSDMD, C-CASP1, IL-18 and IL-1β
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expression to evaluate the level of pyroptosis in SCI. Western blotting results proved that piperine
signi�cantly decreased the levels of NLRP3, GSDMD and C-CASP1, while ELISA showed that piperine
obviously decreased the levels of IL-18 and IL-1β. Additionally, immuno�uorescence staining for NeuN/C-
CASP1 showed that piperine reduced the number of C-CASP1-positive neurons after SCI. These outcomes
suggested that piperine attenuated pyroptosis in SCI.

Reactive oxygen species (ROS), including superoxide and hydrogen peroxide, cause cellular and tissue
damage. Consequently, ROS contribute to cell dysfunction and cell death in cellular aging,
neurodegeneration and cancer 54. The brain has relatively poor enzymatic antioxidant defense and very
high aerobic metabolism and blood perfusion. The brain is highly susceptible to oxidative injury resulting
from ROS because it produces very high levels of ROS 55. Thus, oxidative stress contributes to neuronal
injuries such as traumatic brain injury (TBI) and SCI. SOD, an endogenous scavenger of ROS, is one of the
main antioxidant enzymes whose function is protecting neurons from oxidative stress 56.
Malondialdehyde (MDA), which comes from cell membranes, is a product of oxidative lipid degradation
and is used as a dependable indicator of oxidative stress 57. It was proven in a previous study that
piperine acted as a signaling molecule to activate the mitochondrial pathway of apoptosis in
hepatocellular carcinoma due to its pro-oxidant-mediated apoptosis-inducing properties 37. Therefore, in
the present study, we hypothesized that piperine could attenuate ROS accumulation induced by SCI. In
our study, our results revealed increased levels of MDA and decreased activity of SOD in spinal cord
tissue from the SCI group compared to that from the Sham group. The abnormal changes in the levels of
MDA and activity of SOD were substantially reversed by piperine, which indicated that the neuroprotective
effects of piperine might be closely related to its antioxidant bene�ts. Based on these results, we
concluded that piperine inhibited ROS in spinal cord tissue after SCI.

The in�ammatory response, which is characterized by a composite of cytokines and chemokines and the
in�ltration of a large number of leukocytes, has been proven to play an important role in SCI and
postinjury recovery 58,59. In secondary SCI (SSCI), the site of injury produces more proin�ammatory
factors and chemokines, including TNF-α, IL-6, IL-1β and IFN-γ. Subsequently, a set of complicated
immunopathogenic mechanisms �nally results in the local demyelination of nerve �bers and the death of
neurons and colloid cells 60. Yan Li et al. demonstrated that piperine attenuated the in�ammatory
mediators and nitric oxide synthase activity induced by LPS in NP cells 61. Therefore, in the present study,
we determined whether piperine could reverse the in�ammatory response and diminish the in�ammatory
indicators induced by SCI. In our study, the Western blotting results revealed that the levels of TNF-α, IL-6,
IL-1β and IFN-γ increased after SCI, while piperine attenuated these changes. Then, we examined the
content of COX-2 and iNos, and Western blotting showed the same trend. Additionally, we used qRT-PCR
to test the mRNA expression levels of TNF-α, IL-6, IL-1β and IFN-γ. Compared with the Sham group, the
SCI group exhibited increased IL-1β, IL-6, TNF-α and IFN-γ mRNA levels. In contrast, the Piperine group
exhibited decreased relative mRNA levels of these cytokines. These results showed that piperine
effectively suppressed in�ammation.
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In�ammasome-mediated pyroptosis and ROS-mediated autophagy are two types of programmed cell
death 62. In a previous study, we con�rmed that the interaction between these cell death programs is very
important in the progression of cell death and directly controls the �nal outcome 63,42. The relationships
and interactions among in�ammatory, pyroptosis, ROS and autophagy have been widely studied. For
example, Cong et al. have reported that electrical stimulation could inhibit. The relationships and
interactions among in�ammation, pyroptosis, ROS and autophagy have been widely studied. For
example, Cong et al. reported that electrical stimulation inhibited pyroptosis in THP-1 macrophages via
sirtuin3 activation to promote autophagy and inhibit ROS generation 64. Recent evidence revealed that
lesions of the injured spinal cord led to mitochondrial damage, which contributed to the accumulation of
ROS 65. In addition, studies have clari�ed that elevated levels of ROS can lead to NLRP3 activation and,
subsequently, increase the release of IL-1β and IL-1866. Therefore, the ROS-NLRP3 in�ammasome
pathway has become a promising target for the treatment of human patients with spinal cord injuries. In
our study, we hypothesized that piperine facilitates the restoration of spinal cord injury via ROS-induced
autophagy and NLRP3-mediated pyroptosis. To con�rm the effect of autophagy in SCI, a widely used
autophagy inhibitor 67, 3-methyladenine (3MA), was used in piperine-treated SCI mice. Our WB results
revealed that treatment with 3MA signi�cantly diminished the expression levels of Beclin1, ATG5, VPS34,
CTSD, ATP6V1B2, and LC3II and increased the expression levels of P62, COX-2, iNos, NLRP3, GSDMD,
and C-CASP1. Additionally, the expression levels of IL-1b and IL-18 increased in the SCI+Piperine+3MA
group. The results above demonstrated that 3MA reversed the therapeutic bene�ts of piperine in SCI mice,
con�rming that piperine suppresses ROS, attenuates pyroptosis and inhibits in�ammation by inducing
autophagy (Figure 7).

An early study proved that piperine reduced the degree of cerebral edema and attenuated TBI-induced
seizures by inhibiting cytokine-activated reactive astrogliosis 67. Considering the close relationship
between SCI and TBI, we hypothesize that piperine may also play an important role in SCI. However,
research has so far proven inconclusive. Thus, our �ndings proved for the �rst time that piperine was
bene�cial for SCI mice due to its neuroprotective effects. In addition, adequate evidence has been found
that piperine enhances autophagy in many diseases 68,69. However, pyroptosis is a new cell death type
and has not been investigated in SCI. Hence, this is the �rst study to explore the effect of piperine
treatment on pyroptosis in SCI.
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Figures

Figure 1

Piperine promotes function recovery after SCI. (A) Basso Mouse Scale scores of SCI mice receiving
various treatments, and the sham group was used as control. **p < 0.01. Data were expressed as mean ±
SD. (B) The results of inclined plane angle in Sham, SCI, Piperine and Piperine +3MA groups. **p < 0.01.
(C) Respective rotation angle in Sham, SCI, Piperine and Piperine +3MA groups. **p < 0.01. (D) Respective
base of support in Sham, SCI, Piperine and Piperine +3MA groups. **p < 0.01. (E) The outcome of stride
length in Sham, SCI, Piperine and Piperine +3MA groups. **p < 0.01.
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Figure 2

Piperine enhances autophagy after SCI. (A) Immuno�uorescence staining for LC3II and NeuN
colocalization at the spinal cord lesion after SCI. (B) The quantitative percentage of the LC3II positive
neurons at the spinal cord lesion in each group. (C) Immuno�uorescene staining for p62 and NeuN
colocalization at the spinal cord lesion after SCI. (D) The quantitative percentage of the p62 positive
neurons at the spinal cord lesion in each group. (E) Western blotting for Beclin1, ATG5, VPS34, CTSD,
ATP6V1B2, LC3ll, and p62 expression levels in the Sham, Vehicle and piperine groups. The gels were run
under the same experimental conditions, and the cropped blots are shown here. (F-L) Representative
quanti�cation data of Beclin1, ATG5, VPS34, CTSD, ATP6V1B2, LC3ll, and p62 in each group. **P<0.01
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Figure 3

Piperine attenuated oxidative stress after SCI. (A) Concentration of SOD activity detected by BCA kits. (B)
Concentration of MDA content detected by BCA kits. (C) Western blotting for SOD1, eNOS, Ho-1
expression levels in the Sham, Vehicle and Piperine groups. The gels were run under the same
experimental conditions, and the cropped blots are shown here. (D-F) Representative quanti�cation data
of SOD1, eNOS and Ho-1 in each group. **P<0.01
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Figure 4

Piperine attenuates pyroptosis after SCI. (A) Immuno�uorescene staining for C-CASP1 and NeuN
colocalization at the spinal cord lesion after SCI. (B) The quantitative percentage of the C-CASP-1 positive
neurons at the spinal cord lesion in each group. (C) Western blotting for NLRP3, GSDMD and C-CASP1
expression levels in the Sham, Vehicle and Piperine groups. The gels were run under the same
experimental conditions, and the cropped blots are shown here. (D-F) Representative quanti�cation data
of NLRP3, GSDMD and C-CASP1 in each group. **P<0.01 versus the sham group; **P<0.01 (G, H)
Enzyme-linked immunosorbent assay (ELISA) results for IL1β and IL18 expression levels in the Sham,
Vehicle, and Piperine groups. **p < 0.01
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Figure 5

Piperine suppresses in�ammation after SCI. (A-D) Quanti�cation data of TNF-α, IL‐6, IL-1β, and IFN-γ
measured by ELISA in each group. **P<0.01 (E) Western blotting for COX-2 and iNOS expression levels in
the Sham, Vehicle and Piperine groups. The gels were run under the same experimental conditions, and
the cropped blots are shown here. (F, G) Representative quanti�cation data of COX-2 and iNOS in each
group. **P<0.01 (H-K) Representative quanti�cation data of IL‐6, TNF-α, IL-1β and IFN-γ measured by qRT-
PCR in each group. **P<0.01
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Figure 6

Inhibition of autophagy reverses the effects of piperine on oxidative stress, pyroptosis, in�ammation and
functional recovery after SCI. (A)Western blotting for Beclin1, ATG5, VPS34, CTSD, ATP6V1B2, LC3ll, and
p62 expression levels in the Piperine and Piperine+3MA groups. The gels were run under the same
experimental conditions, and the cropped blots are shown here. (B) The optical density values of the
Beclin1, ATG5, VPS34, CTSD, ATP6V1B2, LC3II and p62 expression levels were quanti�ed and analyzed in
each group. **P<0.01 (C-E) Western blotting for the Cox-2, iNos, NLRP3, GSDMD, C-CASP1, SOD1, eNOS
and Ho-1 expression levels in the Piperine and Piperine+3MA groups. The gels were run under the same
experimental conditions, and the cropped blots are shown here. (F-H) The optical density values of Cox-2,
iNos, NLRP3, GSDMD, C-CASP1, SOD1, eNOS and Ho-1expression levels were quanti�ed and analyzed in
the both groups. **P<0.01 (I, J) Enzyme-linked immunosorbent assay (ELISA) results for IL1band IL18
expression levels in the Piperine and Piperine+3MA groups. **P<0.01
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Figure 7

Schematic diagram of the effects of piperine on SCI.
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