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ABSTRACT: Palmatine has a wide range of medical applications due to its anti-inflammatory, antiviral, and neuropro-
tective effects. The P2X4 receptor is a potential therapeutic target for chronic neuropathic pain. This study aimed to
investigate whether palmatine could prevent pyroptosis induced by substance P (SP) in rat pheochromocytoma-derived
PC12 cells through P2X4 receptor. The PC12 cells were cultured with a medium containing SP in the presence or
absence of palmatine. Subsequently, the cytotoxicity and protective effects of palmatine were assessed using CCK-
8 assays. Expression of the P2X4 receptor in PC12 cells was determined by Western blot analysis, RT-PCR, and
immunofluorescence staining. The analyses showed that P2X4 expression was up-regulated in PC12 cells cultured with
SP and co-localized with brain-derived neurotrophic factor (BDNF). The enhanced P2X4 expression in PC12 cells may
lead to a release of neuronal BDNF, which cannot protect the PC12 cells from SP-induced damage but promotes damage.
Furthermore, our work indicated that SP-induced cell pyroptosis was via the up-regulation of NLRP3, caspase-1, TNF-α,
IL-1β, IL-18, and intracellular free Ca2+ levels. These detrimental effects were ameliorated by treatment with either
palmatine or P2X4 shRNA. These findings suggest that palmatine may be an effective drug candidate for the treatment
of chronic pain since it can protect PC12 cells from SP-induced pyroptosis by inhibiting the expression of P2X4 receptor.
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INTRODUCTION

Adenosine Triphosphate (ATP) plays an important
role in chronic peripheral neuropathic pain (NPP)
by activating purinergic receptors, including cation-
permeable ion channels (P2X receptors) and G-
protein-coupled receptors (P2Y receptors) [1]. P2X
receptors contain 7 subtypes (P2X1-7), and the P2X4
receptor is closely related to the generation and trans-
mission of pain signals [2]. Activation of P2X4 re-
ceptors can induce and aggravate pain by activating
relevant nerve cells, increasing the transmission of sen-
sory information, and sensitizing the central nervous
system [3].

Brain-derived neurotrophic factor (BDNF) and its
high-affinity receptor TrkB (tyrosine kinase receptor
B) are important regulators of neuronal development,
synaptic transmission, and synaptic plasticity and
thereby are essential for neural maintenance and re-
pair [4]. However, studies have shown that BDNF plays
an important role in the development of NPP [5]. P2X4
receptors and BDNF/TrkB-related signaling pathways
have been reported to be involved in abnormal trigem-
inal pain induced by repeated durable stimulation [6].
Pyroptosis, a form of programmed necrosis discovered

in recent years, is characterized by cell lysis and release
of cell contents, which is mediated by inflammatory
caspase [7]. Pyroptosis is often aggravated in chronic
pain such as diabetic peripheral neuropathy [8]. Pre-
vious experiments in our lab found that P2X4 receptor
could induce pyroptosis in hippocampus of rats with
chronic pain and depression comorbidity [9].

Palmatine, a natural isoquinoline alkaloid, has
a wide range of medical applications due to its
anti-inflammatory, antiviral, and neuroprotective ef-
fects [10]. Pre-laboratory studies showed that pal-
matine could alleviate trigeminal neuralgia (TN) by
reducing BDNF and TrkB receptor expression in trigem-
inal ganglion of TN rats [11]. However, the molecular
mechanism of pharmacological action of palmatine for
the treatment of chronic pain remains to be elucidated.
Substance P (SP) has long been considered an impor-
tant effector of pain [12]. The rat pheochromocytoma
cell line (PC12 cells) has been widely used as a cell
model for research of neurological diseases [13]. The
current study was designed to investigate the potential
protective effects of palmatine on SP-induced neuronal
cell damage in PC12 cells and elucidate the underlying
neuroprotective mechanism.

www.scienceasia.org

http://dx.doi.org/10.2306/scienceasia1513-1874.2024.063
http://www.scienceasia.org/
mailto:xiongwei96@163.com
www.scienceasia.org


2 ScienceAsia 50 (3): 2024: ID 2024063

MATERIALS AND METHODS

Cell culture and treatment

The PC12 cells used in the experiments were highly
differentiated cell line from rat adrenal medullary
pheochromocytoma (purchased from Procell Life Sci-
ence & Technology Co., Ltd., China). PC12 cells
were cultured in RPMI 1640 medium (Biological Indus-
tries, USA) supplemented with 10% fetal bovine serum
(FBS; Biological Industries) and 1% penicillin/strep-
tomycin. PC12 cells were incubated at 37 °C in a
95% humidified incubator with 5% CO2 [13, 14]. The
number of cell passages used for the experiments was
less than 15.

In the cell injury assay, PC12 cells were randomly
divided into 6 groups as follows: Control group (Ctrl),
Control + palmatine group (Palmatine), Control +
Substance P group (SP), SP + palmatine group, SP +
P2X4 shRNA group, and SP + Scramble shRNA group.
SP was obtained from Sigma (GLPBIO, USA), while
palmatine was supplied by Chengdu DST Biological
Technology (China). Both SP and palmatine were dis-
solved in phosphate-buffered saline (PBS; Beijing Fir
Golden Bridge Biotechnology Co., Ltd, China). P2X4
was knocked down using short hairpin RNA (shRNA)
using a TransIntro® EL transfection reagent system
(TransGen, China). The sequences of P2X4 shRNAs are
shown in the Table S1.

Cell viability assay

The viability and proliferation of PC12 cells were quan-
tified using the CCK-8 (Cell Counting Kit-8) cell count-
ing kit (GLPBIO) [15]. To examine the neuroprotective
effect of palmatine on SP-induced cell injury, PC12 cells
were treated with the indicated concentrations of SP
in the presence of palmatine for 24 h, followed by
CCK-8 assessment. For the assay, three independent
experiments were performed.

Enzyme-linked immunosorbent assay

The production of inflammatory factors (IL-1β, IL-18,
and TNF-α) in the supernatant of PC12 cells in each
group was detected by ELISA kits (Shenke Experimen-
tal Technology Co., Ltd., China) [15].

Real-time quantitative polymerase chain reaction

Total RNA was extracted from PC12 cell cultures by
using TransZol Up Plus RNA Kit (Beijing TransGen
Biotech Co., Ltd., China) consisting of lysis buffer and
washing buffers (Transzol up and CB9/WB9). Ex-
tracted RNA was converted to cDNA using EasyScript®
One-Step gDNA Removal and cDNA Synthesis Super-
Mix (Beijing TransGen Biotech Co., Ltd.). RT-PCR
was conducted using TB Green® Premix Ex Taq™ in
an CFX96 Real-Time PCR Detection System (Bio-Rad,
USA) [15].

Western blot analysis

PC12 cells were collected in EP tubes, and appropriate
RIPA lysis solution was added according to the number
of cells. The immunoreactive bands were visualized
for the labeled proteins using enhanced chemilumines-
cence kit on the Bio-Rad system. Densitometry analysis
was performed using Image-Pro Plus software [15].

Immunofluorescence

Immunofluorescence labeling was conducted to iden-
tify P2X4 and BDNF expression in PC12 cells. Images
were obtained using a confocal laser scanning mi-
croscope (Leica, Germany), and immunofluorescence
intensity was analyzed using Image-Pro Plus software.

Detection of intracellular free Ca2+ concentration

PC12 cells were uniformly seeded into 96-well plates
for transfection and drug treatment for 24 h. The cells
were washed 3 times with Hanks balanced salt solution
(HBSS), and the 800-time diluted BB Cell Probe®F03
solution was added to cover the cells. Then, the cells
were incubated at 37 °C for 30 min and washed twice
with HBSS, resuspended in HBSS, and incubated for
another 30 min at 37 °C. The detection of fluorescent
calcium ion was recorded through ratio fluorometry at
an excitation wavelength of 488 nm and an emission
wavelength of 516 nm [16].

Statistical analysis

All results were expressed as the mean±SD, and
statistical analyses were performed using SPSS 21.0
software. Differences between treatment groups were
analyzed by ANOVA, followed by Dunnett’s post hoc
test for multiple comparisons. p-values < 0.05 were
statistically significant.

RESULTS

Effects of palmatine on viability and inflammatory
factors of PC12 cells cultured with SP

The cell viability of PC12 cells treated with SP for
24 h was decreased in dose-dependent manner (0.1–
1,000 nM) (Fig. 1A). Meanwhile, to avoid possible
adverse effects of palmatine per se on PC12 cells, cells
were incubated with 1–100 µM of palmatine for 24 h,
followed by viability assay. The results showed that
there was almost no cytotoxicity when palmatine at
50 µM or lower concentration was applied to PC12
cells (Fig. 1B). SP of 100 nM and palmatine at 50 µM
were thus selected as the modeling concentrations.

SP significantly increased the generation of TNF-
α mRNA, while pretreatment of PC12 with palmatine
(1–100 µM) markedly inhibited SP-induced increase in
TNF-α mRNA. No significant rise of SP-induced TNF-
α mRNA production was seen when the concentration
of palmatine treatment was 50 and 100 µM (Fig. 1C).
Compared with the Ctrl group, the cell viability of SP
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Fig. 1 Effects of palmatine on PC12 cells cultured with SP. Effects of (A) SP and (B) palmatine on the viability of PC12
cells. (C) Effects of varying concentrations of palmatine on the expression level of TNF-α mRNA in PC12 cells incubated with
100 nM SP. (D) Effect of 50 µM palmatine on the viability of PC12 cells cultured with 100 nM SP. The results are presented
as the mean±SD, n = 6 in each group. * p < 0.05 vs. Ctrl group; ** p < 0.01 vs. Ctrl group; *** p < 0.001 vs. Ctrl group;
# p < 0.05 vs. SP group; ## p < 0.01 vs. SP group; and ### p < 0.001 vs. SP group.

group (100 nM) was decreased, and the treatment
with 50 µM palmatine could effectively protect the cells
from SP-induced damage (Fig. 1D).

Screening of the optimal interference sequence of
shRNA against P2X4 receptor

Real-time PCR was used to detect the relative ex-
pression of P2X4 mRNA in PC12 cells under various
conditions (Control group, Scramble shRNA group,
and P2X4 shRNA-1, -2, and -3 groups). The results
showed that the interference efficiency of the second
P2X4 shRNA sequence was the best (Fig. 2A).

Effects of palmatine on P2X4-BDNF signaling
pathway in SP-induced PC12 cell injury model

Results from RT-PCR and Western blot analysis found
that the mRNA and protein expression levels of P2X4,
BDNF, and TrkB in the SP group were significantly
higher than those in the Ctrl group (p < 0.001). After
treatment with palmatine and P2X4 shRNA, the mRNA
and protein expression levels of P2X4, BDNF, and
TrkB in the SP + palmatine and SP + P2X4 shRNA
groups were significantly decreased (p < 0.001). By

contrast, there was no significant difference between
the SP group and SP + Scramble shRNA groups
(Figs. 2 and 3).

Furthermore, the expression levels of P2X4 and
BDNF in PC12 cells were detected using an immunoflu-
orescence labeling assay. The results showed that the
expression levels of P2X4 and BDNF in the SP were
significantly higher than those in the Ctrl group (p <
0.001). After administration of palmatine and P2X4
shRNA, P2X4 and BDNF co-expression levels in the
SP + palmatine and SP + P2X4 shRNA groups were
significantly reduced (p < 0.001); however, there was
no significant difference in the co-expression levels of
P2X4 and BDNF between SP + Scramble shRNA group
and SP group (p > 0.05) (Fig. 4).

Moreover, we conducted an ELISA assay to deter-
mine TNF-α expression in PC12 cells. TNF-α expres-
sion levels in the SP and SP + Scramble shRNA groups
were higher than those in the Ctrl group (p < 0.01).
TNF-α expression levels in the palmatine and P2X4
shRNA treatment groups were significantly lower than
those in the SP and SP + Scramble shRNA groups
(p < 0.05) (Fig. 5F).
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Fig. 2 Effects of palmatine, SP, and P2X4 shRNA treatments on P2X4, BDNF, and TrkB mRNA expression. (A) Effects of
different P2X4 shRNA sequences on P2X4 mRNA in PC12 cells. Expression levels of mRNA of (B) P2X4, (C) BDNF, and
(D) TrkB in PC12 cells of each treatment group. Data were expressed as mean±SD, n= 3 in each group. ** p < 0.01 vs. Ctrl
group; *** p < 0.001 vs. Ctrl group; and ### p < 0.001 vs. SP group.

The above results revealed that palmatine de-
creased the expression of P2X4, BDNF, TrkB, and TNF-α
in SP-induced PC12 cells.

Effects of palmatine on NLRP3 / caspase-1 / pyro-
ptosis signaling pathway in SP-induced PC12 cell
pain model

NLRP3 inflammasome plays a key role in pyroptosis.
The protein expression levels of pyroptosis related
molecules (caspase-1, NLRP3, GSDMD, and ASC) were
significantly elevated in the SP-induced pain model of
PC12 cells, while the levels of the above proteins were
reduced after the application of palmatine and P2X4
shRNA treatment (Fig. 5A–D). The increases of IL-1β
and IL-18, the pyroptosis-associated proinflammatory
cytokines induced by SP, were down-regulated by pal-

matine and P2X4 shRNA treatments (Fig. 5E,G). These
results suggest that palmatine attenuates SP-induced
pyroptosis, which may also involve P2X4 receptors.

Palmatine inhibiting SP-induced up-regulation of
p38 MAPK phosphorylation and Ca2+ signal in
PC12 cells

There was no significant difference in the total expres-
sion of p38 MAPK in PC12 cells among all groups (p >
0.05). However, the expression of p–p38 MAPK protein
in SP and SP + Scramble shRNA groups was signifi-
cantly higher than that in Ctrl group (p < 0.001). Fur-
thermore, the expression levels of p–p38 MAPK protein
in SP + palmatine and SP + P2X4 shRNA groups were
decreased compared with SP group (Fig. 6A–C). These
findings indicate that p–p38 MAPK is associated with
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Fig. 3 Effects of palmatine, SP, and P2X4 shRNA treatments on P2X4, BDNF, and TrkB protein expression. Protein expression
of (A) P2X4, (B) BDNF, and (C) TrkB in PC12 cells of each group detected by Western blot analysis. Data were expressed as
mean±SD, n= 3 in each group. * p < 0.05 vs. Ctrl group; *** p < 0.001 vs. Ctrl group; and ### p < 0.001 vs. SP group.

P2X4 receptor-mediated SP-induced damage in PC12
cells, which could be suppressed by palmatine.

The BBcellProbeTM F3 fluorescence probe was
used to determine the palmatine effects on the Ca2+

signal in PC12 cells under the SP challenge. The results
found an increase in Ca2+ signal in the SP and SP +
Scramble shRNA groups compared with that in the Ctrl
group, while the levels of Ca2+ signal were reduced

after the application of palmatine and P2X4 shRNA
treatment (Fig. 6D).

DISCUSSION

Activation of P2X4 receptor can induce and aggra-
vate neuropathic pain by activating related cells such
as microglia, increasing the transmission of sensory
information, and sensitizing the central nervous sys-
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Fig. 4 The expression of P2X4 and BDNF in PC12 cells detected by immunofluorescence labeling assay. (A) The expression
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P2X4 staining with FITC, and the red signal indicates BDNF staining with TRITC. The arrows indicate the immunostaining
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tem [16]. P2X4 receptors are also expressed in satellite
glial cells, and overexpression of P2X4 receptors can
significantly activate cellular pyroptosis in the stellate
sympathetic ganglia and production of inflammatory
factor levels in obese rats [17]. In addition, P2X4
expression was also found in neurons [18]. In neu-
ropathic pain, however, it is unclear whether elevated
expression of P2X4 through activation of neurons can
directly promote pain transmission. In this study,
results of RT-PCR and Western blot analysis showed
that the expression of both mRNA and protein of P2X4
receptor was up-regulated in PC12 neuron-like cells
cultured with SP. Meanwhile, the cell viability of PC12
cells treated with SP for 24 h was decreased in a
concentration dependent manner. Importantly, the SP-
induced damage of cell viability could be inhibited
with the treatment by palmatine or P2X4 shRNA. These
findings suggest that P2X4 receptors are involved in
SP-induced damage in PC12 cells and palmatine can
protect PC12 cells from such injury by down-regulating
the expression of P2X4 receptors.

BDNF is a neurotrophic factor involved in the
pathological development of a variety of neuronal
diseases [19]. BDNF/TrkB has been shown to be asso-
ciated with neuropathic pain (NPP) and is a potential
therapeutic target for NPP [20]. In the central spinal

cord, intrathecal injection of recombinant BDNF can
directly induce persistent hyperalgesia, but reduction
or inhibition of BDNF expression can reduce the degree
of NPP [5, 21]. Thus, persistently elevated BDNF
levels may be closely associated with pain transmission
rather than nerve repair during NPP.

In neuropathic pain, P2X4 is believed to mediate
the cellular release of BDNF, which triggers hyperalge-
sia [22]. In this study, the expressions of P2X4 and
BDNF/TrkB were up-regulated in PC12 cells cultured
with SP. The enhanced P2X4 expression in PC12 cells
may lead to release of neuronal BDNF, which cannot
protect the PC12 cells from SP-induced damage but
promotes damage. Furthermore, application of P2X4
shRNA or palmatine significantly reduced elevation of
mRNA, protein, and fluorescent staining of BDNF in SP-
induced PC12 cells. Therefore, we speculate that P2X4
may be involved in the terminal release of BDNF from
damaged neurons under inflammatory or neurological
injury conditions. Additional studies have found that
the high expression of P2X4 receptor in neurons can in-
duce the increase of neuronal Ca2+ influx, up-regulate
the expression level of BDNF, and promote inflamma-
tory pain [23]. Consistent with previous findings, the
SP-induced pain model in neuronal PC12 cells showed
elevated P2X4 expression, increased intracellular Ca2+
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Fig. 5 Palmatine inhibiting pyroptosis of SP-induced PC12 cells. (A) Caspase-1, (B) NLRP3, (C) GSDMD, and (D) ASC protein
expression levels in PC12 cells of each group detected using Western blot analysis. Concentrations of (E) IL-1β, (F) TNF-α,
and (G) IL-18 in PC12 cells from each group determined by ELISA. Data were expressed as mean±SD, n = 3 in each group.
** p < 0.05 vs. Ctrl group; *** p < 0.001 vs. Ctrl group; # p < 0.05 vs. SP group; ## p < 0.01 vs. SP group; and ### p < 0.001
vs. SP group.
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Fig. 6 Effects of palmatine on phosphorylation of (A–C) p38 MAPK and (D) Ca2+ signal in SP-induced PC12 cells. Data are
expressed as mean±SD, n= 3 in each group. *** p < 0.001 vs. Ctrl group and ### p < 0.001 vs. SP group.

level, and up-regulated production of inflammatory
factors.

Palmatine has a wide range of pharmacological
effects, which are closely related to its effects on the
induction of programmed cell death. Study shows
that palmatine selectively induces mitochondrial au-
tophagy and restores mitochondrial function in an
Alzheimer’s disease mouse model, thereby improving
cognitive function in mice [24]. It has also been
reported that palmatine further alleviates LPS-induced
depression-like behavior by improving apoptosis and
oxidative stress [25]. However, the role of palmatine in
relation to cellular pyroptosis has rarely been reported.
This study also investigated the effect of palmatine
on pyroptosis-implicated signaling events. The results
showed that SP could induce pyroptosis of PC12 cells
through activating NLRP3/caspase-1 signaling path-

way since the expression levels of relevant proteins
including NLRP3, caspase-1, GSDMD, and ASC were
significantly increased in these cells. Such SP-evoked
changes in the pyroptosis-related NLRP3/caspase-1
pathway could be effectively reversed by treatment
with palmatine. It is well known that caspase-1 is
activated by the NLRP3 inflammasome, resulting in
the releases of proinflammatory factors IL-1β and IL-
18 [26]. We found that SP could significantly raise
the production of IL-1β and IL-18 in PC12 cells, which
was also inhibited by treatment with palmatine. These
results indicated that palmatine could alleviate py-
roptosis of PC12 cells induced by SP. Therefore, it is
hypothesized that palmatine can improve pyroptosis
in neuropathic pain. Further experimental results
showed that pyroptosis of PC12 cells induced by SP
could be also inhibited by transfected P2X4 shRNA.
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This supports the notion that palmatine may inhibit
the activation of P2X4 receptor-NLRP3/caspase-1 sig-
naling pathway in PC12 cell pain model, reducing the
release of inflammatory cytokines (IL-1β and IL-18)
and alleviating the pyroptosis injury caused by SP.

In this experiment, we established a cellular pain
model by co-culturing PC12 cells with SP and inves-
tigated the effect and mechanism of palmatine on
the expression of P2X4 receptors in the cellular pain
model. However, to provide more comprehensive
evidence for our conclusions and to demonstrate the
direct effect of palmatine through P2X4 receptors,
further experiments involving in vitro co-culture of
primary neurons and glial cells as well as establishing
an NPP animal model are necessary in future stud-
ies. These additional experiments will enable us to
observe the precise molecular mechanism underlying
palmatine interaction with P2X4 receptors from both
cellular and animal perspectives, thereby enhancing
our understanding of the pathomechanisms involved
in chronic pain.

CONCLUSION

The results of this study demonstrate SP-induced up-
regulation of P2X4 receptor expression in PC12 cells
and the release of neuronal BDNF, which may lead
to cell damage during neuropathic pain and serve as
a new potential therapeutic target in chronic pain.
Palmatine protects PC12 cells from SP-induced injury
by reversing the increased expression of P2X4 recep-
tors. The underlying molecular mechanism may be
related to the inhibition of BDNF/TrkB receptor and
P38 MAPK phosphorylation, attenuation of calcium
signaling, and blockade of NLRP3/caspase-1 mediated
pyroptosis. Our work indicates that palmatine may be
an effective drug candidate for the treatment of chronic
pain.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasia1513-1874.
2024.063.
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Appendix A. Supplementary data

Table S1 The sequences of P2X4 shRNA.

Sequence(5′–3′)

P2X4 shRNA-1 GATCCCGCCCTCTTGGTAAAGAACAATTG ATATCCGTTGTTCTTTACCAAGAGGGTTT TTTCCAAA

P2X4 shRNA-2 GATCCCGTCTACTGCATGAAGAAGAATTG ATATCCGTTCTTCTTCATGCAGTAGATTTT TTCCAAA

P2X4 shRNA-3 GATCCCGCCAACGCCGGCTTTCTTAAATT GATATCCGTTTAAGAAAGCCGGCGTTGG CTTTTTTCCAAA
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