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Abstract
Naringin inhibits inflammation and oxidative stress, the P2 purinoreceptor X4 receptor (P2X4R) is associated with glial cell activation 
and inflammation, the purpose of this study is to investigate the effects of naringin on P2X4 receptor expression on satellite glial cells 
(SGCs) and its possible mechanisms. ATP promoted the SGC activation and upregulated P2X4R expression; naringin inhibited SGC 
activation, decreased expression of P2X4R, P38 MAPK/ERK, and NF-κB, and reduced levels of Ca2+, TNF-α, and IL-1β in SGCs in an ATP-
containing environment. These findings suggest that naringin attenuates the ATP-induced SGC activation and reduces P2X4R expression 
via the Ca2+-P38 MAPK/ERK-NF-κB pathway.
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Highlights:
•	 P2X4R is involved in ATP-induced SGC activation.
•	 Naringin inhibits ATP-induced SGC activation involving P2X4R.
•	 The MAPK signaling pathway is involved in the inhibitory effect of naringin on P2X4R expression.
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Introduction

Naringin is a natural flavonoid (Bhari et al., 2014; Eom et al., 
2021; Hassan et al., 2021) that inhibits glial cell activation and 
suppresses cellular inflammation by reducing the expression 
of interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and IL-6 
(Li et al., 2022). The P2 purinoreceptor X4 receptor (P2X4R) 
induces several cell responses upon extracellular ATP stimula-
tion, including intracellular and extracellular ion exchange and 
cytokine release (Duveau et al., 2020; Suurväli et al., 2017). 
P2X4R regulates signaling pathways associated with inflam-
mation, and its roles in inflammation and pain have been stud-
ied extensively (Kohno and Tsuda, 2021; Montilla et al., 2020). 
Astragalin and artemisinin inhibit SGC activation by reducing 
P2X4R expression in SGCs, thereby reducing neuropathic pain 
(Wang et al., 2020; Ying et al., 2017). P2X4R inhibition also 
reduces the release of TNF-α and IL-6 through the nucleo-

tide-binding oligomerization domain-like receptor thermal 
protein domain-associated protein 3 signaling pathway, re-
ducing microglia apoptosis and inflammatory responses (He 
et al., 2022). Treatment with P2X4R antisense oligonucleotide 
reduced the release of inflammatory factors, improving rheu-
matoid arthritis (Li et al., 2014).

Increased TNF-α and IL-1β in glial cells are markers of 
glial cell activation; when SGCs are stimulated, inflammatory 
cytokine release increases (Hanani, 2022; Huang et al., 2013; 
Lee and Kim, 2020; Wang and Xu, 2022), and P2X4R medi-
ates the expression and release of these inflammatory factors 
(Duveau et al., 2020; Suurväli et al., 2017), suggesting that 
P2X4R is associated with SGCs activation. In contrast, nar-
ingin has anti-inflammatory effects and reduces the release 
and expression of inflammatory factors. We explored how 
naringin attenuates ATP-induced SGC activation and expres-
sion of P2X4R.
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Materials and methods

Primary culture
Newborn Sprague Dawley rats (Medical Animal Experimental 
Center of Nanchang University. P. R. China) were euthanized 
within three days of birth, and the spinal column was cut open 
to remove the spinal cord. The Ethics Committee of Nanchang 
University approved the study, and animals were treated ac-
cording to its Guidelines for the Care and Use of Animals. The 
dorsal root ganglion (DRG) was removed with pointed forceps 
and placed in a pre-chilled DMEM/F12 medium (Shanghai 
Viva Cell Biosciences Ltd., P. R. China). The nerve fibers were 
carefully stripped from the DRG with scissors and forceps. The 
DRGs were centrifuged at 5,000 × g for 10 min at 25 °C, the su-
pernatants were discarded, and 0.25% trypsin-EDTA was add-
ed and placed in a cell culture incubator for 20 min. DMEM/
F12 medium containing 10% fetal bovine serum was added to 
stop the digestion, then centrifuged at 5,000 × g for 10 min 
at 25 °C, and the supernatants were discarded. We used 2 ml 
of medium to resuspend the cells. The suspension was filtered 
through a cell sieve, and the filtrate was added to a cell culture 
dish.

The experiment was divided into control, control + nar-
ingin, ATP, ATP + naringin, and ATP + dimethyl sulfoxide 
(DMSO) groups. The final concentration of naringin (Aladdin, 
CAS.10236-47-2) was 80 μM (Chen et al., 2017). The final 
concentration of ATP (Solarbio, CAS.987-65-5) was 0.1 mM, 
and phosphate-buffered saline (PBS) was used as the solvent 
(Du et al., 2022). When the cell confluence reached about 80%, 
naringin was added for 12 h, and ATP was added for 3 h for 
subsequent experiments.

Western blot analysis
RIPA cell lysis solution (Biochem; Cat.no.BKM-RA-Q100) was 
added to the cells and placed in an ice bath for 20 min. The lysed 
cells were scraped off and centrifuged at 12,000 × g for 10 min 
at 4 °C. The supernatants were removed, supplemented with 
protein loading buffer, incubated in a bath of boiling water for 
5 min, and stored at –20 °C. The protein samples were sepa-
rated by sodium dodecyl sulfate-polyacrylamide electrophore-
sis and transferred to polyvinylidene fluoride membranes by 
electroblotting (300 mA, 90 min). The membrane strips were 
placed in 5% bovine serum albumin for 1.5 h. After washing 
with Tris-buffered saline-Tween, the strips were incubated 
overnight at 4 °C with the following primary antibodies: rabbit 
anti-P2X4 (Alomone Labs; Cat. no. APR-002; 1 : 1000), rabbit 
anti-p38 (Cell Signaling Technology; Cat. no. D13E1; 1 : 1000), 
rabbit anti-P-p38 (Cell Signaling Technology; Cat. no. D3F9; 
1 : 1000), rabbit anti-p65 (Cell Signaling Technology; Cat. no. 
D14E12; 1 : 1000), rabbit anti-P-p65 (Cell Signaling Technol-
ogy; Cat. no. S536; 1 : 1000), rabbit anti-ERK (Cell Signaling 
Technology; Cat. no. 4695S; 1 : 1000), rabbit anti-P-ERK (Cell 
Signaling Technology; Cat. no. 4370S; 1 : 1000) or mouse an-
ti-β-actin (OriGene Technologies; Cat no. 18AV0408). The 
following day, after washing with Tris-buffered saline-Tween, 
the strips were incubated for 2 h at room temperature with 
goat anti-mouse IgG (Boster Biological Technology; Cat. no. 
BST17A13B17B50; 1 : 2000) or goat anti-rabbit IgG (OriGene 
Technologies; Cat. no. ZB-2301; 1 : 2000). All antibodies were 
diluted with 5% skimmed milk powder. The chemilumines-
cence signal was developed using an ECL kit (Fdbio science; 
Cat. no. FD8020), the signal was measured using autoradiog-

raphy film, and the protein band densities were analyzed using 
Image J software (https://imagej.net).

Enzyme-linked immunosorbent assay (ELISA)
According to the tumor necrosis factor-alpha/interleukin-1 
beta (TNF-α/IL-1β) ELISA Kit instructions (Wuhan Shen-
ke Experimental Technology Co., Ltd.; Cat. no. 202203-180/
Cat. no. 202203-047), standard, blank, and sample wells were 
set up. Cell culture supernatants were diluted five-fold with 
sample diluent and loaded into the sample wells, then 50 µl 
aliquots of the gradient-diluted standard sample were loaded 
into the standard wells, and finally, 50 µl of sample diluent was 
loaded into the blank wells. The wells were sealed and placed in 
a 37 °C water bath for 30 min. After incubation, each well was 
washed five times with washing solution, and the wells’ liquid 
was patted dry. Then, 50 µl horseradish peroxidase solution 
was added to the sample and the standard wells and incubated 
at 37 °C for 30 min. After incubation, each well was washed 
five times with a washing solution and patted dry. Each well 
was incubated in the dark room for 15 min with 50 µl of chro-
mogenic reagent, and the reaction was finally stopped by add-
ing 50 µl of termination solution. The absorbance at 450 nm 
was measured on a microplate reader (PerkinElmer, Inc.).

Immunofluorescence
Slides with cells were washed with PBS and incubated with 4% 
paraformaldehyde for 20 min. After incubation, slides were 
washed with PBS and incubated with 0.3% Triton X-100 for 
10  min. After washing with PBS, 10% of donkey serum was 
added, and slides were placed in a light-proof box in a 37 °C 
water bath for 1 h. Than the cell slides were incubated over-
night at 4 °C with rabbit anti-P2X4 (Alomone Labs; Cat. no. 
APR-002; 1 : 100) or mouse anti-glial fibrillary acidic protein 
(GFAP) (BioLegend; Cat. no. 644702; 1 : 100). The following 
day, the cell slides were washed with PBS. Diluted donkey 
anti-rabbit (Abcam; Cat. no. ab7080; 1:200) or donkey an-
ti-mouse (Abcam; Cat. no. ab98794; 1 : 200) antibodies were 
added in the cell slides and placed in a 37 °C water bath for 
1.5 h. After washing with PBS, an anti-fluorescence quencher 
(Boster Biological Technology Co., Ltd.) was added, and fluo-
rescence was observed under a confocal microscope (Olympus, 
Tokyo, Japan). Image J software was used for fluorescence in-
tensity analysis.

Intracellular calcium ion measurement
BBcellProbe F03 solution (Bestbio, Nanjing, China) was dilut-
ed 1000 times with DMEM/F12 medium. Cells were washed 
with PBS. Then 200 µl of diluted working solution was added 
and incubated for 25 min in a cell culture incubator. After in-
cubation, the cells were washed with PBS, and 200 µl of PBS 
was added prior to incubation for 15 min at 37 °C. Finally, the 
probe fluorescence (excitation wavelength 488–495 nm, emis-
sion wavelength 516 nm) was measured using a microplate 
reader.

Statistical analysis
Data were expressed as the mean ± standard deviation, and 
n represents the number of experiments. Data were analyzed 
using IBM SPSS Statistics (v. 21.0; IBM Corp., Armonk, NY, 
USA). Histograms were drawn using GraphPad Prism v. 5.0 
(GraphPad Software Inc., San Diego, CA, USA). Analysis of 
variance was used to assess any significance of differences be-
tween groups.
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Results

Naringin downregulates P2X4R in SGCs and inhibits 
ATP-induced SGC activation
P2X4R expression in SGCs was measured using western blot-
ting, and P2X4R expression (Fig. 1a) was significantly in-
creased under the stimulation of ATP (P < 0.001), while nar-
ingin inhibited P2X4R upregulation (P < 0.01).

GFAP is one of markers of SGC activation. GFAP expression 
in SGCs was measured to evaluate SGC activation using cellu-

lar immunofluorescence (Fig. 1b). GFAP expression was sig-
nificantly increased under the stimulation of ATP (P < 0.001), 
while naringin inhibited GFAP expression (P < 0.001; Fig. 1c), 
suggesting that naringin inhibits SGC activation. P2X4R and 
GFAP coexpression was measured using cellular immunoflu-
orescence (Fig. 1b); ATP significantly increased P2X4R and 
GFAP coexpression (Fig. 1d) (P < 0.001), and the fluorescence 
intensity of P2X4R and GAFP coexpression decreased with the 
addition of naringin (P < 0.001). These findings suggest that 
naringin inhibits SGC activation and P2X4R expression.

 
Fig. 1. Expression of P2X4R and coexpression of P2X4R and GFAP. (a) The expression of P2X4R in SGCs was measured using western blotting. 
The bar graph showed each group’s mean relative densities of β-actin and P2X4R. (b) Coexpression of P2X4R and GFAP in SGCs; the green 
signal indicates GFAP staining with fluorescein isothiocyanate, and the red signal indicates P2X4R staining with tetramethyl rhodamine 
isothiocyanate, and the merge of coexpression of P2X4R and GFAP are shown in yellow. (c) Immunofluorescence analysis of GFAP expression 
on SGCs. (d) Immunofluorescence analysis of coexpression of P2X4R and GFAP. Compared with the control group, *** P < 0.001; compared with 
the ATP group, # # P < 0.01 and # # # P < 0.001, n = 3. Scale bar = 50 µm.
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Intracellular Ca2+ levels in SGCs
P2X4R is an ion channel type receptor whose activation leads 
to Ca2+ influx in SGCs. Intracellular Ca2+ in SGCs was meas-
ured using the BBcellProbe F03 method (Fig. 2). ATP acti-
vated P2X4R to increase intracellular Ca2+ concentrations  
(P < 0.001). Naringin had the opposite effect (P < 0.01).

Changes in the P38 MAPK/ERK signaling pathway
Intracellular Ca2+ modulates the P38 MAPK and ERK pathways 
and intracellular levels of P38 MAPK (Fig. 3a), P-p38 MAPK 
(Fig. 3b), ERK (Fig. 3c), and P-ERK (Fig. 3d) were measured 
using western blotting. ATP induced the upregulation of P-p38 
MAPK (P < 0.01) and P-ERK (P < 0.001) levels, while naringin 
inhibited ATP-induced upregulation of P-p38 MAPK and P-ERK  
(P < 0.01) levels. These findings suggest that ATP can activate 
P38 MAPK and ERK signaling pathways, while naringin can 
inhibit the activation of these signaling pathways.

 Fig. 2. Intracellular Ca2+ levels in SGCs in each group. The 
intracellular Ca2+ content in each group of SGCs was detected by 
BBcellProbe F03. Compared with the control group, *** P < 0.001; 
compared with the ATP group, # # P < 0.01, n = 3.

 
Fig. 3. Changes of the Ca2+/P38 MAPK/ERK signaling pathway in SGCs. (a, b) Western blotting measures P38 and P-p38 levels in each 
group of SGCs. The bar graph shows each group’s mean relative densities of P38/β-actin and P-p38/P38. (c, d) Western blotting measured the 
expression of ERK and P-ERK in each group of SGCs. The bar graph shows each group’s mean relative densities of ERK/β-actin and P-ERK/ERK. 
Compared with the control group, ** P < 0.01 and *** P < 0.001; compared with the ATP group, # # P < 0.01, n = 3.
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NF-κB activation in SGCs
NF-κB is a downstream signaling molecule of P38 MAPK, and 
activation of the P38 MAPK pathway activates the NF-κB sig-
naling pathway, co-regulating physiological activities in cells. 

We used western blotting to measure P65 (Fig. 4a) and P-p65 
(Fig. 4b) expression. P-p65 expression increased after ATP ac-
tivation (P < 0.05), while naringin inhibited ATP-induced acti-
vation of NF-κB (P < 0.05). 

 
Fig. 4. P65 and P-p65 levels in each group of SGCs. (a, b) Western blotting to measure levels of P65 and P-p65 in SGCs. The bar graph shows 
each group’s mean relative densities of P65/β-actin and P-p65/P65. Compared with the control group, * P < 0.05 and ** P < 0.01; compared with 
the ATP group, # P < 0.05, n = 3.

IL-1β and TNF-α levels
The NF-κB signaling pathway mediates the release of inflam-
matory factors, which is one of markers for SCGs activation. 
We used ELISA to detect the release of IL-1β (Fig. 5a) and 
TNF-α (Fig. 5b) from SGCs culture supernatants. The release of 

IL-1β (P < 0.001) and TNF-β (P < 0.01) from SGCs increased, 
and SGCs were activated under the stimulation of ATP, while 
naringin inhibited the release of IL-1β (P < 0.001) and TNF-α 
(P < 0.01).

 
Fig. 5. Levels of IL-1β and TNF-α released by SGCs in each group. (a, b) ELISA detected the released levels of inflammatory factors  
IL-1β and TNF-α in SGCs. Compared with the control group, ** P < 0.01 and *** P < 0.001; compared with the ATP group, # # P < 0.01 and  
# # #P < 0.001, n = 3.

 
Discussion

SGCs are distributed around neurons in the peripheral nerv-
ous system, where they play supportive and protective roles 
(Milosavljević et al., 2020; Mohr et al., 2021). Glial cell acti-
vation has many manifestations, including upregulation of 
GFAP, release of inflammatory factors, etc. (Sung et al., 2019). 
The involvement of P2X4R in inflammation and pain has been 

extensively studied (Montilla et al., 2020; Zhang et al, 2020). 
Inhibition of P2X4R reduces TNF-α and IL-1β expression in 
microglia because of hypoxia and decreases microglial activa-
tion to reduce neuroinflammation (Li et al., 2011). ATP acti-
vates P2X4R, leading to the release of inflammatory factors 
(Stokes et al., 2017; Wang et al., 2020). In the present study, 
levels of GFAP, TNF-α and IL-1β in SGCs increased under ATP 
environment, and coexpression of P2X4R with GFAP increased 
after ATP stimulation, suggesting that SGCs are activated and 
P2X4R are upregulated under ATP environment.
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Naringin is extracted from plants, and its anti-inflamma-
tory effects have been extensively studied, for example, nar-
ingin reduces the expression of signaling molecules associated 
with inflammatory responses such as IL-1β, IL-8, TNF-α, and 
IL-6 (Chen et al., 2016, 2022). Our findings suggest that nar-
ingin reduces ATP-induced elevations of P2X4R expression in 
SGCs, leading to decreased release of inflammatory factors, 
reduced GFAP expression, and decreased SGC activation. As a 
second messenger, Ca2+ regulates many biological and patho-
logical processes in cells and plays a vital role in activating 
various inflammation-related signaling pathways (Lu et al., 
2017; Scheff and Gold, 2015; Scheff et al., 2013). Ca2+ reg-
ulates the P38 MAPK and ERK signaling pathways, and P38 
MAPK and ERK signaling pathways play critical roles in cellu-
lar physiological activities such as inflammation, proliferation, 
and apoptosis (Akaishi et al., 2020; Zhou et al., 2019). P2X4R 
activation increases intracellular calcium content, activating 
the P38 MAPK pathway, confirming that P38 MAPK and Ca2+ 
are downstream signaling molecules of P2X4R (Ulmann et 
al., 2010). Naringin attenuates LPS-induced injury in human 
umbilical vein endothelial cells by inhibiting Ca2+ and reactive 
oxygen species accumulation in cells, reversing inflammation, 
and inhibiting cell death (Bi et al., 2016). In the present study, 
naringin significantly downregulated intracellular Ca2+ levels 
and decreased P-p38 and P-ERK levels, suggesting that nar-
ingin inhibits P2X4R activity, leading to a reduction in intra-
cellular Ca2+ content and inhibiting P38 MAPK and ERK sign-
aling pathway activation.

NF-κB plays a critical role in chronic pain and chronic 
inflammation, and P38 MAPK promotes the degradation of 
IκBα and activates NF-κB dimers to activatate the NF-κB sig-
naling pathway, suggesting that P38 MAPK is an upstream 
signaling molecule of NF-κB (Lee et al., 2021; Shih et al., 
2020). Naringin inhibits IκBα degradation and downregu-
lates NF-κB activation to suppress the release of inflamma-
tory factors, reducing the inflammatory effects of carrageen-
an in mice (Ahmad et al., 2015). In the present study, ATP 
activated the NF-κB signaling pathway and increased the re-
lease of TNF-α and IL-1β; naringin downregulated activation 
of the NF-κB signaling pathway. These findings suggest that 
naringin decreases the release of inflammatory factors via 
the Ca2+-P38 MAPK/ERK-NF-κB signaling pathway to reduce 
SGC activation.

 
Conclusion

Naringin inhibits P2X4R expression in SGCs, and the Ca2+-P38 
MAPK/ERK-NF-κB signaling pathway may be involved in the 
pathophysiological process. The specific mechanism of action 
needs to be further investigated in future experiments, includ-
ing explorations of the effect of naringin on the P2X4R func-
tion.
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