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Astragalin Alleviates Neuropathic Pain by Suppressing P2X4-Mediated Signaling in the Dorsal Root Ganglia of Rats












	 
	ORIGINAL RESEARCH
published: 11 January 2021
doi: 10.3389/fnins.2020.570831





[image: image]

Astragalin Alleviates Neuropathic Pain by Suppressing P2X4-Mediated Signaling in the Dorsal Root Ganglia of Rats

Mengke Wang1†, Xia Cai2†, Yueying Wang1†, Shizhen Li3, Na Wang3, Rui Sun4, Jingming Xing5, Shangdong Liang1 and Shuangmei Liu1*

1Department of Physiology, Medical School of Nanchang University, Nanchang, China

2Department of Endocrinology, Second Affiliated Hospital of Nanchang University, Nanchang, China

3Undergraduate Student of the Second Clinical Department, Medical School of Nanchang University, Nanchang, China

4Undergraduate Student of the Anesthesiology Department, Medical School of Nanchang University, Nanchang, China

5Undergraduate Student of the Basic Medical Science Department, Medical School of Nanchang University, Nanchang, China

Edited by:
Cesar Mattei, Université d’Angers, France

Reviewed by:
Li Zhang, National Institutes of Health (NIH), United States
Michael Morgan, The University of Melbourne, Australia

*Correspondence: Shuangmei Liu, liushuangmei_1983@163.com

†These authors share first authorship

Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Neuroscience

Received: 09 June 2020
Accepted: 18 November 2020
Published: 11 January 2021

Citation: Wang M, Cai X, Wang Y, Li S, Wang N, Sun R, Xing J, Liang S and Liu S (2021) Astragalin Alleviates Neuropathic Pain by Suppressing P2X4-Mediated Signaling in the Dorsal Root Ganglia of Rats. Front. Neurosci. 14:570831. doi: 10.3389/fnins.2020.570831

Neurologic damage often leads to neuropathic pain, for which there are no effective treatments owing to its complex pathogenesis. The purinergic receptor P2X4 is closely associated with neuropathic pain. Astragalin (AST), a compound that is used in traditional Chinese medicine, has protective effects against allergic dermatitis and neuronal injury, but its mechanism of action is not well understood. The present study investigated whether AST can alleviate neuropathic pain in a rat model established by chronic constriction injury (CCI) to the sciatic nerve. The model rats exhibited pain behavior and showed increased expression of P2X4 and the activated satellite glial cell (SGC) marker glial fibrillary acidic protein in dorsal root ganglia (DRG). AST treatment partly abrogated the upregulation of P2X4, inhibited SGC activation, and alleviated pain behavior in CCI rats; it also suppressed ATP-activated currents in HEK293 cells overexpressing P2X4. These data demonstrate that AST relieves neuropathic pain by inhibiting P2X4 and SGC activation in DRG, highlighting its therapeutic potential for clinical pain management.
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INTRODUCTION

More than 100 million people worldwide suffer from pain, which severely affects their quality of life and work productivity and imposes a considerable financial burden on their families and society (Fitzgerald and McKelvey, 2016; Murai et al., 2016; Spahr et al., 2017). Neurologic damage can lead to neuropathic pain, which includes spontaneous pain, hyperalgesia, and allodynia (sensitivity to normal and innocuous stimuli) (Gu et al., 2016). The pathogenesis of neuropathic pain is complex and poorly understood, although it is thought to involve changes in the function and structure of the central and peripheral nervous systems. The fact that conventional analgesics that target neurons are not always effective in alleviating neuropathic pain suggests that non-neurologic mechanisms may be involved.

The purinergic receptor (P2 receptor) family is divided into P2X (ionic) and P2Y (G protein-coupled) receptors (Burnstock, 2017). P2X2/3, P2X4, P2X7, P2Y1, P2Y2, and P2Y12 have been implicated in the regulation of neuropathic pain (Jarvis, 2010; Tsuda, 2017). P2X4 was shown to be upregulated in the ipsilateral spinal dorsal horn following peripheral nerve injury (Tsuda et al., 2003), and P2X4 knockout mice were insensitive to pain induced by peripheral nerve injury (Ulmann et al., 2008). Conversely, intrathecal injection of P2X4-positive cultured microglial cells into normal rodents enhanced their response to painful tactile stimulation (Tsuda et al., 2009a). These studies indicate that P2X4 is closely associated with neuropathic pain.

P2X4 expressed by satellite glial cells (SGC) of the dorsal root ganglia (DRG) has been shown to be involved in neuropathic pain (Ying et al., 2017; Yuan et al., 2018; Yang et al., 2019). Large amounts of ATP are released after nerve injury, activating P2X4 on SGCs (Kushnir et al., 2011; Kobayashi et al., 2013; Ying et al., 2017). Chronic constriction injury (CCI) to the sciatic nerve triggers the release of inflammatory factors and induces upregulation of the activated SGC marker glial fibrillary acidic protein (GFAP), which is implicated in the modulation of neuropathic pain (Yuan et al., 2018). Astragalin (AST) is a flavonoid extracted from the white stamen of some flowers with known pharmacologic properties including anti-inflammatory, antioxidant, and anti-allergic activities and protective effects against dermatitis and neuronal injury (Rey et al., 2019). In the present study, we investigated whether AST also has analgesic effects using a rat model of CCI-induced neuropathic pain.



MATERIALS AND METHODS


Animals

Male Sprague–Dawley rats weighing 200 ± 20 g were purchased from Changsha Tianqin Biological Co. (Hunan, China) and allowed to acclimate to the laboratory environment for 7 days before they were used in experiments. The rats were housed in a ventilated room with the temperature controlled at 23°C on a 12:12 h light/dark cycle with free access to water and food. All animal procedures were approved by the Animal Protection and Use Committee of the Medical School of Nanchang University. The experiments in this study followed International Association for the Study of Pain ethics guidelines and were carried out according to the guidelines of Animal Research: Reporting of In Vivo Experiments.



Drugs

Astragalin (C21H20O11, MW 448.38, >98% purity) was purchased from Nanjing Herb Source Biotechnology Co. (Jiangsu, China) and dissolved in 0.5% dimethyl sulfoxide (DMSO). The P2X4 antagonist 5-(3-bromophenyl)-1H-benzofuro(3,2-e)(1,4)diazepin-2(3H)-one (5-BDBD) was purchased from Bio-Techne (Shanghai, China; cat. no. 3579). All other chemicals were of analytic grade and obtained from standard commercial suppliers.



Experimental Design

In order to determine the concentration of AST, we carried out a preliminary experiment and designed three concentrations (25, 50, and 100 mg/kg) of AST to observe the analgesic effect of AST by intragastric administration. The dose of AST was selected based on the results of our pilot experiments and previous literature (Zheng et al., 2019). Rats were randomly divided into six groups (n = 8): control (Ctrl), sham operation (Sham), rats with sciatic nerve CCI (CCI), Ctrl rats treated with AST (Ctrl + AST), CCI rats treated with AST (CCI + AST), and DMSO-treated CCI rats (CCI + DMSO). The control rats were designed as a blank control without any drugs. The CCI + AST and Ctrl + AST groups were intragastrically administered with AST (50 mg/kg/day, dissolved into 10 mg/ml concentration with 0.5% DMSO, 1 ml volume for 200 g rats) once a day for 2 weeks starting on day 2 after CCI. Rats in the CCI + DMSO group were orally administered by gavage with the same volume of DMSO (0.5%, dissolved in normal saline) daily for 2 weeks. In order to evaluate the role of P2X4 receptors and the involvement of extracellular signal-regulated kinase (ERK) signaling in the effects of P2X4, the P2X4 antagonist 5-BDBD was added in the experiment. 5-BDBD (dissolved in 0.5% DMSO) was prepared to be 100 μM. After fixation under anesthesia, each rat in the CCI + 5-BDBD group was intravenously injected with 10 μl of 5-BDBD through the tail vein, while the CCI + DMSO group rat was injected with 10 μl of 0.5% DMSO once daily from days 7 to 13 after CCI operation. A new microsyringe was changed every day for each rat. There were no unexpected, new, and/or significant hazards or risks associated with this work.



Animal Model

We used CCI of the rat sciatic nerve as a neuropathic pain model. Rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (3 ml/kg). After immobilizing the rat in a prone position, the right hind leg was disinfected with 75% ethanol solution. A skin incision was made along the inside of the femur, and the sciatic nerve was completely exposed after separating the subcutaneous tissue and muscle. The sciatic nerve was ligated four times using a 4-0 chromic gut suture starting 7 mm distal to the sciatic nerve trunk, with each suture separated by a distance of 1 mm. Sham rats underwent the same operation as CCI rats but without nerve ligation.



Behavioral Tests

Pain behavior was measured on day 0 (before the experiment) and days 1, 3, 5, 7, 9, 11, 13, and 15 after CCI. Rats were allowed to adapt to the surrounding environment before behavioral testing. The mechanical withdrawal threshold (MWT) was determined by observing the withdrawal response induced by mechanical stimulation using a BME-404 electronic mechanical pain detector (Tsuda et al., 2009b; Leung and Cahill, 2010). The rat was placed on a metal frame with a 1 × 1-mm mesh and allowed to move freely during the 15-min adaptation period. The right hind foot of the rat was stimulated five times at 5-min intervals using the metal wire of the pain detector through the mesh from bottom to top. Average stimulus intensity causing foot withdrawal of the five times was used as the MWT(g) in rats.

Thermal withdrawal latency (TWL) was assessed with a BME-410C Thermal Paw Stimulation System (Boerni, Tianjin, China) (Wang et al., 2016; Li et al., 2017; Peng et al., 2017). The rat was placed on a 3-mm-thick plexiglass plate and allowed to adapt to the environment for 15 min at room temperature (26.0 ± 0.5°C). When the hind paw on the side of CCL contacted the glass plate, a light from the stimulator focused on the palm. The latency from the start of irradiation to hind limb retraction was recorded. Five trials were performed for each rat at 5-min intervals, and the average measurement was taken as TWL. Irradiation time never exceeded 30 s to avoid thermal injury. The experimenter who carried out the behavioral tests was blinded to the treatments of the animals.



Molecular Docking

Using human (h) P2X4 as the target protein and AST as the ligand, molecular docking simulations were carried out using the AutoDock Tools (ADT) of AutoDock 4.2 software1 and the Python scripts ligand4.py and prepare receptor4.py. The target protein binding pocket was identified with the ADT molecular observer. The parameters were saved as system default values. Finally, MGLTools2 and PyMOL software3 were used to view the output file.



Double Immunofluorescence Labeling of P2X4 and GFAP

L4–L6 DRG were removed from four rats in each group anesthetized with chloral hydrate on day 15 after CCI and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 day (Burnstock, 2013; Jia et al., 2017), followed by dehydration overnight at 4°C in 20% sucrose solution. The tissue was cut into sections at a thickness of 10 mm on a cryostat (Leica Biosystems, Wetzlar, Germany); the sections were washed three times for 5 min each in PBS, then permeabilized in 0.3% Triton X-100 for 15 min. Non-specific antigens were blocked with 10% goat serum (Zhongshan Golden Bridge Company, Zhongshan, China) for 1 h at 37°C. Sections were incubated overnight at 4°C with mouse anti-GFAP (1:200 dilution; 38014, Signalway Antibody, Nanjing, China) and rabbit anti-P2X4 (1:200; APR-002, Alomone Labs, Jerusalem, Israel) primary antibodies and washed three times for 10 min each in PBS (Yuan et al., 2018). They were then incubated with secondary antibodies conjugated with fluorescein isothiocyanate or tetramethylrhodamine (1:200 dilution) for 1 h at 37°C, followed by three 10-min washes in PBS. Immunoreactivity was visualized with an epifluorescence microscope (Olympus, Tokyo, Japan). Eight different fields of vision from different DRGs were selected to take photos. The fluorescence intensity values of the eight photos were measured by ImageJ software. Eight data were obtained from each group. Then, the data of each group were analyzed statistically.



Real-Time Quantitative (q)PCR

L4–L6 DRG isolated from rats anesthetized with chloral hydrate on day 15 after CCI were rinsed with ice-cold PBS, and total RNA was extracted using the Total RNA Extraction kit (Promega Biotech, Shanghai, China) according to the manufacturer’s instructions. The RNA was reverse transcribed into cDNA using the cDNA Synthesis kit (Thermo Fisher Scientific, Shanghai, China). RNA samples were analyzed by qPCR with SYBR Green MasterMix on an ABI Prism 7500 instrument (Applied Biosystems, Foster City, CA, United States) using the following forward and reverse primers (Sangon Biotech, Shanghai, China): P2X4, 5′-CCCTTTGCCTGCCCAGATAT-3′ and 5′-CCGTACGCCTTGGTGAGTGT-3′; and β-actin, 5′-AAGATCCTGACCGAGCGTGG-3′ and 5′-CAGCACTGTGTTGGCATAGAGG-3′. The threshold cycle (CT) was used to calculate the expression level of target genes in each sample normalized to that of β-actin (2–Δ Δ CT method).



Western Blotting

On day 15 after CCI, L4–L6 DRG was isolated from rats anesthetized with chloral hydrate and immediately washed with precooled PBS. DRG tissue was homogenized on ice by trituration in lysis buffer [50 mM TrisCl (pH 8.0), 150 mM NaCl, 0.1% dodecyl sodium sulfate, 1% Nonidet P-40, 0.5% sodium deoxycholate, 100 μg/ml phenyl methylsulfonyl fluoride, and 1 μg/ml aprotinin] and incubated on ice for 40 min. The homogenate was centrifuged at 6,000 × g for 10 min, and the supernatant was collected. Total protein concentration in the supernatant was determined with the Lowry method. After dilution with sample buffer [100 mM TrisCl, 200 mM dithiothreitol, 4% sodium dodecyl sulfate (SDS), 0.2% bromophenol blue, and 20% glycerol] and heating at 95°C for 10 min, samples containing equal amounts of protein (20 μg) were separated by SDS–polyacrylamide gel electrophoresis (Bio-Rad, Hercules, CA, United States) on a 12% acrylamide gel, and the proteins were transferred to a polyvinylidene difluoride membrane. Non-specific antigens were blocked by incubating the membrane for 2 h at room temperature in 5% skim milk; this was followed by overnight incubation at 4°C with the following primary antibodies: rabbit anti-P2X4 (1:500; Alomone Labs), rabbit anti-ERK1/2 (1:1,000), and anti-phosphorylated (p)ERK1/2 (1:2,000) (both from Cell Signaling Technology, Danvers, MA, United States); and rabbit anti-tumor necrosis factor receptor (TNF-R)1 (1:800) and mouse anti-GFAP (1:800) (both from Abcam, Cambridge, MA, United States). After incubation with horseradish peroxidase-conjugated secondary antibody for 2 h, protein bands were visualized with a chemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, United States). The membrane was stripped and reprobed with anti-β-actin antibody (1:800; Abcam), which was used to normalize target protein expression level. Quantification of protein level expressed as integrated optical density was measured using Image Pro-Plus software (Media Cybernetics, Rockville, MD, United States).



Cell Culture and Transfection

HEK293 cells were grown in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 1% penicillin, and streptomycin in a 37°C, 5% CO2 humidified incubator. Full-length cDNA encoding rat P2X4 (1,185 bp) was inserted into the pcDNA3.1(+)/EGFP/IRES vector (ampicillin resistance) containing an enhanced green fluorescent protein (EGFP) reporter to generate pcDNA3.1(+)/EGFP/IRES-P2RX4. Cloning site was NheI/XbaI. The plasmid was constructed by Shanghai Nuovo Biological Technology Co. (Shanghai, China) and was transiently transfected into cells using Lipofectamine 2000 reagent (Invitrogen, United States) according to the manufacturer’s instructions. When the cells reached 70–80% confluence, the culture medium was replaced with OptiMEM for 2 h. The transfection medium was prepared as follows: (a) Dilute 4 μg of plasmid with OptiEME to 250 μl, (b) dilute 10 μl of Lipo2000 with OptiEME to 250 μl, and (c) mix the above two solutions and incubate at room temperature for 20 min. Then, 500 μl of cDNA/lipofectamine solution was added to each well followed by incubation for 6 h at 37°C and 5% CO2. Control cells were transfected with the empty pcDNA3.1(+)/EGFP/IRES vector. After incubation, the cells were washed in minimal essential medium containing 10% fetal bovine serum and cultured for 24–48 h. GFP fluorescence was evaluated to determine the transfection efficiency. Whole-cell patch clamp recordings were carried out 1–2 days after transfection.



Electrophysiology

Electrophysiologic recordings were carried using a whole-cell patch clamp amplifier (Axopatch 200B; Axon Instruments/Molecular Devices, San Jose, CA, United States). HEK293 cells with green fluorescence (i.e., expressing P2X4) were selected for recording. Microelectrodes were filled with an internal solution composed of (mM) K gluconate (145), MgATP (2), EGTA (0.75), HEPES (10), CaCl2 (0.1), and Na3GTP (0.3). The bath was continuously perfused with extracellular solution composed of (mM) KCl (2.5), NaCl (126), glucose (10), CaCl2 (2.4), MgCl2 (1.2), and NaHCO3 (18). The osmotic pressure of the extracellular and internal solutions was adjusted to 340 mOsm with sucrose. The pH of the extracellular solution was adjusted to 7.4 with NaOH and that of the internal solution was adjusted to 7.3 with KOH. The resistance of the recording electrode was 2–6 MΩ. The holding potential was −70 mV. ATP (Sigma-Aldrich, St. Louis, MO, United States) and the P2X4 antagonist 5-BDBD were dissolved in extracellular solution; AST was dissolved in 0.5% DMSO and diluted to different concentrations with extracellular solution. The drugs were rapidly administered through a manifold consisting of 10 capillaries made of fused silica coated with polyimide with an inner diameter of 200 μm. The distance from the tubule mouth to the examined cell was approximately 100 μm. The solution was transported from a separate container by gravity flow. One barrel was used to apply the drug-free extracellular solution to rapidly terminate drug application. The drug was applied every 4 min for 2 s, and the effect was reproducible. The data were low-pass filtered at 2 Hz, digitized at 5 kHz, and stored on a laboratory computer using the Digidata 1200 system and pClamp 10.0 software (Axon Instruments/Molecular Devices).



Statistical Analysis

Data were analyzed using SPSS software (SPSS Inc., Chicago, IL, United States) and are presented as mean ± SEM. Multiple comparisons for western blotting, qPCR, immunofluorescence, and electrophysiology data were performed by one-way analysis of variance (ANOVA) followed by Fisher’s post hoc test. Pain behavior data were evaluated by two-way ANOVA. p < 0.05 was considered statistically significant.



RESULTS


AST Alleviates Pain Behavior in CCI Rats

The preliminary experiment results showed that a different dose of AST treatment CCI rats increased the MWT (Figure 1A) and TWL (Figure 1B). Dose groups (50 and 100 mg/kg) significantly reduced the pain threshold of CCI rats, and there was no difference between them. One dose group (25 mg/kg) had a weak effect on pain behavior. According to the above result and the literature (Zheng et al., 2019), we chose 50 mg/kg by intragastric administration for follow-up experiments. MWT and TWL were measured before the operation and no differences were observed across groups (p > 0.05). On days 1, 3, 5, 7, 9, 11, 13, and 15 post-CCI, MWT (Figure 1C) and TWL (Figure 1D) were significantly lower in the CCI rats than in the Ctrl group (p < 0.001) and were increased in the CCI + AST group from day 5 to day 15. On the final day of the experiment, MWT (Figure 1C) declined in the CCI (9.238 ± 0.774) and CCI + DMSO (10.04 ± 0.783) groups compared to the Ctrl group (29.219 ± 0.28), while an increase was observed in CCI + AST rats (29.691 ± 0.164). There were no differences between the Ctrl, Sham (27.998 ± 0.528), and Ctrl + AST groups (29.891 ± 0.086) (p > 0.05), and no difference between CCI and CCI + DMSO groups (p > 0.05). By day 15, TWL was decreased in CCI (13.118 ± 1.103) and CCI + DMSO (14.13 ± 1.105) groups relative to the Ctrl group (25.181 ± 0.62) but increased in CCI + AST rats (26.975 ± 0.993) (Figure 1D). There were no differences between Ctrl, Sham (24.684 ± 0.685), and Ctrl + AST (26.359 ± 0.331) groups (p > 0.05), or between CCI and CCI + DMSO (p > 0.05) groups. 5-BDBD increased MWT and TWL from day 9 to day 13 compared with CCI rats (Figures 1E,F).
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FIGURE 1. Astragalin (AST) alleviates pain behavior in chronic constriction injury (CCI) rats. (A,B) Different dose of AST treatment CCI rats increased the mechanical withdrawal threshold (MWT) (A) and thermal withdrawal latency (TWL) (B). The 50- and 100-dose groups significantly reduced the pain threshold of CCI rats, and there was no difference between them. The 25-dose group had a weak effect on pain behavior. (C,D) On the indicated days after CCI, MWT (C) and TWL (D) were significantly reduced relative to sham-operated (Sham) rats. Treatment with AST increased MWT and TWL from day 5 to 15. (E,F) On the indicated days after CCI, MWT (E) and TWL (F) were significantly reduced relative to sham-operated (Sham) rats. Treatment with 5-(3-bromophenyl)-1H-benzofuro(3,2-e)(1,4)diazepin-2(3H) -one (5-BDBD) increased MWT and TWL from day 9 to 13. Data are presented as mean ± SEM (n = 8 rats/group). ***p < 0.001 vs Ctrl; ##p < 0.01, ###p < 0.001 vs CCI.




Molecular Docking of AST With hP2X4 Protein

We performed molecular docking to predict whether AST and P2X4 interact. The optimal docking configuration between AST and hP2X4 revealed that AST strongly interacts with Tyr299 in the A and B chains of hP2X4 protein. The binding energy for the interaction was calculated as −7.3 kcal/mol (Figure 2).


[image: image]

FIGURE 2. Molecular docking of AST with hP2X4 protein. (A) Forward view. (B) Top view. (C) Chemical structure of AST. (D) Docking bag. The green and blue rod structures are the A and B chains of the hP2X4 protein, respectively; the yellow dotted line is the hydrogen bond connecting the residue on the chain and AST. The binding energy of AST with P2X4 was –7.3 kcal/mol.




AST Decreases P2X4 Level in DRG of CCI Rats

The effect of AST on P2X4 mRNA and protein levels in DRG of CCI rats was examined by real-time qPCR and western blotting, respectively. P2X4 mRNA level was elevated in CCI rats (1.43 ± 0.11) relative to the Ctrl group (p < 0.01) but was reduced in CCI + AST rats (0.96 ± 0.06) relative to CCI rats (p < 0.001) (Figure 3A). There were no significant differences in P2X4 transcript level between the Ctrl, Sham (1.04 ± 0.33), and Ctrl + AST (0.94 ± 0.13) groups or between CCI + DMSO (1.57 ± 0.11) and CCI (p > 0.05) groups. P2X4 protein level was also higher in CCI rats (1.23 ± 0.11) than in Ctrl rats (0.32 ± 0.02) (p < 0.001), and lower in the CCI + AST group (0.34 ± 0.01) than in the CCI group (p < 0.001) (Figure 3B). There were no differences between the Ctrl, Sham (0.35 ± 0.03), and Ctrl + AST (0.26 ± 0.03) groups or between the CCI + DMSO (1.37 ± 0.16) and CCI groups (p > 0.05). In order to observe whether blocking the activation of P2X4 receptor affects the expression of P2X4 receptor, we also detected the expression of P2X4 receptor in CCI rats treated with 5-BDBD. The results were as follows: Ctrl (0.17 ± 0.03), Sham (0.188 ± 0.04), CCI (0.85 ± 0.06), and CCI + 5-BDBD (0.21 ± 0.05) (Figure 3C). P2X4 protein expression in CCI rats was also decreased by 5-BDBD compared with that in the untreated CCI rats. Thus, AST treatment as well as 5-BDBD induced the downregulation of P2X4 in the DRG of CCI rats.
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FIGURE 3. AST decreases P2X4 level in the dorsal root ganglia (DRG) of CCI rats. (A,B) Relative expression of P2X4 mRNA (A) and protein (B) was increased in CCI rats compared to the Ctrl group, and decreased in AST-treated CCI rats compared to CCI rats. (C) P2X4 protein expression in CCI rats was decreased by P2X4-selective antagonist 5-BDBD compared with that in the untreated CCI rats. Data are presented as mean ± SEM of three independent experiments for each bar (Each group sample was from eight rats.). **p < 0.01, ***p < 0.001 vs Ctrl, ###p < 0.001 vs CCI.




AST Inhibits SGC Activation in DRG of CCI Rats

We examined whether P2X4 is expressed in activated SGCs by double immunofluorescence labeling of DRG with antibodies against P2X4 and GFAP. The results showed that P2X4 colocalized with GFAP in SGCs (Figure 4A), with greater colocalization in the CCI group (5.38 ± 0.45) than in the Ctrl group (1.0 ± 0.12) (p < 0.001) and less colocalization in the CCI + AST group (1.13 ± 0.04) than in CCI rats (Figure 4B). There were no differences in P2X4 and GFAP colocalization between the Ctrl, Sham (1.00 ± 0.18), and Ctrl + AST (0.8 ± 0.12) groups or between the CCI + DMSO (5.11 ± 0.41) and CCI groups (p > 0.05).
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FIGURE 4. AST inhibits satellite glial cell (SGC) activation in DRG of CCI rats. (A) Colocalization of P2X4 and GFAP in rat DRG was detected by double immunofluorescence labeling. Green and red signals are GFAP and P2X4 labeled with fluorescein isothiocyanate and tetramethylrhodamine, respectively. Arrows indicate cells positive for both P2X4 and GFAP. Scale bar, 20 μm. (B) P2X4 and GFAP colocalization was more extensive in CCI rats than in Ctrl rats and was lower in CCI rats treated with AST than in untreated CCI rats. (C) Western blot analysis of GFAP protein level. GFAP expression was increased in CCI rats compared to Ctrl rats, an effect that was abrogated by AST treatment. Data are presented as mean ± SEM. For fluorescence analysis, eight photos from four rats were taken from each group to get the mean number. For western blotting analysis, each group samples were from eight rats, and three independent repeated experiments were conducted. ***p < 0.001 vs Ctrl, ###p < 0.001 vs CCI.


To determine the degree of SGC activation, we also evaluated GFAP protein expression in DRG by western blotting (Figure 4C). GFAP expression was upregulated in CCI rats (2.73 ± 0.22) compared to Ctrl rats (1.24 ± 0.13) (p < 0.001). Meanwhile, no differences were observed between Sham (1.22 ± 0.17), Ctrl, and Ctrl + AST (1.07 ± 0.14) groups (p > 0.05). GFAP level was lower in CCI + AST rats (1.13 ± 0.20) than in CCI rats (p < 0.001). There was no difference in GFAP protein level between the CCI + DMSO (2.74 ± 0.28) and CCI groups (p > 0.05).



AST Inhibits TNF-R1 Expression in DRG of CCI Rats

TNF-α released from the activated glial cells acts on TNF-R1 expressed by DRG neurons. Upregulation of TNF-R1 expression in DRG neurons enhances their sensitivity to mechanical and thermal stimuli following peripheral nerve injury. Western blotting analysis revealed increased TNF-R1 expression in the CCI group (1.11 ± 0.03) compared to the Ctrl group (0.33 ± 0.04) (p < 0.001; Figure 5). TNF-R1 level was lower in the CCI + AST group (0.37 ± 0.03) than in the CCI group (p < 0.001); however, there were no differences between the Ctrl, Sham (0.33 ± 0.04), and Ctrl + AST (0.43 ± 0.03) groups or between the CCI + DMSO (1.12 ± 0.13) and CCI groups (p > 0.05).
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FIGURE 5. AST inhibits TNF-R1 expression in the DRG of CCI rats. TNF-R1 was upregulated in CCI rats relative to Ctrl rats and downregulated by AST treatment compared to untreated CCI rats. Data are presented as mean ± SEM of three independent experiments for each bar (Each group sample was from eight rats.). ***p < 0.001 vs Ctrl, ###p < 0.001vs CCI.




AST Inhibits ERK Signaling in DRG of CCI Rats

To determine whether the ERK signaling pathway mediates the effects of P2X4, we examined the expression levels of ERK and phosphorylated extracellular-regulated protein kinase (pERK) in DRG. Total ERK level did not differ significantly across groups (p > 0.05; Figures 6A,B, 7A,B). The increase in pERK1/2 level in the CCI group was abrogated by treatment with the P2X4 antagonist 5-BDBD (0.88 ± 0.10) relative to the Ctrl group (1.16 ± 0.11) (p < 0.001; Figures 6A,C). pERK1/2 level was significantly higher in CCI rats (3.04 ± 0.29) than in Ctrl rats (0.82 ± 0.25) (p < 0.001; Figures 7A,C), but was lower in CCI + AST rats (0.55 ± 0.11) than in CCI rats (p < 0.001). There were no differences in pERK1/2 between the Ctrl, Sham (0.65 ± 0.1), and Ctrl + AST (0.53 ± 0.09) groups or between the CCI + DMSO (2.82 ± 0.42) and CCI groups (p > 0.05).
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FIGURE 6. 5-BDBD inhibits extracellular signal-regulated kinase (ERK) signaling in DRG of CCI rats. (A) Western blot analysis of pERK, ERK, and β-actin levels. (B) Total ERK level did not differ significantly between groups. (C) pERK1/2 level was increased in CCI rats compared to Ctrl rats and decreased in CCI rats by treatment with the P2X4 antagonist 5-BDBD. Data are presented as mean ± SEM of three independent experiments for each bar (Each group sample was from eight rats.) *p < 0.05 vs Ctrl, #p < 0.05 vs CCI.
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FIGURE 7. AST inhibits ERK1/2 activation in the DRG of CCI rats. (A) Western blot analysis of pERK, ERK, and β-actin levels. (B) Total ERK level did not differ significantly between groups. (C) pERK1/2 level was increased in CCI rats compared to Ctrl rats and decreased in CCI rats by AST treatment. Data are presented as mean ± SEM of three independent experiments for each bar (Each group sample was from eight rats.). ***p < 0.001 vs Ctrl, ###p < 0.001 vs CCI.




Effect of AST on ATP-Activated Currents in HEK293 Cells Expressing P2X4

ATP-activated currents in HEK293 cells transfected with pcDNA3.1(+)/EGFP/IRES-P2RX4 plasmid and control cells transfected with the empty pcDNA3.1(+)/EGFP/IRES vector were recorded by whole-cell patch clamping. Currents were generated in HEK293 cells overexpressing P2X4 but not in control cells by application of ATP (100 μM). AST (50 μM) treatment blocked the ATP current generated in P2X4-overexpressing cells, but to a lesser degree than the P2X4 antagonist 5-BDBD (10 μM). DMSO has no inhibition effect on ATP-activated current in cells expressing P2X4 receptors. AST inhibited ATP activated current in a manner of concentration–response (Figure 8).


[image: image]

FIGURE 8. Effect of AST on ATP-activated currents in HEK293 cells expressing P2X4. (A) Representative traces showing that AST (50 μM) inhibited the ATP (100 μM)-induced current in HEK293 cells transfected with P2X4 plasmid. Control cells not transfected with P2X4 do not respond to ATP at the concentrations. (B) Histogram of current density in the presence of indicated drugs. AST (50 μM) and the P2X4-selective antagonist 5-BDBD (10 μM) inhibited the ATP-activated current in HEK293 cells. DMSO has no effect on ATP-activated current. (C) Concentration–response curve for AST obtained with 100 μM ATP. The IC50 value 33.73 ± 2.25 μM was derived from the equation of the sigmoidal function giving the best fit to the data. Each data point represents mean ± SEM of six cells. ***p < 0.001 compared with ATP current produced by the cells transfected with P2X4 receptor in the absence of drugs.




DISCUSSION

Neuropathic pain is a type of chronic pain caused by nerve injury (Gu et al., 2016). The results of the present study demonstrate that the pain threshold of CCI rats was significantly lower than that of Ctrl rats; in contrast, there was no hyperalgesia in the Sham group, indicating that the neuropathic pain model was successfully established. AST is a compound used in traditional Chinese medicine that has anti-inflammatory and neuroprotective effects (Rey et al., 2019). We found here that MWT and TWL were increased in AST-treated and 5-BDBD-treated CCI rats compared to untreated CCI rats, indicating that P2X4 receptor is involved in pain transmission, and AST can alleviate mechanical and thermal hyperalgesia.

P2X4 expression is upregulated in peripheral nerve injury, and P2X4 activation in DRG is a key factor in the development and maintenance of neuropathic pain (Kushnir et al., 2011; Burnstock, 2013; Kobayashi et al., 2013; Ying et al., 2017). Using a molecular docking approach, we determined that AST can interact with P2X4. Previous studies have suggested that inhibiting P2X4 is a potential strategy for the management of neuropathic pain (Burnstock, 2013; Stokes et al., 2017). Our result also showed that 5-BDBD treatment in CCI rats decreased the expression of P2X4 and alleviated the pain behavior. It suggests that P2X4 was implicated in the neuropathic pain. To determine whether AST exerts its analgesic effect via P2X4 activation, we examined P2X4 mRNA and protein expression in DRG and found that both were upregulated in CCI rats relative to sham-operated rats; AST treatment reversed this trend, demonstrating that AST inhibits P2X4-mediated signaling to relieve neuropathic pain in a rat model. This was supported by our whole-cell patch clamping experiments using HEK293 cells overexpressing hP2X4; the ATP-activated current in these cells was reduced by treatment with AST or the selective P2X4 antagonist 5-BDBD.

Primary sensory ganglia contain sensory neurons and surrounding SGCs (Hanani, 2005), which have been implicated in the transmission of pain information (Huang et al., 2013; Rollini et al., 2017). P2X4 is mainly expressed in SGCs of DRG (Kushnir et al., 2011; Kobayashi et al., 2013). In this study, we observed that P2X4 colocalized with GFAP in SGCs to a greater extent in CCI rats than in Ctrl rats. GFAP is upregulated in activated SGCs (Hanani, 2005; Burnstock, 2013; Costa and Moreira, 2015). In the present study, SGCs were activated in CCI rats; treatment with AST reduced P2X4 and GFAP colocalization in SGCs relative to CCI rats. This provides additional evidence that AST suppresses the transmission of nociceptive signals by decreasing P2X4 expression in DRG SGCs, thereby inhibiting SGC activation to alleviate neuropathic pain.

Neuropathic pain involves communication between SGCs and neurons in sensory ganglia (Hanani, 2005; Huang et al., 2013). Activated glial cells release the proinflammatory cytokine TNF-α, which acts on TNF-R1 expressed by DRG neurons, enhancing their sensitivity to mechanical and thermal stimuli following peripheral nerve injury (Trang and Salter, 2012; Tsuda et al., 2013). We observed that TNF-R1 was upregulated in DRG of CCI rats. We speculate that the suppression of P2X4 expression and SGC activation by AST in CCI rats inhibits the release of TNF-α by these cells, leading to downregulation of TNF-R1 in neurons and a reduction in pain sensitivity.

The ERK signaling pathway in glial cells and neurons is important for the transmission of pain information in the CCI model (Zhao et al., 2018). P2X4 is known to activate ERK signaling (Ulmann et al., 2008; Tsuda et al., 2009a; Leung and Cahill, 2010), which stimulates the production of cytokines involved in the intensification of neuropathic pain sensation (Popiolek-Barczyk et al., 2015; Rojewska et al., 2016). In this study, ERK phosphorylation was significantly increased after CCI, consistent with a previous report (Jurga et al., 2017). This suggests that ERK1/2 signaling functions downstream of P2X4 to mediate neuropathic pain, which is supported by our observation that administration of 5-BDBD decreased pERK1/2 level in CCI rats. AST decreased P2X4 expression and pERK levels in DRG of CCI rats. These results suggest that AST may alleviate CCI-induced neuropathic pain by decreasing the expression of P2X4 receptor and suppressing ERK1/2 signaling.

In order to observe whether AST could specifically act on the P2X4 receptor, HEK293 cells transfected with P2X4 receptor plasmid were used. Our results showed that AST significantly inhibited the ATP-activated currents in HEK293 cells transfected with P2X4 receptor. The electrophysiological results combined with downregulation of P2X4 mRNA and protein after AST treatment confirmed that AST inhibited the transmission of nociceptive signaling by acting on the P2X4 receptor. Some literatures have shown that the expression of P2X4 is increased in inflammatory state (Winkelmann et al., 2019). After CCI injury, the rats were in the inflammatory state. Astragalin has an anti-inflammatory effect (Li et al., 2013; Fu et al., 2020). Therefore, the mechanism of astragalin in reducing the expression of P2X4 receptor may be through inhibiting inflammation. In this study, we also found that the expression of TNF-α receptor in CCI rats was decreased after administration of astragalin.

It has been reported that there is interaction between neurons and SGCs in the sensory ganglia (Huang et al., 2013), and purinergic receptors and inflammatory substances are involved in the communication (Hanani, 2012). Our supplementary experimental results showed that 5-BDBD could decrease P2X4 receptor expression and relieve pain behaviors in CCI rats, which suggested that P2X4 receptor activation plays an important role in neuropathologic pain behaviors caused by CCI. Therefore, astragalin may relieve the pain behaviors of CCI rats by reducing the upregulated expression and function of P2X4 receptor.

In conclusion, the upregulated P2X4 receptor in SGCs of dorsal root ganglion is involved in the process of CCI-induced neuropathic pain. AST reduces the upregulated expression and function of P2X4 receptor and then inhibits the activation of SGC, thus alleviating the pain behaviors of CCI rats. These results provide evidence that AST has therapeutic potential for the effective clinical management of neuropathic pain.
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