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Introduction: Knee osteoarthritis (KOA) is a chronic degenerative bone metabolic disease that primarily affects older adults, leading to chronic pain and disability that affect patients’ daily activities. Electroacupuncture (EA) is a commonly used method for the treatment of chronic pain in clinical practice. Previous studies indicate that the endocannabinoid system is involved in EA analgesia, but whether endocannabinopeptide VD-hemopressin (α) and RVD-hemopressin (α) derived from hemoglobin chains are involved in EA analgesia is unclear.Methods: RNA-seq technology was used to screen which genes involved in EA analgesia. The expression of hemoglobin α chain and 26S proteasome were determined by Western blotting. The level of VD-hemopressin (α) and RVD-hemopressin (α) were measured by UPLC-MS/MS. Microinjection VD-Hemopressin (α), RVD-Hemopressin (α) and 26S proteasome inhibitor MG-132 into vlPAG, then observe mechanical and thermal pain thresholds.Results: Therefore, we used RNA-seq to obtain differentially expressed genes Hba-a1 and Hba-a2 involved in EA analgesia in the periaqueductal gray (PAG), which were translated into the hemoglobin α chain. EA significantly increased the expression of the hemoglobin α chain and the level of hemopressin (α) and RVD-hemopressin (α). Microinjection of VD-hemopressin (α) and RVD-hemopressin (α) into the ventrolateral periaqueductal gray (vlPAG) mimicked the analgesic effect of EA, while CB1 receptor antagonist AM251 reversed this effect. EA significantly increased the expression of 26S proteasome in KOA mice. Microinjection of 26S proteasome inhibitor MG132 before EA prevented both the anti-allodynic effect and upregulation of the concentration of RVD-hemopressin (α) by EA treatment and upregulated the expression of the hemoglobin α chain.Discussion: Our data suggest that EA upregulated the concentration of VD-hemopressin (α) and RVD-hemopressin (α) through enhancement of the hemoglobin α chain degradation by 26S proteasome in the PAG, then activated the CB1 receptor, thereby exerting inhibition of chronic pain in a mouse model of KOA. These results provide new insights into the EA analgesic mechanisms and reveal possible targets for EA treatment of chronic pain.Keywords: Knee osteoarthritis (KOA), Electroacupuncture analgesia, VD-hemopressin (α), RVD-hemopressin (α), 26S proteasome, Chronic pain
1 INTRODUCTION
Knee osteoarthritis (KOA) is a chronic condition characterized by knee joint degeneration that usually occurs from middle to older ages. In clinical practice, patients with KOA may experience joint pain, stiffness, and functional limitation associated with inflammation and effusion in the knee, which may affect their quality of life (Luan et al., 2021). Previous studies proved that electroacupuncture (EA) is effective in relieving chronic pain in KOA patients and animal models of KOA (Lv et al., 2019; Yuan T. et al., 2018). Accumulating evidence indicates that the classical lipophilic endocannabinoid arachidonic ethanolamine anandamide (AEA) and 2-arachidonoyl glycerol (2-AG) are involved in EA analgesia (Chen et al., 2009; Jiang et al., 2022; Yuan et al., 2018b). In addition, recent studies have shown that apart from the classical lipophilic endocannabinoid AEA and 2-AG, a class of cannabinopeptide ligands derived from hemoglobin α and β chains were isolated and identified from rodent brains and were found to have different affinity and selectivity for CB1 and CB2 receptors. Moreover, they have also been found to play certain regulatory roles in pain, feeding, learning, and memory (Leone et al., 2018; Zhang et al., 2016; Zheng et al., 2018). However, it is unclear whether cannabinopeptide ligands derived from hemoglobin chains are involved in EA analgesia.
Gomes et al. identified VD-hemopressin (α) and RVD-hemopressin (α) peptides derived from the hemoglobin α chain in the mouse brain using a peptide omics strategy, and in vitro functional experiments have shown that VD-hemopressin (α) and RVD-hemopressin (α) act as selective agonists for CB1 receptor, sustain the increase the release of intracellular Ca2+, and lead to increase ERK phosphorylation levels, suggesting that VD-hemopressin (α) and RVD-hemopressin (α) are cannabinopeptide ligands (Gomes et al., 2009). Previous studies have shown that both lateral ventricle and intrathecal injection of VD-hemopressin (α) can induce CB1 receptor-mediated analgesia in a test of acute pain caused by photothermal tail flick (Han et al., 2014; Zheng et al., 2017). In one study, VD-hemopressin (α) was injected into the lateral ventricle in pathological models of postoperative pain, formalin-induced inflammatory pain phase Ⅰ, and visceral pain, and a dose-dependent analgesic effect was observed (Zheng et al., 2017). These results indicate that VD-hemopressin (α) has an analgesic effect in the lateral ventricle and the intrathecal space. The ventrolateral periaqueductal gray (vlPAG) is a key structure in the modulation of pain, and our previous studies have also found that the vlPAG is involved in EA analgesia (Yuan et al., 2018c). However, whether VD-hemopressin (α) and RVD-hemopressin (α) are involved in EA analgesia in the vlPAG needs to be further explored.
VD-hemopressin (α) and RVD-hemopressin (α) are considered non-classical neuropeptides. Unlike classical neuropeptides, they are produced in the brain as neuropeptides derived from cytosolic proteins (Gelman and Fricker, 2010), but how they are produced is still unclear. In erythrocytes, hemoglobin is degraded by the proteasome after its ubiquitination or oxidation (Pacifici, Kono, and Davies, 1993; Wenzel and Baumeister, 1993). The proteasome is a large proteolytic complex ubiquitously distributed among mammalian cells, including neuronal cells (Tai and Schuman, 2008). Furthermore, the 26S proteasome is known to generate peptides ranging in length from 3 to 22 amino acids (Kisselev et al., 1999), consistent with the size of VD-hemopressin (α) and RVD-hemopressin (α). Therefore, one possible mechanism is that VD-hemopressin (α) and RVD-hemopressin (α) may be produced through 26S proteasome degradation of the hemoglobin α chain in neurons of the mouse brain.
In the present study, we determined whether the hemoglobin α chain is involved in the EA-mediated inhibition of chronic pain in a mouse model of KOA. Then, we examined whether VD-hemopressin (α) and RVD-hemopressin (α) are involved in the mechanism of EA-mediated inhibition of chronic pain. We also explored whether EA inhibited chronic pain by promoting 26S proteasome degradation of the hemoglobin α chain to produce VD-hemopressin (α) and RVD-hemopressin (α).
2 METHODS AND MATERIALS
2.1 Animals
Experiments were performed on 8-week-old male C57BL/6 J mice weighing 22–25 g (Medical Experimental Animal Center of Xi’an Jiaotong University). Male mice are preferred in our studies to eliminate variability introduced by hormonal cycles in female mice. Mice were housed in groups of 6 per home cage (32 cm × 21.5 cm × 17 cm) and had free access to food and water. All mice were maintained under controlled temperature (25 ± 2°C), humidity (50% ± 10%), and with a 12:12 h light/dark cycle (lights on at 8:00 a.m.). The study was conducted in compliance with the ethical guidelines of the International Association for the Study of Pain (Zimmermann, 1983) and approved by the Biomedical Ethics Committee of the Xi’an Jiaotong University Health Science Center (Animal committee number: 2019–841). Based on previous experience and pre-experiments, we estimated the sample size based on at least 80% power and α = 0.05. Each group used in the RNA-seq and quantitative polymerase chain reaction experiments contained three mice. In the Western blotting experiments, the number of mice in each group was 3–4. In experiments that analyzed the level of VD-hemopressin (α) and RVD-hemopressin (α), the number of mice in each group was 4–6. In the nociceptive behavioral tests, the number of mice in each group was 5–11.
2.2 Induction of knee osteoarthritis (KOA)
The mouse model of KOA was established following previously described procedures (La Porta et al., 2013). After mice were briefly anesthetized with isoflurane, 5 µL of monosodium iodoacetate (5 mg/mL; MIA; Sigma, UK) was injected into the left knee joint cavity. The concentration of MIA selected in this study can cause histological (Yuan T. et al., 2018) and pain behavioral changes (Harvey and Dickenson, 2009) in mice. MIA was dissolved in sterile saline. The control group animals were given 5 µL of sterile saline.
2.3 EA treatment
In the EA group, EA stimulation was performed on the left hindlimb of the mice, “Neixiyan” (Ex-LE4) and “Dubi” (ST35), from the second day of establishing the KOA model. The EA frequency was 2 Hz, the intensity was 1 mA, and the wave width was 0.1 m. EA was performed once every other day for 4 weeks, and each treatment lasted for 30 min. The present study opted for the parameter selection of EA according to our previous research (Yuan et al., 2018b).
The needles were inserted into the Ex-LE4 and ST35 points, respectively, 2–3 mm deep, corresponding to how humans would be treated. Ex-LE4 and ST35 are below the knee joint, located at the depression on the left and right sides of the patella. Ex-LE4 and ST35 were chosen because their use frequency is the highest in KOA, and they are specific acupoints for treating knee problems (Ng, Leung, and Poon, 2003; Selfe and Taylor, 2008).
2.4 RNA-seq analysis
Differential expression genes in the PAG of mice were determined by RNA-seq. By virtue of no difference in nociceptive threshold between the KOA group and the sham EA group (needling without electricity) in previous studies (Yuan et al., 2022; Yuan et al., 2018c), the mice that were used for the differential gene expression analysis were assigned to the CON, KOA, and EA groups. Nine mice were deeply anesthetized with 3%–5% isoflurane; the mice were then decapitated, and the PAG was dissected. The brain was removed from the skull and placed on a plate with the ventral surface up. The midbrain was taken and evenly cut into three subsections. The PAG was obtained with a 20G needle solution from the middle subsection of the midbrain and then placed into All Protect™ Nucleic Acid and Protein Stabilization Reagent for Animal Tissue (Beyotime Biotechnology, Shanghai, China).
Total RNA was isolated from the PAG specimens using a TRIzol reagent (Invitrogen, United States) according to the manufacturer’s protocol. Half of the RNA was used for sequencing analysis, and half was used for RT-qPCR validation. The RNA purity, concentration, and integrity were assessed by an RNA6000 Nano Reagents Port 1 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies). The final cDNA was sent for library preparation, and sequencing was performed by Wuhan BGI Technology Co., LTD., Wuhan, China (www.bgitechsolutions.com). We estimated the expression levels for all transcripts using the RSEM tool and calculated the expression levels for mRNAs in terms of fragments per kilobase of transcript per million mapped reads (FPKM). The differentially expressed genes (DEGs) were selected by the Noiseq method (comparison between every two groups) with fold change ≥2 and diverge probability ≥0.8. Clustering analysis of DEGs was performed with cluster (de Hoon et al., 2004; Eisen et al., 1998) and Java Treeview (Saldanha, 2004) software according to the CON-VS-KOA.KOA-VS-EA cluster plans for DEGs.
2.5 Quantitative polymerase chain reaction
The RNA-seq data were confirmed through RT-qPCR. cDNA was synthesized using the ReverTra Ace-a-TM (Toyobo, Japan) according to the manufacturer’s protocol. RT-qPCR analyses for mRNA were performed in a CFX96 system (Bio-Rad, UK) using the SYBR Green PCR amplification reagent (Toyobo, Japan), and the relative expression levels were quantified using CFX Manager software. β-Actin was used as the reference gene for normalization. The relative differences were expressed as the fold-matched control values calculated using the comparative cycle method (2−△△CT). A list of primers of selected genes is shown in Supplementary Table S1.
2.6 Nociceptive behavioral tests
Mechanical allodynia and heat hyperalgesia were also demonstrated in the hind paw of animals with KOA (Fernihough et al., 2004; La Porta et al., 2013). Mice were habituated to the testing environment for 30 min at least 3 days before testing. The baseline nociceptive thresholds were tested for 3 days before the MIA injection, and the average thresholds of 3 days were calculated as the baseline. After KOA induction, the nociceptive thresholds were tested once every other day, starting from the 18th day to 4 weeks.
The up-down method was implemented for the mechanical allodynia test (Chaplan et al., 1994). Mice were placed into a customized cage individually, and mechanical allodynia was determined with a series of von Frey filaments (Stoelting, Kiel, WI, United States). The area tested was the central plantar surface of the left hind paw, and von Frey filaments were applied perpendicularly to the plantar surface and maintained for 6 s until an S-shape formed. Sharp withdrawal, immediate flinching, or the raising, removal, shaking, or licking of the hind paw was considered a positive response. The test was repeated twice with a 5-min interval, and the average value was calculated.
The thermal test was performed by observing the paw withdrawal latency (PWL) to noxious heat with a model 336 analgesia meter (IITC, Inc., Life Science Instruments, Woodland Hills, CA, United States). A cut-off time of 20 s was used to avoid tissue damage to the animals’ paws. The test was repeated five times, and the mean value was calculated.
2.7 Analysis of VD-hemopressin (α) and RVD-hemopressin (α) by ultra-high performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS)
The PAG tissues were removed 4 weeks after vehicle or MIA injection. The PAG tissues were weighed, and eight times that weight of acetonitrile (ACN) was added and homogenized, after which ultrasonic treatment was performed for 20 min. After centrifugation at 13,000 rpm for 10 min, the supernatant was removed and filtered with a 0.22 μm filter membrane, followed by quantification with LC-MS/MS. Analyses were conducted on UPLC (I-Class)-MS (XEXO TQ-MS) and MassLynx V4.1 workstation. The parameters of mass spectrum detection of components to be measured were source voltages 3.00 KV; source temperature: 450°C; gas flow: 800 L/Hr; cone: 50 L/Hr. Analytical LC separations were performed on a Waters ACQUITY UPLC BEH-C18 (2.1*50 mm, 1.7 μm) with a flow rate of 0.3 mL/min and column temperature of 35°C using a gradient of ACN (eluent B) and water (eluent A), both containing 0.1% formic acid. The gradient was as follows: 2% eluent B for 1.0 min; 2%–100% B from 1.0 to 2.0 min and held at 100% from 2.0 to 3.5 min. From 3.5 to 4.0 min, the column was re-equilibrated to 2% B and conditioned from 4.0 to 6.0 min at 2% B (Bauer et al., 2012).
2.8 Western blotting
The PAG was removed as described above and put immediately into Allprotect™ Nucleic Acid and Protein Stabilization Reagent for Animal Tissue (Beyotime Biotechnology, Shanghai, China). The PAG tissues were then processed for protein extraction and Western blotting using the procedure described in detail in our previous study (Yuan et al., 2022; Yuan et al., 2021). After measuring protein concentrations using the BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China), the samples were separated with 10% or 12% denaturing SDS-PAGE and transferred to a polyvinylidene fluoride (PVDF) membrane. PVDF membranes were blocked in TBST (pH 7.6, containing 0.1% Tween 20% and 5% non-fat milk) for 1 h at room temperature. Subsequently, the PVDF membranes were incubated with rabbit monoclonal anti-hemoglobin α antibody (1:1000, Abcam, UK), rabbit polyclonal anti-proteasome 26S S2 antibody (1:2000, Abcam, UK), or mouse monoclonal anti-β-actin antibody (1:5000; Proteintech, USA) at 4°C overnight. After washing with TBST, the blots were then incubated with the horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (1:5000; EMD Millipore, Darmstadt, Germany). Protein bands were detected using an ECL kit (ECL-plus, EMD Millipore, Darmstadt, Germany) and captured using the Champchemi system with the SageCapture software (Sagecreation Service for Life Science, Beijing, China). The band intensity was quantified and analyzed using ImageJ software. The protein levels were quantitated relative to β-actin. Finally, the relative protein expression was normalized to the respective control group.
2.9 Intracerebral guide cannula placement
Mice were anesthetized with 2% sodium pentobarbital (50 mg/kg, intraperitoneal) and implanted with a guide cannula (RWD, China) 0.5 mm above the right vlPAG (AP: −4.8 mm, LM: +0.5 mm from midline, DV: −2.8 mm, from the skull surface) according to a mouse atlas. Once the animals recovered from anesthesia, sodium penicillin was administered (0.2 million units/day for 3 days, intraperitoneally) to prevent wounds and intracerebral infections. The animals were carefully nursed and fed in clean cages for at least 7 days to recover from the surgery.
2.10 Drug administration
On the 18th day after KOA induction, an injection cannula, connected to a 1 µL microsyringe, was extended 0.5 mm beyond the tip of the guide cannula for drug microinjection into the vlPAG. The drugs were dissolved in saline or 10% DMSO and then slowly infused through the microsyringe at a constant speed over a 1 min period. The injection cannula was left at the injection site for an additional 1 min to allow for complete diffusion of the injected drug. Drugs used in this study include the m-RVD-hemopressin (α) and m-VD-hemopressin (α), synthesized by Nanjing Synpeptide Biological Co., Ltd., which were dissolved in the 0.9% saline. MG132 (Z-Leu-Leu-Leu-al), a 26S proteasome inhibitor (Merck Millipore, United States) and AM251, a CB1 receptor selective antagonist (MCE, United States) were dissolved in the 10% dimethyl sulfoxide (10% DMSO; Sigma-Aldrich).
Drug doses were chosen according to previous studies (Han et al., 2014; Zheng et al., 2018) and our preliminary experiments. We used VD-hemopressin (α) at a concentration of 10 nmol in our study because it had been reported that intracerebroventricular administration of VD-hemopressin (α) produced a dose-dependent antinociception, and 10 nmol VD-hemopressin (α) also has an analgesic effect (Han et al., 2014; Zheng et al., 2018). RVD-hemopressin (α) was administered in various doses (1 nmol, 2 nmol, 5 nmol). MG132 (0.4 μg) was administered for 30 min before EA treatment (Yang et al., 2008). AM251 (20 nmol) was administered for 10 min prior to VD-hemopressin (α) and RVD-hemopressin (α) injections (Han et al., 2014). Equal volumes of 0.9% saline or 10% DMSO were injected into the vlPAG as vehicle controls.
2.11 Statistical analysis
All data were expressed as the means ± standard error (SEM). Behavioral data were analyzed using two-way repeated-measures ANOVA, followed by a Bonferroni post hoc analysis of multiple comparisons. Other data were analyzed by one-way ANOVA followed by a Newman–Keuls post hoc test with a two-tailed hypothesis or t-tests with a two-tailed hypothesis. All analyses were performed using the GraphPad Prism 9.0 software. The criterion for statistical significance was set as p < 0.05.
3 RESULTS
3.1 RNA-seq screened differentially expressed genes Hba-a1 and Hba-a2 involved in EA analgesia
We used RNA-sequencing (RNA-seq) to compare gene alternations in the EA, KOA, and control groups. As shown in Figure 1A, compared with the control group, 24 genes were downregulated, and 22 genes were upregulated in the KOA group, and 34 genes were downregulated, and 35 genes were upregulated in the EA group. Moreover, compared with the KOA group, 25 genes were downregulated, and 33 genes were upregulated in the EA group. Genes with similar expression patterns usually have the same functional correlation. Cluster analysis showed that 22 genes were significantly altered, including 10 genes that were downregulated in the KOA group while upregulated in the EA group and 12 genes that were upregulated in the KOA group while downregulated in the EA group (Figure 1B).
[image: Figure 1]FIGURE 1 | Screening differentially expressed genes (DEGs) Hba-a1 and Hba-a2 involved in EA analgesia in the periaqueductal gray. (A) DEG statistics. The X-axis represents pairwise comparisons, and the Y-axis shows the number of screened DEGs. The blue bars denote downregulated genes, and the orange bars denote the upregulated ones. (B) Heatmap of DEGs in the KOA, EA, and control groups. (C) Summary data show the effect of KOA and EA on the level of the Hba-a1 in PAG tissues. (D) Summary data show the effect of KOA and EA on the level of the Hba-a2 in PAG tissues. Data are expressed as means ± SEM (n = 3 mice in each group). *p < 0.05.
Among these DEGs, the gene Hba-a2, which encoded the hemoglobin α chain, has the largest fold change. Interestingly, recent studies have shown that a class of cannabinopeptide ligands derived from hemoglobin α play certain regulatory roles in pain, feeding, learning, and memory (Leone et al., 2018; Zhang et al., 2016; Zheng et al., 2018). In addition, the gene Hba-a1, which also encoded the hemoglobin α chain, was found to have changed by more than threefold compared with the control group. Therefore, we chose Hba-a1 and Hba-a2 to further explore in this study. RT-qPCR was used to verify that observation, and it was found that the expressions of Hba-a1 and Hba-a2 in the PAG of KOA mice were significantly downregulated compared with the control group, and EA significantly increased the expression of both Hba-a1 and Hba-a2, which was consistent with the results of RNA-seq (p < 0.05; Figures 1C, D).
3.2 EA reversed the reduction of hemoglobin α-chain expression in the PAG of KOA mice
Because Hba-a1 and Hba-a2 encode the hemoglobin α chain, we used the Western blotting technique to observe the protein level of the hemoglobin α chain in the PAG. The hemoglobin α chain protein bands were present in the PAG tissues (Figure 2A). The hemoglobin α chain protein level in the PAG was significantly lower than that in the control group 4 weeks after KOA induction (p < 0.05; Figure 2B). EA treatment at 2Hz + 1 mA significantly increased the hemoglobin α chain level in the PAG compared with that in the KOA group (p < 0.05; Figure 2B), indicating that the hemoglobin α chain is involved in EA analgesia.
[image: Figure 2]FIGURE 2 | Quantitative analysis of the protein level of hemoglobin α-chain in the PAG tissues. (A) The representative gel image shows the protein level of the hemoglobin α-chain in PAG tissues obtained from the control (CON), KOA, and KOA treated with EA groups. β-actin was used as a loading control. The protein band at 14 kDa corresponds to the hemoglobin α-chain. (B) Summary data show the effect of KOA and EA on the protein level of the hemoglobin α-chain in PAG tissues. Data are expressed as means ± SEM (n = 4 mice in each group). *p < 0.05.
3.3 EA reversed the reduction of VD-hemopressin (α) and RVD-hemopressin (α) concentration in the PAG of KOA mice
Several studies have identified that VD-hemopressin (α) and RVD-hemopressin (α) peptides derived from the hemoglobin α chain in mouse brain and produced analgesic effects mediated by CB1 receptor (Gomes et al., 2009; Han et al., 2014; Zheng et al., 2017). Therefore, we determined whether EA increases the concentration of VD-hemopressin (α) and RVD-hemopressin (α) in the PAG.
The VD-hemopressin (α) and RVD-hemopressin (α) were detected in the PAG in all three groups 4 weeks after KOA induction. Compared with the control group, the VD-hemopressin (α) and RVD-hemopressin (α) levels in the PAG were significantly reduced in KOA mice (p < 0.05; Figures 3A, B). EA significantly increased the VD-hemopressin (α) and RVD-hemopressin (α) levels in the PAG of KOA mice (p < 0.05; Figures 3A, B).
[image: Figure 3]FIGURE 3 | Quantitative analysis of the VD-hemopressin (α) and RVD-hemopressin (α) concentrations in the PAG. (A) Summary data show the effect of KOA and EA on the concentration of VD-hemopressin (α) in the PAG. (B) Summary data show the effect of KOA and EA on the concentration of RVD-hemopressin (α) in the PAG. Data are expressed as means ± SEM (n = 4 mice in each group). *p < 0.05.
3.4 Microinjection of VD-hemopressin (α) into the vlPAG mimicked the EA effect on pain hypersensitivity
Chronic pain was found to be established on the 17th day after KOA surgery, according to our previous research (Yuan. et al., 2018). In line with this, we microinjected VD-hemopressin (α) and RVD-hemopressin (α) into the right vlPAG on the 18th day after KOA induction, once every other day for five times. There was no difference in the baseline mechanical withdrawal threshold and thermal withdrawal latency between different groups before MIA injection. Microinjection of saline into the vlPAG did not influence the mechanical withdrawal threshold and thermal withdrawal latency induced by MIA (p > 0.05; Figure 4).
[image: Figure 4]FIGURE 4 | Time course of the effect of VD-hemopressin (α) and RVD-hemopressin (α) on pain hypersensitivity in KOA mice. (A, B) Time course of tactile threshold in response to von Frey filaments or a noxious heat stimulus in CON, KOA + saline, EA, and 10 nmol VD-hemopressin (α) mice. (C, D) Time course of the effect of different concentrations of RVD-hemopressin (α) on tactile and thermal withdrawal thresholds of KOA mice. VD-hemopressin (α) or RVD-hemopressin (α) was microinjected into the vlPAG, or the mice received EA stimulation starting from 18 days after MIA injection, once every other day for five times, as indicated by the black arrow. Data are expressed as means ± SEM (n = 8–11 mice in each group). *p < 0.05, compared with the KOA + Saline group; #p < 0.05, compared with the 1 nmol RVD-hemopressin (α) group; + p < 0.05, compared with the 2 nmol RVD-hemopressin (α) group.
Microinjection of VD-hemopressin (α) (10 nmol/0.5 µL) into the vlPAG, contralateral to the affected knee, markedly increased the mechanical withdrawal thresholds of KOA mice (p < 0.05), as well as the EA group (p < 0.05). As shown in Figure 4A, the time course curves (i.e., CON, KOA + Saline, EA, and 10 nmol VD-hemopressin (α) groups) were significantly different between treatments (F(3, 280) = 1489.06; p < 0.0001), across times (F(6, 280) = 392.57; p < 0.0001), and for their interactions (F(18, 280) = 54.7; p < 0.0001). Further analyses showed that the mechanical thresholds in the VD-hemopressin (α) group were significantly higher than those in the KOA + Saline group from the 23rd to the 27th day after KOA induction (p < 0.05), as well as those in the EA group (p < 0.05). No significant difference was observed between the VD-hemopressin (α) group and the EA group from the 23rd to the 27th day after KOA induction (p > 0.05; Figure 4A).
Microinjection of 10 nmol VD-hemopressin (α) into the vlPAG also significantly increased the thermal withdrawal latency of KOA mice, as well as the EA group (p < 0.05). As shown in Figure 4B, the time course curves (i.e., CON, KOA + Saline, EA, and 10 nmol VD-hemopressin (α) groups) were significantly different between treatments (F(3, 196) = 1259.61; p < 0.0001), across times (F(6, 196) = 358.24; p < 0.0001), and for their interactions (F(18, 196) = 49.49; p < 0.0001). Further analyses showed that the mechanical thresholds in the 10 nmol VD-hemopressin (α) group were significantly higher than those in the KOA + Saline group from the 21st to the 27th day after KOA induction, as well as those in the EA group (p < 0.05). No significant difference was measured between the 10 nmol VD-hemopressin (α) group and EA group from the 21st to the 27th day after KOA induction (p > 0.05; Figure 4B), indicating clearly the mimicking capacity of VD-hemopressin (α) for EA.
3.5 Microinjection of RVD-hemopressin (α) into the vlPAG mimicked the EA effect on pain hypersensitivity
A microinjection of RVD-hemopressin (α) (1 nmol, 2 nmol, 5 nmol; 0.5 µL) into the vlPAG markedly increased the mechanical withdrawal thresholds of the KOA mice (p < 0.05), as well as the EA group (p < 0.05). As shown in Figure 4C, the time course curves (i.e., KOA + Saline, EA, and RVD-hemopressin (α) groups) were significantly different between treatments (F(4, 343) = 28.59; p < 0.0001), across times (F(6, 343) = 1249.47; p < 0.0001), and for their interactions (F(24, 343) = 6.22; p < 0.0001). Further analyses showed that the mechanical thresholds in the 1 nmol and 2 nmol RVD-hemopressin (α) groups were significantly higher than those in the KOA + Saline group from the 25th to the 27th day after KOA induction (p < 0.05). The mechanical thresholds in the 5 nmol RVD-hemopressin (α) group were significantly higher than those in the KOA + Saline group from the 23rd to the 27th day after KOA induction, as well as those in the EA group (p < 0.05). In addition, the analgesic effects induced by 5 nmol RVD-hemopressin (α) on the mechanical thresholds were significantly higher than those in the 1 nmol RVD-hemopressin (α) and the 2 nmol RVD-hemopressin (α) (p < 0.05) groups from the 23rd to 25th day after KOA induction. The mechanical thresholds in the 1 nmol RVD-hemopressin (α) group were significantly lower than those in the EA group on the 25th day after KOA induction (p < 0.05). No significant difference was observed between the 5 nmol RVD-hemopressin (α) group and the EA group from the 23rd to the 27th day after KOA induction (p > 0.05; Figure 4C), signifying the occurrence of similar roles of RVD-hemopressin at 5 nmol concentration and EA.
Microinjection of RVD-hemopressin (α) (1 nmol, 2 nmol, 5 nmol; 0.5 µL) into the vlPAG also increased the thermal withdrawal latency (p < 0.05). As shown in Figure 4D, the time course curves (i.e., KOA + Saline, EA, and RVD-hemopressin (α) groups) were significantly different between treatments (F(4, 280) = 39.73; p < 0.0001), across times (F(6, 280) = 75.55; p < 0.0001), and for their interactions (F(24, 280 = 6.03; p < 0.0001). Further analyses showed that the withdrawal latency in the 1 nmol, 2 nmol, and 5 nmol RVD-hemopressin (α) groups was significantly higher than the KOA + Saline group from the 21st to the 27th day after KOA induction, as well as the EA group (p < 0.05). In addition, the analgesic effects induced by EA and 5 nmol RVD-hemopressin (α) on the withdrawal latency were significantly higher than the 1 nmol RVD-hemopressin (α) group on the 27th day after KOA induction (p < 0.05). No significant difference was detected between the 2 nmol and 5 nmol RVD-hemopressin (α) groups and the EA group from the 21st to the 27th day after KOA induction (p > 0.05; Figure 4D).
3.6 Microinjection of the CB1 receptor antagonist AM251 into the vlPAG reversed the VD-hemopressin (α) effect on pain hypersensitivity
To identify whether the CB1 receptor was involved in the analgesic effect of VD-hemopressin (α), the CB1 receptor selective antagonist AM251 (20 nmol/0.5 µL) was administered 10 min before injection of 10 nmol VD-hemopressin (α). The AM251 was found to reverse the VD-hemopressin (α) effect on the tactile withdrawal thresholds (p < 0.001). As shown in Figure 5A, the time course curves (i.e., KOA, 10 nmol VD-hemopressin (α), and AM251 + 10 nmol VD-hemopressin (α) groups) were significantly different between treatments (F(2, 189) = 93.34; p < 0.0001), across times (F(6, 189) = 750.8; p < 0.0001), and for their interactions (F(12, 189) = 9.961; p < 0.0001). Further analyses showed that the mechanical thresholds in the AM251 + 10 nmol VD-hemopressin (α) group were significantly less than those in the AM251 group from the 21st to the 27th day after KOA induction (p < 0.05; Figure 5A). No significant difference was measured between the AM251 + 10 nmol VD-hemopressin (α) group and the KOA group (p > 0.05; Figure 5A).
[image: Figure 5]FIGURE 5 | Effects of the CB1 receptor antagonist AM251 on VD-hemopressin (α) and RVD-hemopressin (α) analgesia. (A, B) Time course of the effect of the CB1 receptor antagonist AM251 on tactile and thermal withdrawal thresholds of VD-hemopressin (α) mice. (C, D) Time course of the effect of the CB1 receptor antagonist AM251 on tactile and thermal withdrawal thresholds of RVD-hemopressin (α) mice. The CB1 receptor antagonist AM251 was microinjected into the vlPAG 10 min before VD-hemopressin (α) or RVD-hemopressin (α) starting from 18 days after MIA injection, once every other day for five times, as indicated by the black arrow. *p < 0.05; ***p < 0.001, compared with KOA group; ###p < 0.001, compared with the 10 nmol VD-hemopressin (α) group; +++ p < 0.001, compared with the 5-nmol RVD-hemopressin (α) group. Data are expressed as means ± SEM (n = 5–11 mice in each group).
Similarly, the AM251 also reversed the 10 nmol VD-hemopressin (α) effect on the thermal withdrawal latency (p < 0.001). As shown in Figure 5B, the time course curves (i.e., KOA, 10 nmol VD-hemopressin (α), and AM251 + 10 nmol VD-hemopressin (α) groups) were significantly different between treatments (F(2, 126) = 44.66; p < 0.0001), across times (F(6, 126) = 43.67; p < 0.0001), and for their interactions (F(12, 126) = 10.12; p < 0.0001). Further analyses showed that the withdrawal latency in the AM251 + 10 nmol VD-hemopressin (α) group was significantly less than the AM251 group from the 23rd to the 27th day after KOA induction (p < 0.05; Figure 5B). The withdrawal latency in the AM251 + 10 nmol VD-hemopressin (α) group was also significantly higher than in the KOA group on the 23rd day after KOA induction (p < 0.05; Figure 5B).
3.7 Microinjection of the CB1 receptor antagonist AM251 into the vlPAG reversed the RVD-hemopressin (α) effect on pain hypersensitivity
We microinjected the CB1 receptor antagonist AM251 (20 nmol) into the vlPAG to determine whether the CB1 receptor contributes to the RVD-hemopressin (α) effect on pain hypersensitivity in KOA mice. The AM251 reversed the RVD-hemopressin (α) effect on the tactile withdrawal thresholds (p < 0.001). As shown in Figure 5C, the time course curves (i.e., KOA, 5 nmol RVD-hemopressin (α), and AM251 + 5 nmol RVD-hemopressin (α) groups) were significantly different between treatments (F(2, 182) = 96.61; p < 0.0001), across times (F(6, 182) = 1001.47; p < 0.0001), and for their interactions (F(12, 182) = 15.28; p < 0.0001). Further analyses showed that the mechanical thresholds in the AM251 + 5 nmol RVD-hemopressin (α) group were significantly less than those in the AM251 group from the 23rd to the 27th day after KOA induction (p < 0.001; Figure 5C). No significant difference was measured between the AM251 + 5 nmol RVD-hemopressin (α) group and the KOA group (p > 0.05; Figure 5C).
Similarly, the application of the AM251 into the vlPAG reversed the 5 nmol RVD-hemopressin (α) effect on the thermal withdrawal latency (p < 0.001). As shown in Figure 5D, the time course curves (i.e., KOA, 5 nmol RVD-hemopressin (α), and AM251 + 5 nmol RVD-hemopressin (α) groups) were significantly different between treatments (F(2, 140) = 47.80; p < 0.0001), across times (F(6, 140) = 37.55; p < 0.0001), and for their interactions (F(12, 140) = 9.409; p < 0.0001). Further analyses showed that the withdrawal latency in the AM251 + 5 nmol RVD-hemopressin (α) group was significantly less than the AM251 group from the 23rd to the 27th day after KOA induction (p < 0.05; Figure 5D). No significant difference was measured between the AM251 + 5 nmol RVD-hemopressin (α) group and the KOA group from the 25th to the 27th day after KOA induction (p > 0.05; Figure 5D). The withdrawal latency in the AM251 + 5 nmol RVD-hemopressin (α) group was also significantly higher than in the KOA group on the 23rd day after KOA induction (p < 0.05; Figure 5D).
3.8 EA increased the 26S proteasome expression in the PAG of KOA mice
Studies have reported hemoglobin degradation by proteasome activity after ubiquitination or oxidation in erythrocytes (Pacifici et al., 1993; Wenzel and Baumeister, 1993). Moreover, the 26S proteasome is known to generate peptides ranging from 3 to 22 amino acids (Kisselev et al., 1999) and is consistent with the size of VD-hemopressin (α) and RVD-hemopressin (α). Thus, we used Western blotting to evaluate the effect of EA on the 26S proteasome protein level. The 26S proteasome protein bands were presented in the PAG tissues (Figure 6A). Compared with the control group, the 26S proteasome protein level was significantly reduced in the PAG of KOA mice (p < 0.001; Figure 6B). EA significantly increased the 26S proteasome level compared to the KOA group (p < 0.001; Figure 6B).
[image: Figure 6]FIGURE 6 | Quantitative analysis of the protein level of 26S proteasome (PSMD2) in the PAG tissues. (A) The representative gel image shows the protein level of the PSMD2 in PAG tissues obtained from control (CON), KOA, and KOA treated with EA. β-actin was used as a loading control. The protein band at 100 kDa corresponds to the PSMD2. (B) Summary data show the effect of KOA and EA on the protein level of the PSMD2 in PAG tissues. Data are expressed as means ± SEM (n = 4 mice in each group). ***p < 0.001.
3.9 vlPAG microinjection of the 26S proteasome inhibitor MG132 reversed the EA effects on pain hypersensitivity and upregulated the concentration of RVD-hemopressin (α)
To explore whether the 26S proteasome was involved in the degradation of hemoglobin, the 26S proteasome inhibitor MG132 (0.4 μg/0.5 µL) was administered 30 min before EA starting from the 18th day after KOA induction, once every other day for five times (Yang et al., 2008). The MG132 reversed the EA effect on the tactile withdrawal thresholds (p < 0.001). As shown in Figure 7A, the time course curves (i.e., KOA, MG132 + EA, and 10% DMSO + EA groups) were significantly different between treatments (F(2, 189) = 93.17; p < 0.0001) across times (F(6, 189) = 843.88; p < 0.0001), and for their interactions (F(12, 189) = 7.39; p < 0.0001). Further analyses showed that the mechanical thresholds in the MG132 + EA group were significantly less than those in the 10% DMSO + EA group from the 21st to the 27th day after KOA induction (p < 0.05; Figure 7A). No significant difference was measured between the MG132 + EA and KOA groups from the 23rd to the 27th day after KOA induction (p > 0.05; Figure 7A).
[image: Figure 7]FIGURE 7 | Effects of the 26S proteasome inhibitor MG132 on EA analgesia and RVD-hemopressin (α) concentration in the PAG. (A, B) Time course of the effect of the 26S proteasome inhibitor MG132 on tactile and thermal withdrawal thresholds of EA mice. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after the MIA injection. The 26S proteasome inhibitor MG132 (4 μg) was microinjected into the vlPAG 30 min before EA starting from 18 days after MIA injection, once every other day for five times, as indicated by the black arrow. Data are expressed as means ± SEM (n = 8–11 mice in each group). *p < 0.05, compared with the KOA group; #p < 0.05, compared with the 10% DMSO + EA group. (C) Summary data show the concentration of RVD-hemopressin (α) in the PAG. Data are expressed as means ± SEM (n = 4–6 mice in each group). *p < 0.001.
Similarly, the MG132 reversed the EA effect on the thermal withdrawal latency (p < 0.001). As shown in Figure 7B, the time course curves (i.e., KOA, MG132 + EA, and 10% DMSO + EA groups) were significantly different between treatments (F(2, 189) = 145.56; p < 0.0001) across times (F(6, 189) = 28.87; p < 0.0001), and for their interactions (F(12, 189) = 11.04; p < 0.0001). Further analyses showed that the withdrawal latency in the MG132 + EA group was significantly less than in the 10% DMSO + EA group from the 21st to the 27th day after KOA induction (p < 0.05; Figure 7B). No significant difference was measured between the MG132 + EA group and the KOA group from the 23rd to the 27th day after KOA induction (p > 0.05; Figure 7B). These results signify that MG132 reversed the ameliorating effect of EA on pain hypersensitivity.
We further examined the concentration of VD-hemopressin (α) and RVD-hemopressin (α). The result showed that microinjection of MG132 before EA prevented the effect of EA upregulation of the concentration of RVD-hemopressin (α) in the PAG (p < 0.001; Figure 7C), but VD-hemopressin (α) could not be detected in the MG132 + EA group.
3.10 vlPAG microinjection of the 26S proteasome inhibitor MG132 increased the expression of hemoglobin α-chain
Because VD-hemopressin (α) and RVD-hemopressin (α) peptides are derived from the hemoglobin α chain, we also investigated detecting the expression of the hemoglobin α chain in the PAG. The result showed that compared with the 10% DMSO + EA group, the PSMD2 protein level was significantly increased in the MG132 + EA group (p < 0.05; Figures 8A, B). These results indicated that EA might produce VD-hemopressin (α) and RVD-hemopressin (α) by promoting 26S proteasome to degrade the hemoglobin α chain, thereby exerting an analgesic effect.
[image: Figure 8]FIGURE 8 | Effects of the 26S proteasome inhibitor MG132 on hemoglobin α-chain expression in the PAG. (A) The representative gel image shows the protein level of hemoglobin α-chain in PAG tissues obtained from CON, KOA, 10% DMSO + EA, and MG132 + EA groups. β-actin was used as a loading control. The protein band at 14 kDa corresponds to the hemoglobin α-chain. (B) Summary data show the effect of 26S proteasome inhibitor MG132 on the protein level of the hemoglobin α-chain in PAG tissues. EA was administered for 30 min, once every other day for 4 weeks, starting from 2 days after MIA injection. The 26S proteasome inhibitor MG132 (4 μg) was microinjected into the vlPAG 30 min before EA starting from 18 days after MIA injection, once every other day for five times. Data are expressed as means ± SEM (n = 3 mice in each group). *p < 0.05.
4 DISCUSSION
The present study utilized RNA-seq to evaluate the involvement of differentially expressed genes Hba-a1 and Hba-a2, which encode the hemoglobin α chain, in EA-induced analgesia. It was demonstrated that EA treatment of 2 Hz + 1 mA significantly increased the levels of hemoglobin α chain and its active-derived peptides VD-hemopressin (α) and RVD-hemopressin(α) in KOA mice. Microinjection of VD-hemopressin (α) and RVD-hemopressin (α) into the vlPAG mimicked the analgesic effect of EA, while microinjection of AM251 reversed this effect. Additionally, EA significantly increased the expression of 26S proteasome in the PAG, and microinjection of 26S proteasome inhibitor MG132 reversed the EA effects on pain hypersensitivity and upregulated the concentration of RVD-hemopressin (α). Meanwhile, we found that microinjection of MG132 before EA upregulated the expression of the hemoglobin α chain, indicating that it inhibited the degradation of the hemoglobin α chain. Our study provided evidence that EA upregulated the concentration of VD-hemopressin (α) and RVD-hemopressin (α) through the promotion of hemoglobin α chain degradation by 26S proteasome and activation of CB1 receptor, thereby exerting chronic pain inhibition in a mouse model of KOA.
EA has been widely used for alleviating diverse pains under morbid conditions (Chen et al., 2022; Li et al., 2019; Liao and Lin, 2021). However, the central mechanism by which EA modifies nociception is still a conundrum. In the present study, RNA-seq was used to obtain transcriptome data from control, KOA, and EA groups to explore EA-induced analgesia-related DEGs and their central regulatory mechanisms. Clustering analysis of DEGs showed that 10 genes were downregulated in the KOA group while upregulated in the EA group, and 12 genes were upregulated in the KOA group while downregulated in the EA group. Among these DEG data, two genes, Hba-a1 and Hba-a2, were selected to be explored because the gene Hba-a2 has the largest fold change, and Hba-a1 has more than three times change compared with the control group. The Hba-a1 and Hba-a2 encode for hemoglobin α chain, which, upon degradation, yields cannabinopeptide ligands. We have been considering the role of the endocannabinoid system in EA analgesia. Therefore, we used RT-qPCR to explore it further for verification in this study. Interestingly, it was found that the expressions of Hba-a1 and Hba-a2 in the PAGs of KOA mice were significantly downregulated compared with the control group, and EA significantly increased the expression of Hba-a1 and Hba-a2, which was consistent with the results of RNA-seq. Note that Hba-a1 expression was notably more downregulated than Hba-a2 in the KOA group. This may be caused by the different expression levels of Hba-a1 and Hba-a2 in the mice. These data indicate the involvement of Hba-a1 and Hba-a2 genes in EA-mediated analgesia.
It is established that Hba-a1 and Hba-a2 encode the hemoglobin α chain. As commonly understood, the hemoglobin α chain is an important component of hemoglobin, and it has long been thought that hemoglobin expression is restricted to erythrocytes and precursor cells of the erythroid lineage (Russo et al., 2013). However, recent studies have discovered that hemoglobin α also expressed in neurons of the midbrain and cortex, cerebellum, hippocampus, and striatum (Biagioli et al., 2009; Richter et al., 2009; Russo et al., 2013; Schelshorn et al., 2009). Similarly, the present study has found a significant increase in the protein level of the hemoglobin α chain in the PAG following repeated EA treatments. We further analyzed the correlation between the expression of Hba-a1 and Hba-a2 and hemoglobin α chain protein expression and observed a good correlation between them (rHba-a1 = 0.9169, PHba-a1 = 0.0005; rHba-a2 = 0.8451, PHba-a2 = 0.0041, Supplementary Figure S1). Thus, these data indicate that the hemoglobin α chain is involved in EA analgesia, but its mechanism remains unclear.
It has been demonstrated that VD-hemopressin (α) and RVD-hemopressin (α) peptides are derived from the hemoglobin α chain in mouse brains (Gomes et al., 2009). In this study, we have shown that the levels of VD-hemopressin (α) and RVD-hemopressin (α) were significantly increased after EA treatments. Further studies have shown that the CB1 receptor mediated the analgesic effect of VD-hemopressin (α), but whether RVD-hemopressin (α) has an analgesic effect is unclear (Gomes et al., 2009; Han et al., 2014; Zheng et al., 2017). To investigate this question, 10 nmol of VD-hemopressin (α) and various doses of RVD-hemopressin (α) were microinjected into the vlPAG, and a similar effect was observed mimicking EA treatment-induced analgesia. Moreover, the CB1 receptor selective antagonist AM251 reversed the analgesic effect of VD-hemopressin (α) and RVD-hemopressin (α). These results indicate that EA upregulated the concentration of VD-hemopressin (α) and RVD-hemopressin (α) in the PAG and activated the CB1 receptor to inhibit chronic pain in a mouse model of KOA.
It will be interesting to explore the mechanisms involved in generating VD-hemopressin (α) and RVD-hemopressin (α). Previous studies have demonstrated that the 26S proteasome is known to generate peptides ranging from 3 to 22 amino acids long (Kisselev et al., 1999; Yuan T. et al., 2018). Furthermore, the VD-hemopressin (α) and RVD-hemopressin (α) are within the appropriate size range for 26S proteasome products. Therefore, one possibility is that VD-hemopressin (α) and RVD-hemopressin (α) may be produced through 26S proteasome degradation of the hemoglobin α chain in neurons.
The present study further revealed that EA significantly increased the expression of 26S proteasome in the PAG. Moreover, microinjection of 26S proteasome inhibitor MG132 into the vlPAG before EA reversed both the anti-allodynic effect and upregulation of the concentration of RVD-hemopressin (α) by EA treatment, but VD-hemopressin (α) was not detected. It was earlier documented that RVD-hemopressin (α) is the most frequently detected α-hemoglobin-derived peptide by many folds, making it the most abundant neuropeptide (Gomes et al., 2009). Cleavage of hemopressin at the D-P bond would give rise to the shorter peptides. Therefore, it is reasonable to suggest that VD-hemopressin (α) could not be detected after microinjection of 26S proteasome inhibitor MG132 before EA because VD-hemopressin (α) degradation most likely produced other shorter peptides. Microinjection of the 26S proteasome inhibitor MG132 into the vlPAG before EA also significantly increased the expression of the hemoglobin α chain. These results provide support to the hypothesis that VD-hemopressin (α) and RVD-hemopressin (α) are produced through 26S proteasome degradation of the hemoglobin α chain.
5 CONCLUSION
Taken together, the present study demonstrated that the hemoglobin α chain in the PAG is involved in EA analgesia. A possible mechanism underlying this effect is that EA enhances the concentration of VD-hemopressin (α) and RVD-hemopressin (α) via the promotion of the hemoglobin α chain degradation by the 26S proteasome and activates the CB1 receptor, which brings about chronic pain inhibition in a mouse model of KOA.
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