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Background: Despite advancements in diabetes treatment, the management of Painful Diabetic Neuropathy (PDN) remains challenging. Our previous research indicated a significant correlation between the expression and distribution of Aquaporin-4 (AQP4) in the spinal glymphatic system and PDN. However, the potential role and mechanism of liquiritin in PDN treatment remain uncertain.Methods: This study established a rat model of PDN using a combination of low-dose Streptozotocin (STZ) and a high-fat, high-sugar diet. Rats were treated with liquiritin and MCC950 (an NLRP3 inhibitor). We monitored fasting blood glucose, body weight, and mechanical allodynia periodically. The glymphatic system’s clearance function was evaluated using Magnetic Resonance Imaging (MRI), and changes in proteins including NLRP3, MMP-9, and AQP4 were detected through immunofluorescence and Western blot techniques.Results: The rats with painful diabetic neuropathy (PDN) demonstrated several physiological changes, including heightened mechanical allodynia, compromised clearance function within the spinal glymphatic system, altered distribution of AQP4, increased count of activated astrocytes, elevated expression levels of NLRP3 and MMP-9, and decreased expression of AQP4. However, following treatment with liquiritin and MCC950, these rats exhibited notable improvements.Conclusion: Liquiritin may promote the restoration of AQP4 polarity by inhibiting NLRP3 and MMP-9, thereby enhancing the clearance functions of the spinal cord glymphatic system in PDN rats, alleviating the progression of PDN.Keywords: painful diabetic neuropathy, glymphatic system, aquaporin-4, liquiritin, matrix metalloproteinase-9
1 INTRODUCTION
Diabetes, as a long-term chronic disease, is accompanied by various severe complications. According to data from 2021, the global prevalence of diabetes among people aged 20 to 79 is estimated to be 10.5%, equating to approximately 536.6 million individuals (Sun et al., 2022). About 20%–30% of these patients are likely to develop Painful Diabetic Neuropathy (PDN) (Abbott et al., 2011; Aronson et al., 2021). PDN is characterized by severe foot pain and electric shock sensation, causing prolonged suffering for patients. Concurrently, individuals with PDN often report a decline in quality of life, anxiety, depression, and sleep disturbances (Gylfadottir et al., 2020). Despite extensive research, the fundamental causes of diabetic peripheral neuropathy have not been fully elucidated. Currently, the treatment of PDN primarily relies on pharmacotherapy. As recommended by the International Consensus Group on Diabetic Neuropathy, Tricyclic Antidepressants (TCAs), Duloxetine, Pregabalin, and Gabapentin are considered first-line treatment options (Tesfaye et al., 2011). However, the use of these medications may be associated with various side effects, including nausea, drowsiness, and constipation (Griebeler et al., 2014). Treating PDN solely with these drugs could result in patient dissatisfaction with the treatment outcomes (Tesfaye et al., 2022). Consequently, it is essential to delve into the pathogenesis of PDN and explore alternative effective pharmacological treatment strategies to enhance clinical outcomes.
Although the pathogenesis of PDN has not been fully elucidated, the release of pro-inflammatory factors and metabolic abnormalities are considered to play a key role in the onset and progression of PDN (Zychowska et al., 2013; Talbot et al., 2010). It is particularly noteworthy that the Central Nervous System (CNS) lacks a lymphatic system to assist in the clearance of pro-inflammatory factors (Jessen et al., 2015). Recent studies have discovered that the glymphatic system plays a significant role in the waste metabolism of the CNS (Iliff et al., 2013b). Aquaporin-4 (AQP4), densely expressed in the end-feet of astrocytes (i.e., polarity distribution), is primarily responsible for the metabolic functions of the glymphatic system (Mestre et al., 2018). Similar structures have also been found in the spinal cord (Liu et al., 2018). AQP4 is widely distributed in the central nervous system, facilitating rapid transport of water and metabolic waste. The polarized distribution of AQP4 forms the structural basis for maintaining normal clearance functions of the glymphatic system (Yin et al., 2019). Under physiological conditions, cerebrospinal fluid (CSF) enters the brain parenchyma from the perivascular spaces (Virchow-Robin spaces, VRS) adjacent to arteries, mixing with interstitial fluid (ISF). CSF-ISF then flows along the perivenous VRS into the bloodstream or cervical lymphatic system. Similarly, ISF and waste products within the brain parenchyma are cleared via AQP4-dependent glymphatic pathways or perivascular spaces (Jessen et al., 2015). Moreover, AQP4 plays a crucial role in maintaining extracellular space volume, water homeostasis, and glutamate balance in the central nervous system (Haj-Yasein et al., 2012; Seifert et al., 2006; Das et al., 2012). Studies indicate that inhibition of AQP4 reduces the clearance capacity of the glymphatic system, underscoring the importance of normal AQP4 expression for this function (Gomolka et al., 2023). Research also shows polarized distribution of AQP4 in the cortical regions of healthy individuals, whereas in Alzheimer’s disease, AQP4 polarization is disrupted (AQP4 depolarization) (Zeppenfeld et al., 2017). Similarly, spinal cord slices from amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) rodent models exhibit similar depolarization patterns (Dai et al., 2017; Wolburg-Buchholz et al., 2009). In our previous research, we observed a polarity change in AQP4 within the glymphatic system of the spinal cord in rats with PDN (Wang G. Q. et al., 2022). Moreover, we found that β-hydroxybutyrate and metformin alleviate PDN symptoms by restoring the polarity of AQP4 in the spinal glymphatic system (Wang F. X. et al., 2022; Xu et al., 2023). Therefore, further study into the distribution and regulatory mechanisms of AQP4 in the glymphatic system is of significant importance for finding effective PDN treatments.
The NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome, a key member of the NOD-like receptor family, consists of NLRP3, Apoptosis-associated Speck-like protein containing a CARD, and pro-Casp-1 protein (Sun et al., 2019). Recent studies have identified dysfunction of the NLRP3 inflammasome as one of the mechanisms in the development of chronic pain (Starobova et al., 2020; Ren et al., 2021). Increasing evidence suggests that inhibiting the activation of the NLRP3 inflammasome can alleviate symptoms of PDN (Zhang et al., 2022; Zheng T. et al., 2021). Additionally, the expression of the NLRP3 inflammasome is closely associated with the number of astrocytes (Luo et al., 2019). Inhibition of the NLRP3 inflammasome plays a role in reducing brain edema after cerebral ischemia-reperfusion and also affects the distribution of AQP4 (Wang et al., 2020). Matrix Metalloproteinase-9 (MMP-9) has an anchoring role in the polar distribution of AQP4, and its increased expression level is related to the change in polarity of AQP4 in mice (Zheng R. et al., 2021; Wang et al., 2021). The NLRP3 inflammasome may be involved in regulating the expression of MMP-9 (Yamaguchi et al., 2023; Peng et al., 2020). Therefore, modulating NLRP3 to inhibit the overexpression of MMP-9 or correct the abnormal distribution of AQP4 could be a potential strategy for treating PDN.
Liquiritin, a flavonoid extracted from licorice, is one of the main constituents of this plant (Cheng et al., 2021). It demonstrates significant potential in preventing inflammation (Yang et al., 2021), alleviating pain (Chen et al., 2022), anti-cancer (Wang Q. et al., 2022), and treating coughs (Zhang et al., 2021) and allergic reactions (Wang L. et al., 2023). Furthermore, studies suggest that liquiritin is an effective anti-inflammatory and anti-damage drug. Its mechanism involves the downregulation of pro-inflammatory cytokines such as Tumor Necrosis Factor-alpha (TNF-α) and interleukins (IL-6, IL-1β), while upregulating the anti-inflammatory cytokine IL-10 (Li et al., 2018). This action is not only significant in the treatment of neuropathic pain but also inhibits the activation of spinal astrocytes caused by pain (Zhang M. T. et al., 2017).
However, despite the extensive research on liquiritin in the prevention of inflammation and pain treatment, the efficacy and potential mechanisms of liquiritin in treating PDN remain largely unclear. Therefore, this study aims to investigate the impact of liquiritin on the functional aspects of the spinal cord glial lymphatic system and the expression sites of the AQP4 protein in PDN rats. Additionally, we will examine whether NLRP3 and MMP-9 are involved in this process.
2 MATERIALS AND METHODS
2.1 Animals
Eighty adult male Sprague-Dawley rats (body weight: 160–180 g, age: 3–8 weeks) were acquired from the Experimental Animal Farm of Sichuan Province. These rats were housed individually in the Laboratory Animal Facility at North Sichuan Medical College, maintained at a temperature of 24°C ± 1°C and a relative humidity of 55% ± 5%. They had ad libitum access to food and water, under a 12-h light/dark cycle (lights on at 8:00 a.m. and off at 8:00 p.m.). The Institutional Ethics Committee of North Sichuan Medical College approved all experimental protocols (authorization number: 2023059). All procedures adhered strictly to the ARRIVE guidelines for the Care and Use of Experimental Animals.
2.2 Establishment and grouping of PDN rat models
In the 16-week experiment, rats were initially randomized into a control group (group C, n = 10) and a model group (group M, n = 70). During the first week, both groups underwent adaptive feeding. Starting from the second week, the group C was maintained on a normal diet, while the group M switched to a high-fat, high-sugar diet (including 10% sucrose, 10% lard, and 5% cholesterol, purchased from Xiaoshuyoutai (Beijing) Biotechnology Co., LTD., catalog number D12450J), with weekly measurements of body weight and blood glucose. Starting from the 6th week, a single intraperitoneal injection of STZ (35 mg/kg, 1.0 mL/kg, HY-13753, MedChemExpress, Monmouth, NJ, United States) dissolved in 10 mmol/L citrate buffer (pH 4.5) was administered to induce diabetes (Furman, 2021). From 11 p.m. the night before the injection to 8 a.m. the next day, all rats were fasted with free access to water. After the completion of STZ injections, the rats in Group M returned to their original high-fat, high-sugar feeding regimen. 24 h later, blood samples were collected from the tail vein to measure fasting blood glucose levels. A fasting blood glucose level above 16.7 mmol/L indicated successful diabetes induction, this indicator has been employed in numerous diabetes-related studies (Wang G. Q. et al., 2022; Wang F. X. et al., 2022; Xu et al., 2023; Li et al., 2024). Rats in the group C were injected with an equivalent volume of sodium citrate buffer. Concurrently, Paw Withdrawal Threshold (PWT) was measured weekly. After another month of feeding, rats from the group M displaying PDN symptoms such as polydipsia, polyphagia, polyuria, weight loss, elevated fasting blood glucose, and reduced PWT were selected, these unselected rats were humanely euthanized following ethical guidelines. The selected 30 PDN rats were randomly divided into a group PDN, an NLRP3 inhibitor group (group MCC950), and a liquiritin treatment group (group LQ), with 10 rats in each group for follow-up experiments. All animals were anesthetized with 3.5% sevoflurane before sacrifice. This modeling process has been validated in preliminary studies by our group and confirmed in other studies. The experimental design is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental flow chart. The group LQ was administered liquiritin orally each day, while the group MCC950 received daily intraperitoneal injections of MCC950. The group C and group PDN rats were respectively administered gastric gavage and intraperitoneal injections of saline solution. A month after treatment, 4 rats from each group underwent MRI examinations. One week after the examination, spinal cords were extracted for Western Blot (WB) analysis, and the remaining 6 rats underwent immunofluorescence detection.
2.3 Drug preparation and administration
Group LQ: All rats underwent treatment with LQ (AB0619, Alfa Biology, Chengdu, China), which was first dissolved in saline and administered via gastric gavage at a dosage of 20 mg/kg. The gavage was administered each morning from 8:00 to 10:00 a.m., continuously for 30 days.
Group MCC950: All rats underwent treatment with MCC950 (HY-12815, MedChemExpress, Monmouth, NJ, United States), which was similarly dissolved in saline and administered at a dose of 6 mg/kg via intraperitoneal injection. The injections were carried out once every 2 days, totaling 15 injections throughout the experiment.
Group PDN: Rats in the control group received an equivalent volume of saline administered using the same methods and frequency of intraperitoneal injection and gastric gavage.
2.4 Paw withdrawal threshold (PWT) detection
We chose PWT as a common and classic tool to analyze neuropathic pain status (Nirogi et al., 2012). In the 6th week of the experiment, a designated experimenter began assessing the PWT of the rat’s hind paws using the Von Frey filament kit (US PAT. 58239698512259, North Coast, CA, United States), with assessments conducted once every 7 days, between 8:00 a.m. and 11:00 a.m. The evaluation method involved vertically pressing Von Frey filaments to the central position of the rat’s hind foot. A positive withdrawal response was indicated when the rat displayed behaviors such as retracting its foot or licking its paw (Chaplan et al., 1994). If three out of five consecutive experiments resulted in a positive withdrawal response, the value of that specific Von Frey filament was defined as the PWT. Specific steps included placing each rat on a mesh metal plate, allowing its feet to relax, and conducting the test after a 15 min period of environmental acclimatization (Su et al., 2019). Stimulation began with low-intensity Von Frey filaments. If the withdrawal response was negative, an experiment with an adjacent higher intensity filament was conducted until a positive withdrawal response was achieved. Five different points were tested on each rat, with each press lasting 5 s and an interval of approximately 30 s between presses. To prevent foot injury and in accordance with instrument specifications, the type of Von Frey filament used did not exceed a maximum of 26 g (Aman et al., 2016; Tokhi et al., 2023).
2.5 Magnetic resonance imaging (MRI) measurement
Following the treatment cycle, four rats from each group were selected for MRI scanning. These MRI scans were conducted in the MRI Room at the Affiliated Hospital of North Sichuan Medical College, utilizing a 3.0T clinical MR system (Discovery MR750, GE, United States). After the rats were anesthetized with sevoflurane, they were positioned in an eight-channel, rat-specific coil, and anesthesia was maintained with sevoflurane (2.5%–3.0%) combined with oxygen (2.5 L/min) for the duration of the experiment. The scanning region was centered on the rat’s 13th thoracic vertebra, extending 2.5 cm above and below this point. A rapid spin echo sequence T1-weighted MRI scan was employed to observe contrast agent movement into and out of the spinal cord. The scanning parameters were set as follows: TR (Time of Repetition): 450.0 ms, TE (Time to Echo): 5.4 ms, slice thickness: 2.0 mm, slice space: 1.0 mm, Field of View (FOV): 6.5 cm × 6.5 cm, matrix size: 256 × 256, flip angle: 90°, bandwidth: 31.25 kHz, and frequency direction: Anterior/Posterior (A/P) (Wang F. X. et al., 2022; Xu et al., 2023). After obtaining the initial image, the rats were positioned prone on the operating table, with elevation under the lower abdomen, and a contrast agent was injected into the subarachnoid space using a 50 μL syringe (Gaoge, China).
Through repeated experiments, we found that 10% Gadopentetic acid (Gd-DTPA) had an excellent enhancement effect (100 µL Gd-DTPA diluted in 900 µL sterile saline). The L6 vertebra was used as a positioning marker, a successful puncture was indicated by a rapid lateral movement of the rat’s tail (Thomas et al., 2016). We injected 25 µL of the diluted Gd-DTPA into the L4/5 subarachnoid space at a consistent rate over 5 min. Following the injection, the needle was retained in place for an additional 3 min to prevent backflow. Subsequently, the rat was transferred to the coil for MRI scanning after needle removal.
Images were acquired at intervals of 1, 15, 30 min, and 1, 1.5, 2, 2.5, 3, and 6 h post Gd-DTPA injection. Throughout the experiment, rats’ vital signs were continuously monitored; heart rate was maintained between 250 and 450 beats/min, and body temperature was kept within 36.5°C–37.5°C using a feedback-controlled air heating blower to keep warm (Rapid Electric, Brewster, NY, United States). Between anesthesia sessions, animals were allowed to drink freely upon regaining consciousness. At each time point, the largest cross-sectional image of the spinal cord was identified, and the images of the upper and lower levels to it were also selected for analysis. Two blinded evaluators used the RadiAnt DICOM Viewer (64 bit; Version 2021.1, Medixant, Poland) to measure MRI Signal Intensity (MRI SI) in the gray matter of the spinal cord. The average of three image measurements was taken as the final MRI SI for each rat. After initial trials, we decided to focus MRI SI measurements on a consistent area of interest, approximately 0.04 cm2 in size, encompassing most of the spinal cord’s gray matter, ensuring an error margin not exceeding 300.
2.6 Western blot (WB)
Samples were placed into a 2 mL grinding tube, followed by the addition of two 3 mm grinding beads and RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China), and then subjected to a high-speed low-temperature tissue grinder (temperature: −20°C, grinding 4 times, each for 60 s). Subsequently, the samples were removed and lysed in a refrigerator at 4°C for 30 min, followed by centrifugation (4°C, 12,000 rpm, 10 min). After centrifugation, the supernatant was collected, and the protein concentration was determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China), The samples, after electrophoresis, were transferred onto PVDF membranes. The PVDF membranes were blocked in 5% skim milk diluted with TBST Buffer for 2 h, followed by incubation with primary antibodies (antibody concentrations: AQP4 (Proteintech, AB_2827426, 1:1,000); MMP-9 (Servicebio, AB_10796269, 1:1,000); NLRP3 (Huabio, AB_3069980, 1:1,000); α-Tubulin (Proteintech, AB_11042766, 1:50,000)) at 4 C overnight. After three washes, the PVDF membranes were incubated with secondary antibodies (dilution concentration: 1:5,000) at room temperature for 2 h. The integral optical density (IOD) of the target proteins was measured using Tanon Fluorescence Image Analysis System Software V2.0.
2.7 Immunofluorescence
Six rats in each group were randomly selected to undergo transcardiac perfusion after deep anesthesia with phosphate buffered saline and 4% paraformaldehyde, respectively. Subsequently, the L4–L6 segments of the spinal cord were excised and preserved in 4% paraformaldehyde. 48 h later, according to the experimental protocol, these tissues were embedded in paraffin blocks. Subsequently, 4 µm thick horizontal sections were prepared.
Paraffin sections were initially dewaxed, followed by antigen retrieval and endogenous peroxidase blocking. Subsequently, the sections were blocked with bovine serum albumin at room temperature for at least 30 min. A mixture of AQP4 antibody (Rabbit/IgG, Proteintech, AB_2827426, 1:100), GFAP antibody (Mouse/IgG3, Proteintech, AB_10838694, 1:200), and anti-CD31 antibody (Rabbit/IgG, Abcam, AB_11218334, 1:100) was added and incubated overnight at 4°C. After washing, secondary antibodies Cy3-labeled goat anti-rabbit (Servicebio, GB21303) and CY3-labeled goat anti-mouse (Servicebio, GB21301) were added, and the sections were incubated with DAPI for 10 min. Following PBS washing, the sections were sealed with anti-fluorescence quenching sealant.
The sample was subsequently mounted and examined utilizing an Olympus FV1200 confocal laser scanning microscope equipped with a 40× objective lens. Specific parameters were configured as follows: DAPI - HV 477, Gain 2, Offset 22; Alexa Fluor 488 - HV 555, Gain 1, Offset 59; Alexa Fluor 647 - HV 466, Gain 1, Offset 38. Representative images were selected to depict the polarity reversal of the AQP4 protein. Laser power, pinhole size, and image detection parameters were consistently upheld to ensure impartial representation across all samples.
2.8 Quantification of AQP4 polarization and quantification of GFAP fluorescence intensity
To assess the activation of astrocytes and changes in AQP4 polarity, we utilized GFAP + AQP4 and CD31 +AQP4 dual immunofluorescence staining techniques, selecting five slices randomly from each group for analysis.
2.8.1 GFAP fluorescence intensity
Initially, we defined Regions of Interest (ROI) on each image, ensuring consistent ROI selection criteria across all groups. Measurements were conducted in the central canal, ventral horn, and dorsal horn regions. Subsequently, using ImageJ version 1.54f bundled with Java 1.8.0_322 software (National Institutes of Health), we isolated the GFAP signal channel and removed background fluorescence to measure the GFAP immunofluorescence intensity within each ROI, calculating averages to obtain the GFAP immunofluorescence intensity for each image. Finally, after compiling all image data, we utilized GraphPad Prism statistical software to compare the differences in GFAP expression among the three groups.
2.8.2 Quantification of AQP4 polarization
AQP4 is primarily localized around the vascular vicinity of the astrocytic end-feet, a distribution we refer to as “AQP4 Polarization.” To better quantify this “polarization,” using AQP4 + CD31 images as examples, our measurement methodology was consistent with previous studies (Kress et al., 2014). In ImageJ software, we isolated the AQP4 signal channel and selected perivascular areas in the central canal, ventral horn, and dorsal horn regions of each image for measurement, calculating their average AQP4 immunofluorescence intensity. Subsequently, through threshold analysis, we measured the percentage of the total image area where AQP4 immunofluorescence intensity was less than that around blood vessels, defining this ratio as “AQP4 polarization.” Similar methods were employed in GFAP + AQP4 fluorescence images to quantify AQP4 polarity.
2.9 Statistical analysis
Statistical analyses were conducted using GraphPad Prism 8. A significance threshold of 0.05 was applied to all tests. Data are presented as mean ± SEM. One-way analysis of variance (ANOVA) was employed for comparing group means, while repeated-measures ANOVA was utilized for assessing differences in PWT and MRI signal intensity. Post-hoc analyses were performed using the Bonferroni correction method.
3 RESULTS
3.1 Metabolic characteristics of rats in each group
Figure 2A indicates that throughout the experimental period, the body weight of the rats in group C exhibited a continuous upward trend. In contrast, the rats in the other three groups (LQ, MCC950, and PDN) showed an initial increase in body weight followed by a decline. Specifically, beginning from the 7th week of the experiment, the body weight of the rats in the group LQ was significantly lower than that of the group C (p < 0.05). Similarly, the rats in the group MCC950 and group PDN showed a significant reduction in body weight compared to the group C starting from the 8th week (p < 0.05). Figure 2B further reveals another key observation in the experiment. After intraperitoneal injection of STZ, the blood glucose levels in the PDN, LQ, and MCC950 groups were significantly higher than those in the group C (p < 0.05), and this hyperglycemic state remained stable thereafter. In contrast, the blood glucose levels in the group C rats consistently remained within the normal range. Additionally, except for the group C, the rats in the other three groups exhibited typical symptoms of hyperglycemia, such as increased drinking, overeating, and polyuria. These observations indicate the successful establishment of a diabetes model. In the Figure 2C, a significant decrease in PWT was observed in the three experimental groups compared to the group C starting from the 7th week (p < 0.05). Subsequently, the PWT continued to decline in the group PDN, while in the MCC950 and LQ groups, there was a gradual increase in PWT during the 11th and 12th weeks following pharmacological intervention. This indicates that both LQ and MCC950 are effective in alleviating mechanical allodynia. However, blood glucose levels remained elevated in the LQ and MCC950 groups of rats. This implies that while LQ and MCC950 alleviate the symptoms of PDN, they do not affect blood glucose levels.
[image: Figure 2]FIGURE 2 | The trend of body weight, blood glucose and PWT change in rats. (A) The trend of body weight in Group C, Group PDN, Group LQ and Group MCC950. (B) The trend of blood glucose in Group C, Group PDN, Group LQ and Group MCC950. (C) The trend of PWT in Group C, Group PDN, Group LQ and Group MCC950. The one-way analysis of variance (ANOVA) was used to compare means between groups. The repeated-measures ANOVA was used to compare the PWT. Post hoc analyses were conducted using the Bonferroni correction method. Refer to Figure 1 for the meaning of the grouping abbreviation. Values were presented as mean ± SEM. Group C compared with group PDN, *p < 0.05, **p < 0.01, ****p < 0.0001; Group C compared with group MCC950, #p < 0.05, ###p < 0.001, ####p < 0.0001; Group C compared with group LQ, ^^^p < 0.001, ^^^^p < 0.0001.
3.2 LQ and NLRP3 inhibitor improved the metabolic rate of Gd-DTPA in rat spinal glymphatic system
In our study, we employed MRI to observe the metabolic activity of Gd-DTPA contrast agents in the lumbar enlargement of the rat spinal cord, aiming to assess the metabolic function of the spinal glymphatic system. Following the injection of the contrast agent into the subarachnoid space, an initial stage manifests as a discontinuous distribution, subsequently progressing into the spinal cord gray matter. When the absorption reaches its peak, the characteristic “butterfly sign” is formed. According to the results in Figure 3, it is evident that, compared to the other three groups, rats in the group PDN exhibited a delayed onset and slower disappearance of the high-intensity “butterfly sign.” Concurrently, compared to the other three groups, the PDN group requires a longer time to reach peak signal intensity and exhibits a slower decline. Additionally, to facilitate data comparison, we tabulated all the data in detail in Table 1. Analysis of Table 1 revealed that the rate of SI change in the remaining three groups of rats was statistically significant compared to the group PDN (p < 0.01). This indicates that the metabolic function of the glymphatic system in the PDN rats was impaired, but improved and recovered following treatment with LQ and MCC950.
[image: Figure 3]FIGURE 3 | Metabolic image of Gd-DTPA at spinal cord lumbar enlargement in rats (Initial–6 h). Initial: Before injection of Gd-DTPA; 15 min: Inject Gd-DTPA for 15 min; 30 min: Inject Gd-DTPA for 30 min; 1 h: Inject Gd-DTPA for 1 h; 1.5 h: Inject Gd-DTPA for 1.5 h; 2 h: Inject Gd-DTPA for 2 h; 2.5 h: Inject Gd-DTPA for 2.5 h; 3 h: Inject Gd-DTPA for 3 h; 6 h: Inject Gd-DTPA for 6 h. Refer to Figure 1 for the meaning of the grouping abbreviation.
TABLE 1 | Detailed MRI signal intensity obtained from the lumbar enlargement.
[image: Table 1]3.3 LQ and MC950 can inhibit astrocyte activation and restore the polarity distribution of AQP4 around astrocytes
This study employed specific markers for Glial Fibrillary Acidic Protein (GFAP) to precisely label astrocytes, aiming to reveal changes in the localization and expression levels of AQP4 around activated astrocytes. Red fluorescence represents AQP4, and green should represent GFAP. In Figure 4A, we observed a dense distribution of AQP4 around astrocytes in group C, corresponding to the previously described “polarized” state. In contrast, in the spinal cord tissue of rats in the group PDN, AQP4 distribution around astrocytes was reduced and more dispersed, with irregular fluorescence localization, indicative of a “depolarized” distribution state. Following treatment with LQ and MCC950, fluorescence localization indicated an increase and concentration of AQP4 distribution around astrocytes, restoring the “polarized” state. Quantitative analysis shown in Figure 4B indicates that the GFAP fluorescence intensity in the group PDN was significantly higher than that in the group C (group PDN: 44.12 ± 1.52; group C: 28.06 ± 2.90; p < 0.001), and also higher than in the LQ and MCC950 treatment groups (group LQ: 33.60 ± 1.90, group MCC950: 33.58 ± 1.24, p < 0.05 for both). Additionally, we utilized ImageJ software to capture the fluorescence intensity of AQP4 and GFAP. This intensity was used to quantify the expression of AQP4 around astrocytes, in order to analyze whether AQP4 exhibits a “polarized” distribution. The results are shown in Figure 4C. The expression of AQP4 around astrocytes in PDN group rats decreased, indicating the disappearance of its polar distribution (the “polarization” ratio of AQP4 in C group rats was 70.65% ± 2.33%, while in PDN group rats it was 42.75% ± 1.60%, p-value <0.0001). After LQ and MCC950 treatment, the expression of AQP4 increased, and its polar distribution was restored (comparing with group PDN, the “polarization” ratio of AQP4 in LQ group rats was 64.93% ± 2.66%, p-value <0.0001; in group MCC950, it was 76.28% ± 1.42%, p-value <0.0001). These results indicate that LQ and MCC950 treatments can effectively reduce the number of activated astrocytes and restore the polar distribution of AQP4 around astrocytes in PDN rats.
[image: Figure 4]FIGURE 4 | Immunofluorescence results of AQP4 and GFAP. (A) Immunofluorescent staining was performed on the lumbar enlargement segments of the spinal cord in the C, PDN, LQ, and MCC950 groups of rats. Activated astrocytes were marked with GFAP and identified by green fluorescence. AQP4 protein was identified with red fluorescence, and cell nuclei were counterstained with DAPI (blue). Enlarged sections detailed the polarity reversal of AQP4 protein. Scale bar = 50 µm. (B) Quantitative analysis of fluorescence in activated astrocytes across the groups. (C) Quantitative analysis of fluorescence polarization of AQP4. Refer to Figure 1 for the meaning of the grouping abbreviation. Values were presented as mean ± SEM. Compared to the group PDN, *p < 0.05, ***p < 0.001, ****p < 0.0001.
3.4 LQ and MC950 can restore the polarity distribution of AQP4 around blood vessels
We used vascular endothelial cell specific marker CD31 to mark blood vessels, in order to reflect the localization changes of AQP4. As shown in Figure 5A, perivascular AQP4 localization of PDN rats changed compared with group C, fluorescence localization showed that its continuity was interrupted, and quantitative analysis indicated decreased AQP4 expression, that is, polarity disappeared (Figure 5B, AQP4 “polarization” of rats in Group C, 59.73% ± 1.72% versus 36.52% ± 2.59% of rats in Group PDN, ****p < 0.0001). After treatment with LQ and MCC950, AQP4 expression increased and polarity recovered (compared with group PDN, AQP4 “polarization” of rats in Group LQ, 48.10% ± 0.80%, *p < 0.05; Group MCC950, 49.33% ± 3.29%, *p < 0.05).
[image: Figure 5]FIGURE 5 | Immunofluorescence results of AQP4 and CD31. (A) Immunofluorescent staining was performed on the lumbar enlargement segments of the spinal cord in the C, PDN, LQ, and MCC950 groups of rats. Blood vessels were marked with CD31 and identified by green fluorescence. AQP4 protein was identified with red fluorescence, and cell nuclei were counterstained with DAPI (blue). Enlarged sections detailed the polarity reversal of AQP4 protein. Scale bar = 50 µm. (B) Quantitative analysis of fluorescence polarization of AQP4. Refer to Figure 1 for the meaning of the grouping abbreviation. Values were presented as mean ± SEM. Compared to the group PDN, *p < 0.05, ****p < 0.0001.
3.5 The effect of LQ in PDN is similar to MCC950, both of which can inhibit the expression of NLRP3 and MMP9 and increase the expression of APQ4 in the glymphatic system
The above results still cannot elucidate the molecular mechanisms by which LQ regulates the polarization distribution of AQP4. MMP-9 is associated with the localization and expression of AQP4, while NLRP3 is involved in the regulation of pain occurrence and development and can participate in the modulation of MMP-9 expression. Therefore, we examined the changes in NLRP3, MMP-9, and AQP4 in the spinal cord of PDN rats (Figure 6A–D). Western blot analysis revealed that compared to the group C, the expression of NLRP3 increased in the spinal cord of PDN rats (group C: 0.83 ± 0.05, group PDN: 2.57 ± 0.24, p ˂ 0.01), MMP-9 expression increased (group C: 0.94 ± 0.11, group PDN: 3.04 ± 0.28, p ˂ 0.001), and AQP4 expression decreased (group C: 1.01 ± 0.02, group PDN: 0.42 ± 0.05, p ˂ 0.001). In contrast, after LQ treatment, compared to the group PDN, NLRP3 expression decreased (1.66 ± 0.12, p ˂ 0.05), MMP-9 expression decreased (1.90 ± 0.18, p ˂ 0.05), and AQP4 expression significantly increased (0.81 ± 0.05, p ˂ 0.01). Similarly, the NLRP3 inhibitor MCC950 had effects in PDN similar to LQ. Compared to the group PDN, rats in the group MCC950 exhibited reduced expression of NLRP3 (0.98 ± 0.17, p ˂ 0.01), decreased MMP-9 expression (0.94 ± 0.08, p ˂ 0.001), and increased AQP4 expression (0.68 ± 0.06, p ˂ 0.01) in the spinal cord. These results indicate that LQ can prevent the upregulation of the NLRP3-MMP-9 signaling pathway induced by PDN.
[image: Figure 6]FIGURE 6 | Western blot results. (A) Western blot analysis of NLRP3, MMP-9 and AQP4 protein expression in Group C, Group PDN, Group LQ and Group MCC950. (B) Relative expression of NLRP3 protein in each group. (C) Relative expression of MMP-9 protein in each group. (D) Relative expression of AQP4 protein in each group. Refer to Figure 1 for the meaning of the grouping abbreviation. Values were presented as mean ± SEM. Compared with values in Group PDN, ∗p < 0.05, **p < 0.01 and ***p < 0.001.
4 DISCUSSION
In this investigation, our observations revealed the following key findings: 1) In PDN rats, the clearance function of the spinal glymphatic system is impaired. Experimental findings indicate that astrocytes in the lumbar enlargement of the spinal cord are activated, with upregulation of NLRP3 and MMP-9 expression. Simultaneously, AQP4 expression is reduced, and its polarity distribution is altered. 2) Both liquiritin and MCC950 effectively mitigated PDN symptoms without exerting an impact on blood glucose levels. 3) Post liquiritin treatment, mechanical allodynia decreased in PDN rats, the spinal glymphatic system’s clearance rate increased, NLRP3 and MMP-9 expression decreased, the number of activated astrocytes reduced, and AQP4 expression increased, and the polarity of AQP4 protein was restored. 4) The NLRP3 inflammasome inhibitor MCC950 also facilitated the reduction of MMP-9 and the increase of AQP4, thus restoring AQP4 protein polarity and alleviating PDN, displaying a similar effect to liquiritin. In summary, our contention is that alterations in AQP4 expression level and localization play a pivotal role in the progression of PDN. Liquiritin may alleviate PDN by inhibiting NLRP3, subsequently reducing MMP-9 expression, and restoring the polarity of AQP4.
The literature suggests that estrogen influences blood glucose levels in female SD rats, leading to greater instability and a reduction in glucose levels following STZ injection (Paschou and Papanas, 2019; Ropero et al., 2008). Consequently, this study predominantly utilized male SD rats as subjects. PDN is more commonly associated with type 2 diabetes (Amutha et al., 2021; An et al., 2021). Therefore, we induced type 2 diabetes in rats by combining a high-fat, high-sugar diet with low-dose STZ injected intraperitoneally. (Furman, 2021). Through this method, we achieved a probability of approximately 50% in obtaining rats with PDN, and these PDN rats consistently exhibited stable peripheral neuropathic pain.
The glymphatic system resembles lymphatic vessels within the central nervous system, responsible for clearing soluble waste proteins and metabolic byproducts. Similarly, the spinal cord glymphatic system shares similar structure and functions. The foundational structure of the glymphatic system is the perivascular spaces (PVS) surrounding blood vessels. These PVS consist of arteries or veins, astrocytes, and AQP4 proteins densely distributed on the astrocytic end-feet, forming a potential pathway through which lymphatic fluid can flow (Troili et al., 2020). The size of the PVS space influences the speed of lymphatic fluid flow, which can be achieved by adjusting the end-feet of the astrocytes and the vascular system within the PVS (Schain et al., 2017). An increasing body of research suggests that dysfunction of the glymphatic system is associated with various diseases. In mouse models of traumatic brain injury, early impairment of glymphatic function has been observed (Iliff et al., 2014). Slowed interstitial solute clearance has also been noted in type II diabetes, with the degree of glymphatic system damage correlating with cognitive decline (Jiang et al., 2017). Additionally, dysfunction of the glymphatic system has been implicated in diseases such as Alzheimer’s disease, Parkinson’s disease, and ischemic stroke (Liu et al., 2024; Buccellato et al., 2022). Due to its high sensitivity and non-invasive nature, MRI has been used for over a decade to assess the clearance function of the rat glymphatic system. (Iliff et al., 2013a). In this study, rats were first anesthetized, followed by lumbar puncture at the L4-L5 level. Subsequently, the contrast agent Gd-DTPA was slowly injected into the subarachnoid space within five minutes. The contrast agent initially appeared as a discontinuous distribution on the pia mater’s surface, predominantly accumulating in the anterior median fissure and posterior median sulcus. It then progressively permeated into the anterior and posterior lateral sulci on both sides of the spinal gray matter. This is similar to the results of previous studies (Wei et al., 2017). We hypothesize that the contrast agent may traverse into the gray matter via the interstices around the anterior and posterior spinal arteries or the penetrating arteries of the pia mater. However, the limited resolution of the 3.0T MRI impeded precise observation of the contrast agent’s flow path. Future studies, therefore, intend to employ two-photon microscopy to more accurately trace the flow pathways within the rat spinal glymphatic system.
Before the injection of Gd-DTPA, the initial SI values did not significantly differ across the four groups of rats. In addition, while there was no statistically significant difference in the PEAK TIME among the four groups, the duration needed to reach peak SI values was notably longer in the PDN group relative to the other three groups. This phenomenon may be attributed to the accumulation of advanced glycation end products, release of inflammatory factors causing perivascular space enlargement (Kress et al., 2014). Increasing the sample size in future studies may lead to statistically significant results. On the other hand, compared to the other three groups, the SIPH of the PDN group was decreased. This suggests a reduced clearance rate of the spinal glymphatic system in PDN rats, which collectively could exacerbate the condition of PDN in the rat population. Subsequent to treatment with LQ and MCC950, metabolic function was reinstated in PDN rats, suggesting that both agents effectively enhance the clearance capability of the spinal glymphatic system in PDN rats against the contrast agent. In addition, an increase in PWT was observed in PDN rats, indicative of reduced pain symptoms; however, no significant alteration in blood glucose levels was noted. Consequently, it is hypothesized that the primary mechanism of liquiritin’s therapeutic effect in PDN is through the restoration of the spinal glymphatic system’s clearance function rather than the control of blood glucose.
AQP4 is well-established as predominantly expressed in the central nervous system, particularly concentrated in the foot processes of astrocytes within this system (Papadopoulos and Verkman, 2013; Nielsen et al., 1997). Its functions extend beyond maintaining water and electrolyte balance to include a crucial role in clearing metabolic waste from the brain (Iliff et al., 2012). Numerous studies highlight associations between alterations in AQP4 expression or localization and various central nervous system diseases, such as ischemic stroke (Manley et al., 2000), epilepsy (Hubbard et al., 2016), neuropathic pain (Xian et al., 2021), and glioblastoma (Wang R. et al., 2023). Prior research has demonstrated changes in the polarity of AQP4 in the spinal glymphatic system of rats with PDN (Wang G. Q. et al., 2022). In our investigation, we observed that liquiritin treatment could reinstate the polarity inversion of AQP4 in the spinal glymphatic system of PDN rats. This observation suggests a significant role for changes in AQP4 localization in the progression of PDN, and the restoration of polarized AQP4 expression in astrocyte foot processes may emerge as a novel strategy for PDN treatment. Notably, in the brains of rats with Parkinson’s disease and cerebral ischemia, MMP-9 not only co-localizes with AQP4 but also an increase in MMP-9 expression results in altered AQP4 polarity, (i.e., “depolarization”), MMP-9 disturbs aquaporin-4 polarization by cleaving β-dystroglycan (Si et al., 2024; Yan et al., 2016). Correspondingly, our findings in PDN rats demonstrate an increase in MMP-9 at the lumbar enlargement of the spinal cord, accompanied by reduced AQP4 expression, elevated β-DG protein expression and disrupted polarized distribution of AQP4 (Li et al., 2024). We suggest that during PDN progression, MMP-9 similarly influences the polarized distribution of AQP4. Additionally, our study indicates that treating PDN rats with the NLRP3 inflammasome inhibitor MCC950 yields effects akin to those of liquiritin, suggesting NLRP3’s involvement in regulating MMP-9 and AQP4 expression in PDN. Thus, in PDN pathology, NLRP3, as upstream regulators of AQP4 and MMP-9, plays a crucial role in modulating the localization of AQP4.
In this study, a decrease in AQP4 expression was observed in the spinal glymphatic system of PDN rats, conflicting with prior research findings (Wang F. X. et al., 2022; Xu et al., 2023). Several potential explanations are considered. Firstly, AQP4 expression exhibits bidirectional changes in neurological disorders. For instance, in cerebral ischemic stroke and brain edema, reducing AQP4 activity can mitigate symptoms (Papadopoulos and Verkman, 2007; Tang and Yang, 2016). Conversely, in edema of vascular origin, enhancing AQP4 expression and activity facilitates the clearance of excess water, thereby alleviating symptoms (Verkman et al., 2017). This implies that AQP4 expression levels fluctuate under different pathological conditions. Secondly, research suggests that AQP4, when presented in reactive astrocytes, displays a depolarized distribution. This may originate from either a decrease in AQP4 expression in end-feet or an increase in AQP4 expression in the parenchymal membrane (Wolburg et al., 2011). Such observations indicate the dynamic shifts in AQP4 polarity distribution. It is widely understood that with the advancement of diabetes, a concurrent thickening of both microvessels and parenchymal membranes occurs (Ljubimov et al., 1996). This augmentation may potentially impact the expression of AQP4 on the parenchymal membrane. As such, contradictory results may arise from detecting at different time points due to these dynamic changes. Lastly, the polarity of AQP4 is notably influenced by the ratio of its isoforms M1 and M23 (Zhang J. et al., 2017). In the glymphatic system, tetramers of AQP4 form supramolecular structures, with the M23 isoform comprising the core of these structures, while the M1 isoform is distributed peripherally (Papadopoulos and Verkman, 2013). Following hypoglycemia, an increase in the AQP4-M1/M23 ratio may eventuate, possibly resulting in diminished AQP4 polarity (Deng et al., 2014). In vitro studies have demonstrated that at lower concentrations, β-amyloid (1-42) augments AQP4 expression in mouse cortical astrocytes, whereas at higher concentrations, it has the opposite effect (Yang et al., 2012). This observation implies that variables such as blood sugar levels and drug dosage may influence AQP4 expression. In summary, the determinants of AQP4 expression changes are multifaceted, and their presence in PDN still necessitates further investigation. However, it is clear that irrespective of the direction of change in AQP4 expression, the alteration in its polarity is a crucial factor in the onset and progression of PDN.
In the course of this study, sevoflurane was utilized consistently throughout the entire MRI scanning process to ensure consistent rat anesthesia, with scanning intervals permitting the rats to recover autonomously and hydrate. While some research suggest that regular water intake does not alter the total brain water content (Meyers et al., 2016). As such, we believe that normal water consumption does not impact the total cerebrospinal fluid (CSF) volume and does not exerting influence on the spinal glymphatic system. It is noteworthy that studies have indicated sevoflurane may elevate the expression of AQP4 and reduce the expression of NLRP3 and MMP-9 (Gao et al., 2019; Shang et al., 2023; Zheng et al., 2022; Li et al., 2014). However, within our experimental framework, all rats were anesthetized using consistent oxygen flow rates and sevoflurane concentrations for induction and maintenance of anesthesia. Experimental procedures during anesthesia (intrathecal injection, MRI scanning) were conducted within standardized time limits. Therefore, all rats involved in the MRI scans received similar doses and durations of sevoflurane anesthesia. In addition, compared to other anesthetics, sevoflurane acts quickly and allows rapid recovery, enabling rats to awaken and self-administer water and food within a short period. For diabetic rats, this shorter recovery time with the drug ensures maximum tolerance throughout the entire experimental process. Consequently, we hold the view that the effect of sevoflurane on AQP4, NLRP3, and MMP-9 is negligible. Nonetheless, further exploration is required to ascertain the potential influence of sevoflurane anesthesia on the expression levels of NLRP3, MMP-9, and AQP4 in the glymphatic system of the spinal cord in rats with PDN.
Liquiritin, a flavonoid derivative extracted from licorice. It inhibits the activation of the NLRP3 inflammasome, exhibiting antidepressant and neuroprotective effects, and significantly reduces MMP-9 expression in myocardial infarction models (Han et al., 2022). Owing to its anti-inflammatory, anti-injury, and analgesic efficacy across various pain models, liquiritin is increasingly recognized as a promising therapeutic for chronic pain management. Research in a rat model of bone cancer pain revealed that liquiritin mitigates pain by impeding the spinal cord astrocyte CXCL1 and neuronal CXCR2 pathways (Ni et al., 2020). In summary, liquiritin can alleviate pathological pain through multiple pathways and regulate the expression of MMP-9. Combined with the results of this experiment, after treatment with liquiritin, PDN rats showed increased PWT and enhanced clearance function of the spinal glymphatic system. The therapeutic effect on PDN is achieved through the inhibition of NLRP3, thereby reducing the expression of MMP-9 and restoring the polarity of AQP4.
The current study does present certain limitations. Primarily, many studies establish that a mixture of low-dose STZ intraperitoneal injection alongside a diet high in fats and sugars effectively constructs a stable Type 2 diabetes model (Islam and Loots du, 2009; Furman, 2021; Liu et al., 2021). Nonetheless, due to restrictions inherent in our experimental environment, we were unable to measure insulin resistance, a significant limitation of our study. Second, while existing literature does suggest a possible control of AQP4 expression by MMP-9 (Si et al., 2024; Yan et al., 2016), in this work we did not apply MMP-9 inhibitors and AQP4 inhibitors to further substantiate such a relationship between MMP-9 and AQP4 in rats with PDN. However, in previous studies, we found that inhibiting MMP-9 expression in PDN rats can restore the polarity of AQP4 protein in the spinal glymphatic system. MMP-9 regulates the expression and distribution of AQP4 by cleaving β-Dystroglycan (Li et al., 2024). Furthermore, our data suggest that inhibition of NLRP3 expression reduces MMP-9 activity. These findings support the hypothesis that liquiritin may improve PDN by inhibiting NLRP3 and thereby regulating MMP-9 and AQP4. Finally, we did not further elaborate on the impact of pericytes on the localization of AQP4. Pericytes, situated on the periphery of vascular endothelial cells, play a crucial role not only in maintaining vascular homeostasis but also in modulating the local microenvironment to influence the function of neurons and astrocytes (Hellström et al., 2001). Specifically, pericytes regulate the polarized distribution of AQP4 in the foot processes of astrocytes (Gundersen et al., 2014). Moreover, pericytes may modulate the function of the glymphatic system through various mechanisms, thereby playing a significant role in central nervous system diseases (Sweeney et al., 2016). For instance, in spinal cord injury models, the upregulation of Ang1 in pericytes not only inhibits inflammation and apoptosis but also suppresses the upregulation of AQP4, thus protecting microvessels (Jing et al., 2014). Additionally, glial cell adhesion proteins maintain the integrity of the blood-brain barrier by regulating the differentiation of pericytes (Yao et al., 2014). Therefore, we hypothesize that in diabetic neuropathic pain, the inflammatory response and changes in intracellular signaling pathways in pericytes may affect the expression levels and distribution of AQP4, subsequently impacting the homeostasis of the glymphatic system and the clearance rate of metabolic products. Future research should thoroughly investigate the interactions between pericytes and AQP4 at the cellular and subcellular levels, and reveal how these interactions evolve with the progression of diabetic neuropathic pain. This will help deepen our understanding of the role of pericytes in the pathogenesis of neurological diseases and provide a theoretical basis for the development of targeted therapeutic strategies.
This study effectively established a Type 2 diabetes model using a high-fat, high-sugar diet combined with low-dose STZ intraperitoneal injection and subsequently developed a stable PDN rat model. Key findings include a reduction in PWT in PDN rats, paralleled by impaired clearance in the spinal glymphatic system for contrast agents. Localization analysis indicated changes in the polarity of AQP4 around blood vessels and activated astrocytes. Additionally, quantitative assessments revealed an upsurge in NLRP3 and MMP-9 expression, an increase in activated astrocytes, and a reduction in AQP4 expression. Following treatment with liquiritin and MCC950, Upon administering liquiritin and MCC950, there was a notable enhancement in PWT in PDN rats, improved clearance ability of the spinal glymphatic system for contrast agents, restoration of AQP4 polarity around blood vessels and activated astrocytes, diminished NLRP3 and MMP-9 expression, a decrease in activated astrocytes, and an elevation in AQP4 expression. It is noteworthy that this study is the first to elucidate the roles of NLRP3 and MMP-9 in regulating the expression and localization of AQP4 within the spinal cord glymphatic system of rats with PDN. The results indicate that liquiritin may promote the restoration of AQP4 polarity by inhibiting NLRP3 and MMP-9, thereby enhancing the clearance functions of the spinal cord glymphatic system in PDN rats, alleviating the progression of PDN, and offering a novel approach for its prevention.
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