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Background and aims: Long-term peritoneal dialysis (PD) causes intestinal dysfunction, including constipation, diarrhea, or enteric peritonitis. However, the etiology and pathogenesis of these complications are still unclear and there are no specific drugs available in the clinic. This study aims to determine whether Astragaloside IV (AS IV) has therapeutic value on PD-induced intestinal epithelial barrier dysfunction in vivo and in vitro.
Methods: We established two different long-term PD treatment mice models by intraperitoneally injecting 4.25% dextrose-containing peritoneal dialysis fluid (PDF) in uremia mice and normal mice, which were served as controls. In addition, PDF was applied to T84 cells in vitro. The therapeutic effects of AS IV on PD-induced intestinal dysfunction were then examined by histopathological staining, transmission electron microscopy, western blotting, and reverse transcription polymerase chain reaction. The protein levels of protein kinase B (AKT), glycogen synthase kinase 3β (GSK-3β) and β-catenin were examined after administration of AS IV.
Results: In the present study, AS IV maintained the intestinal crypt, microvilli and desmosome structures in an orderly arrangement and improved intestinal epithelial permeability with the up-regulation of tight junction proteins in vivo. Furthermore, AS IV protected T84 cells from PD-induced damage by improving cell viability, promoting wound healing, and increasing the expression of tight junction proteins. Additionally, AS IV treatment significantly increased the levels of phosphorylation of AKT, inhibited the activity GSK-3β, and ultimately resulted in the nuclear translocation and accumulation of β-catenin.
Conclusion: These findings provide novel insight into the AS IV-mediated protection of the intestinal epithelial barrier from damage via the AKT-GSK3β-β-catenin signal axis during peritoneal dialysis.
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INTRODUCTION
End-stage renal disease (ESRD) is the final result of the progressive development of chronic kidney disease (CKD), and its incidence has increased in recent years (Yamagata et al., 2015; McCullough et al., 2019; Ruiqi et al., 2021). Peritoneal dialysis (PD) is a renal replacement therapy for patients with ESRD (Mehrotra et al., 2016; Li et al., 2017), allowing patients to undergo dialysis at home, which is cost-effective and highly tolerable. In addition, PD preserves the patient’s residual renal function and ensures better survival compared to hemodialysis (Mehrotra et al., 2016). Unfortunately, long-term exposure to peritoneal dialysis fluid (PDF) with high glucose and high osmotic conditions causes serious complications, including peritonitis, abdominal infection, and intestinal dysfunction (Dong and Guo, 2010; Su et al., 2012; Szeto and Li, 2019), which are the main causes of withdrawal from PD treatment, and can even contribute to deaths. Currently available studies focus primarily on PD-related peritonitis, but little is known about intestinal disorders.
Intestinal symptoms are common in patients with PD, especially disturbed bowel habits, including constipation and diarrhea. Although diarrhea or constipation itself is not a life-threatening complication, they are associated with a decline in the quality of life and may also induce more serious complications. The accompanying colonic mucosal damage, intestinal flora imbalance, and colon inflammation are serious issues that require great attention in patients with continuous PD (Tang et al., 2019; Jiang et al., 2020). Of note, the original intestinal homeostasis is broken, and excess urea is accumulated in ESRD patients. Long-term PDF stimulation would further lead to intestinal barrier injury and increases intestinal permeability, which then increases the possibility of pathogen invasion, a risk factor for peritonitis and abdominal infection (Shu et al., 2009). Studies have also confirmed that most pathogenic organisms are of intestinal origin in patients with continuous PD (Zhang et al., 2022). However, there are no specific drugs available for PD-related intestinal complications. Thus, in-depth studies and new specific drugs for PD-related intestinal complications are crucial.
Astragaloside IV (AS IV) is one of the main active ingredients of the traditional Chinese medicine (TCM) Astragalus membranaceus, possessing immunomodulatory, wound healing, and anti-aging properties (Tian et al., 2021). Currently, a prescription containing astragalus has been used to treat chronic constipation in the clinic (He et al., 2020). Emerging evidence has shown that AS IV could alleviate pathological damage to the gastrointestinal mucosa and atrophy in rats (Fan et al., 2016; Jiang et al., 2017; Lee et al., 2017). For chronic kidney disease, AS IV also has the properties of improving renal function (Li et al., 2011; Lu et al., 2020). Although these preceding results imply the biological benefits of AS IV in intestinal disorders and kidney diseases, the efficacy of AS IV in intestinal side effects related to PD remains to be investigated, and the underlying mechanisms need to be explored. Interestingly, most biological effects of AS IV are achieved through activation of protein B (AKT) (Zhang et al., 2011; Du et al., 2018; Li et al., 2019), which plays an important role in the regulation of cell proliferation and apoptosis. Activation of AKT could induce phosphorylation of GSK3β, then inhibits the degradation of β-catenin, which serves as a potential modulator of multiple biological activities (MacDonald et al., 2009; Wang et al., 2017; Banerjee et al., 2019). Based on these findings, we hypothesized that AS IV may regulate the proliferation of intestinal epithelial cells and promote cell junctions to protect intestinal mucosal barrier from long-term PDF exposure.
Herein, we generated in vivo and in vitro PD-related models of intestinal dysfunction to explore whether AS IV could alleviate intestinal complications, and then to investigate the role of the AKT/GSK3β/β-catenin pathway in the protective activity of AS IV.
MATERIALS AND METHODS
Animals and Animal Models
All animals were obtained from the Shanghai Slaccas Laboratory Animal Co. Ltd. (Shanghai, China). All experimental protocols were approved by the Institutional Animal Care and Use Committee at Fudan University School of Pharmacy and were performed in strict accordance with the guidelines.
Female C57BL/6J mice were maintained at 20–25°C with 12/12-h light/dark cycles and ad libitum access to food and water. The experiments began when the mice were 10 weeks old and weighed approximately 20 g. Mice were distributed as follows (n = 6 in each group): control group, PD group, 5/6 Nx group, 5/6 Nx group + PD group, PD + AS IV group, 5/6 Nx + PD + AS IV group. Mice in all 5/6Nx-related groups underwent 5/6 nephrectomy to induce uremia (Tan et al., 2019). The nephrectomy involved the removal of two-thirds of the left kidney and the complete removal of the right kidney, with a 1-week interval between the two resections. After day 0 (before 5/6 nephrectomy) and day 21, serum urea and creatinine levels were measured to confirm the successful modeling of uremia. The mice were then exposed to 2 ml of standard PDF (4.25% g/dL dextrose) daily for a period of 6 weeks in all PD groups (Ferrantelli et al., 2016; Yang et al., 2021). Mice in the PD + AS IV group and the 5/6 Nx + PDF + AS IV group were intragastrically treated with AS IV (10 mg/kg/d, purity ≥98%, Adamas, Shanghai, China) (Jiang et al., 2017; Gao et al., 2020) for 6 weeks.
Male Sprague-Dawley (SD) rats weighing 250 g were used. After 1 week of adaption, 5/6 nephrectomy was performed to induce uremia, then PDF was performed daily for 6 weeks, as described previously. All rats were randomly divided into the following groups (n = 3 in each group): control group, PD group, 5/6 Nx group, 5/6Nx + PD group. Health conditions of animals were checked daily.
Histological Analysis
After harvesting the animals, the colon was collected for pathological analysis. Colon tissues were fixed in 4% paraformaldehyde overnight and embedded in paraffin. Subsequently, colonic sections were sectioned at a thickness of 4-μm thickness and stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS).
Transmission Electron Microscopy
For TEM studies, colonic tissues were cut into small blocks and fixed in a cold buffered solution containing 2% glutardialdehyde and 2% paraformaldehyde. Specimens were cut into semi-thin sections (0.5 μm) and ultrathin sections (70–90 nm) from the interested regions and examined using a transmission electron microscope (TEM 109, Zeiss, Jena, Germany).
Immunofluorescence and Immunohistochemistry
For IF assays, the colon sections were deparaffinized with xylene and rehydrated with consecutive ethanol washes. The samples were incubated with anti-occludin antibody (Abcam, Cambridge, MA, USA) and washed with PBS. T84 cells were incubated with antibody against β-catenin (Proteintech, Rosemount, IL, USA), and nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI). For IHC staining, sections were subjected to antigen retrieval using citric acid buffer and then incubated with primary antibody against β-catenin (Proteintech, Rosemount, IL, USA) at 4°C overnight. After three washes with Tris-buffered saline, the sections were incubated with horseradish peroxidase-conjugated Affinipure goat anti-rabbit IgG. The immunoreactivity was visualized by treatment using the Dako Envision kit HRP (K4006, Dako). The images were captured by a confocal microscope.
Cell Culture and Treatment
T84 cells were obtained from the Culture Collection of the Chinese Academy of Sciences, Shanghai, China. T84 cells were cultured in DMEM/F-12 (BIOAGRIO, Shanghai, China) medium supplemented with 10% fetal bovine serum (Gibco, Gaithersburg, MD, USA) at 37 °C with 5% humidified CO2. After 3-5 passages, T84 cells were seeded into 6-well plates, and experiments were performed when a 50–60% confluence was reached. The cells were exposed to 4.25% dextrose-containing PDF and AS IV (1, 5, and 10 μM) for various time periods. Subsequently, MK-2206 (AKT inhibitor, MedChemExpress, Princeton, NJ, USA) dissolved in DMSO at a concentration of 5 μM was added to the AS IV (5 μM) adminstration group to identify the role of AKT in this setting.
Cell Viability Assay
The effects of AS IV on T84 cell viability were assessed with the Cell Counting Kit-8 (CCK8, Beyotime Biotechnology, Beijing, China). In detail, 5 ×103 cells/well were seeded in 96-well plates and exposed to various concentrations of AS IV for 24 or 48 h. At the end of the experiment, 10 μl of CCK8 solution was added and co-cultured at 37 C for 2 h, then the absorbance value was calculated at 450 nm.
Wound Healing Assay
T84 cells were seeded in 12-well plates and scratch wounds were made with a sterile 200 μL pipette tip. The migration of cells into the wound area was observed and photographed at 0 and 48 h using a microscope. The migration distance was measured by ImageJ (Rawak Software Inc. Germany).
Western Blotting Analysis
Cell and colon tissues were lysed with RIPA buffer containing protease and phosphatase inhibitors and proteins were collected by centrifuging. The proteins were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore Corporation, Billerica, MA, USA). The PVDF membranes were then incubated with the corresponding primary antibodies of anti-GAPDH, anti-β-catenin and anti-phosphorylated (p)-GSK3βSer9 (Proteintech, Rosemount, IL, USA); anti-ZO-1, anti-occludin, and anti-p-AKTS473 (Abcam, Cambridge, MA, USA); at 4 °C overnight. The membranes were washed 3 times and horseradish peroxidase-conjugated secondary antibodies were added. Finally, specific immunoblots were detected by chemiluminescence. The grey density of the protein bands was normalized to the respective control according to the manufacturer’s instructions.
RT-PCR
Total RNA from T84 cells was extracted by Trizol reagent (Takara, Japan) according to the manufacturer’s instructions. The cDNA was synthesized using PrimeScript TM RT Master Mix (Perfect Real Time, Takara, Japan), and then each sample was analyzed using a BIO-RAD CFX Connect Real-time PCR system with SYBR Premix Ex Taq TM (Takara, Japan) and the specific primers. Relative quantification of gene expression was performed using the 2-△△Cq as fold changes. The designed gene-specific primers are shown in Table 1.
TABLE 1 | Primer sequences used in the RT-PCR analysis.
[image: Table 1]Statistical Analysis
All data were analyzed by one-way analysis of variance (ANOVA) or unpaired two-tail Student’s t-test with GraphPad Prism (Version 8.0; GraphPad Software, San Diego, CA, USA), and a p-value of <0.05 was considered as statistically significant.
RESULTS
AS IV Protected the Intestinal Mucosa From Pathological Damage in PD Mice
We adopted two different mice PD models with uremic mice and normal mice. The prolonged exposure to PDF caused colon length atrophy in the PD group and in the 5/6Nx + PD group (Figures 1B,C). Furthermore, in the PD-related groups, H&E staining showed the infiltration of inflammatory cells, the defects of crypts and the irregular arrangement of the crypts in the colon (Figure 1D) and the PAS staining results revealed the lower number of goblet cells (Figure 1E). These results demonstrated that long-term PDF treatment would cause pathological damage to the colon in normal or uremic mice, which was also confirmed in rat PD models (Supplementary Figure S1). Interestingly, AS IV (Figure 1A) significantly alleviated colon length atrophy, improved crypt morphology, prevented inflammatory infiltration, and increased expression of expression of goblet cells expression (Figures 1D,E). Furthermore, we detected an ultrastructural alteration in the intestinal mucosal epithelium before and after AS IV treatment. TEM of the intestinal epithelium showed intact tight junctions (TJ), orderly microvilli, and assembled desmosome in the control group. After long-term PDF administration, we observed loss of the TJ membrane and desmosome and abnormal appearance of microvilli in the PD group and in the 5/6Nx + PD group, while treatment with AS IV alleviated these distortions (Figure 1F).
[image: Figure 1]FIGURE 1 | Effects of AS IV on the integrity of the intestinal mucosal epithelium in mice exposed to peritoneal dialysis fluid (PDF) (A) Chemical structure of AS IV (B,C) Length of the colon (D) Representative hematoxylin and eosin (H&E) staining of colonic sections, showing the appearance of the intestinal mucous membranes (E) Representative periodic acid-Schiff (PAS) staining of colonic sections, indicating goblet cell morphology and quantity (F) Ultrastructure of colonic mucosa observed with a transmission electron microscope. Yellow arrow, tight junction protein; white arrow, desmosomes; villi, microvilli (Scale bar = 1 μM). Data are presented as means ± SD of three independent experiments. *p < 0.05 or **p < 0.01 versus the control group. #p < 0.05 or ##p < 0.01 versus the PD group. &p < 0.05 or &&p < 0.01 versus the 5/6Nx + PD group.
AS IV Improved the Expression of PDF-Damaged Tight Junction Proteins in Mice
Intestinal epithelial cells and TJs constitute the intestinal epithelial barrier, which controls the transport of molecules across cells and regulates intestinal permeability (Kumar et al., 2021; Kuo et al., 2021). Here, we performed western blotting and RT-PCR to assess altered levels of TJ proteins, including ZO-1 and occludin, after continuous PDF exposure or AS IV administration. Interestingly, after long-term PDF treatment, the protein expression of ZO-1 and occludin decreased in the PD group and in the 5/6Nx + PD group, but was significantly reversed by AS IV (Figures 2A,B). Furthermore, the RT-PCR results showed a decrease in ZO-1 and occludin expression during PD compared to the control group, but mRNA expression levels were up-regulated after AS IV administration (Figure 2C). Together, these data demonstrated that AS IV could promote the repair of the intestinal epithelial barrier in vivo.
[image: Figure 2]FIGURE 2 | Effects of AS IV on the expression of tight junction proteins in mice exposed to PDF (A,B) The protein expression levels of occludin and ZO-1 determined by western blotting analysis (C) The mRNA expression levels of occludin and ZO-1 were determined by Real-time PCR. Data are presented as means ± SD of three independent experiments. *p < 0.05 or **p < 0.01 versus the control group. #p < 0.05 or ##p < 0.01 versus the PD group. &p < 0.05 or &&p < 0.01 versus the 5/6Nx + PD group.
AS IV Promoted Cell Proliferation and Wound Healing in T84 Cells
We explored the effects of PDF and AS IV on T84 cells in vitro. First, we found that AS IV itself could promote T84 cell proliferation and improve cell viability (Figure 3A). As shown in Figure 3B, cell viability decreased dramatically with exposure to PDF, while AS IV (especially at 5 μM) significantly promoted recovery of cell viability in T84 cells. Wound healing is important for the repair of the damaged intestinal epithelial barrier. When PDF was applied to T84 cells for 48 h, cell growth and migration were severely inhibited. Supplementation with AS IV improved the closure of the scratch wound at various concentrations, and maximum efficacy was observed at 5 μM (Figures 3C,D). These results suggested that AS IV promoted intestinal mucosal barrier repair by improving cell activity and promoting wound healing.
[image: Figure 3]FIGURE 3 | Effects of AS IV on cell viability and scratch wound closure in PDF-treated T84 cells (A) T84 cells were treated with 1, 5, and 10 μM AS IV for 24 h and 48 h. Cell proliferation was measured by CCK-8 (B) T84 cells were treated with PDF and 1, 5 and 10 μM AS IV for 24 h and 48 h. Cell viability was measured by CCK-8 (C,D) Scratch assay of T84 cells incubated with 1, 5 and 10 μM AS IV for 48 h. Data are presented as means ± SD of three independent experiments. *p < 0.05 or **p < 0.01 versus the control group. #p < 0.05 or ##p < 0.01 versus the PD group.
AS IV Increased Tight Junction Expression Levels in PDF-Treated T84 Cells
Consistent with the results in vivo, the deleterious effect of PDF on TJs was also observed in vitro. As shown in Figures 4A,B, after T84 cells were exposed to PDF for 72 h, the expression of TJ proteins, including ZO-1 and occludin, was severely down-regulated and the expression decreased in a dose- and time-dependent manner after PDF exposure (Supplementary Figure S2A, B). Various doses of AS IV were applied for treatment, the expression of the ZO-1 and occludin proteins was significantly up-regulated, which indicated that AS IV could improve intestinal permeability in vitro (Figures 4A,B). Furthermore, AS IV also increased the levels of ZO-1 and occludin mRNA in vitro (Figure 4C).
[image: Figure 4]FIGURE 4 | Effects of AS IV on the expression of tight junction proteins in PDF-treated T84 cells (A,B) T84 cells were incubated with PDF and 1, 5, and 10 μM AS IV, then the protein expression levels of occludin and ZO-1 were determined by western blotting analysis (C) T84 cells were incubated with PDF and 1, 5, and 10 μM AS IV, then the mRNA levels of occludin and ZO-1 were determined by Real-time PCR. Data are presented as means ± SD of three independent experiments. *p < 0.05 or **p < 0.01 versus the control group. #p < 0.05 or ##p < 0.01 versus the PD group.
AS IV Exerted Protective Effects Through AKT/GSK3β/β-Catenin Pathway in vitro
To clarify the underlying mechanism whereby AS IV protected T84 cells against PDF-related intestinal epithelial barrier damage, we explored the AKT/GSK3β/β-catenin pathway. As shown in Figure 5A, exposure to PDF reduced the phosphorylation levels of AKT (Ser473) and GSK-3β (Ser9), and concomitantly increased β-catenin degradation. Interestingly, compared to the PDF-treated group, supplementation with AS IV increased AKT phosphorylation levels (Ser473), its activated form, then phosphorylated its downstream GSK-3β (Ser9), the inactivated form. Furthermore, combining the results of western blotting and IF nuclear localization, AS IV subsequently increased the accumulation and nuclear translocation of β-catenin (Figures 5A–C). Therefore, these data demonstrated that AS IV may exert its activity through the AKT/GSK3β/β-catenin pathway. To further verify the underlying pathway, we added 5 μM MK-2206 to the AS IV group. As expected, the addition of MK2206 significantly inhibited the efficacy of AS IV, resulting in a decrease in cell viability (Figure 5D) and downregulated the expression of ZO-1 and occludin (Figures 5E,F). Altogether, these results suggested that AS IV exerted therapeutic effects by improving cell viability and promoting the expression of TJ proteins through the AKT/GSK3β/β-catenin pathway.
[image: Figure 5]FIGURE 5 | AS IV protected against PD-induced intestinal epithelium damage by activating AKT/GSK3β/β-catenin pathway in T84 cells (A,B) T84 cells were incubated with PDF and AS IV (5 μM), then protein expression levels of AKT, p-AKT, GSK-3β, p-GSK3β and β-catenin were evaluated by western blotting (C) The distribution and expression of β-catenin were determined by immunofluorescence assay (D) T84 cells were incubated with PDF, AS IV (5 μM) and MK2206 (5 μM), then cell viability was calculated by CCK-8 (E,F) After the indicated treatments in T84 cells, the protein expression levels of occludin and ZO-1 was determined by western blotting. Data are presented as means ± SD of three independent experiments. *p < 0.05 or **p < 0.01 versus the control group. #p < 0.05 or ##p < 0.01 versus the PD group.
AS IV Activated the AKT/GSK3β/β-Catenin Signaling Axis in vivo
To validate the underlying mechanism of AS IV, we explored the AKT/GSK-3β/β-catenin pathway in vivo. In line with the above findings, western blotting and IHC analyses showed decreased levels of p-AKT (Ser473) and GSK-3β (Ser 9), which was accompanied by a lower expression of β-catenin in the PD group and the 5/6Nx + PD group. However, for the PD + AS IV group and 5/6Nx + PD + AS IV group, we found that administration of AS IV could activate the biological activity of AKT (Ser473), and then inhibit the activity of GSK-3β (Ser 9), ultimately leading to the increased accumulation of β-catenin (Figures 6A–C). These data further confirmed that AS IV promoted the repair of the intestinal mucosal epithelial barrier repair via the AKT/GSK3β/β-catenin signaling axis.
[image: Figure 6]FIGURE 6 | AS IV protected the intestinal mucosa from injury by activating AKT/GSK3β/β-catenin pathway in PD-treated mice (A,B) The protein expression levels of AKT, p-AKT, GSK-3β, p-GSK3β, and β-catenin were evaluated by western blotting in colonic lysates (C) Representative images of IHC staining for β-catenin in colonic sections. Data are presented as means ± SD of three independent experiments. *p < 0.05 or **p < 0.01 versus the control group. #p < 0.05 or ##p < 0.01 versus the PD group. &p < 0.05 or &&p < 0.01 versus the 5/6Nx + PD group.
DISCUSSION
In the clinical setting, approximately 50% of patients with continuous ambulatory PD experience gastrointestinal complications (Kosmadakis et al., 2018), which bring inconvenience to patients, reduce the quality of life, and may increase the risk of enteric peritonitis. Although the incidence of these disorders is high, there are few scientific studies on PD-related intestinal symptoms and no specific drugs for treatment.
AS IV has a wide range of pharmacological effects and has been applied in various disorders, such as colitis, diabetic nephropathy, and CKD (Li et al., 2011; Fan et al., 2016; Jiang et al., 2017; He et al., 2020). In the present study, considering the possibility that AS IV protect intestine from several forms of dysfunction, we innovatively applied AS IV to ameliorate the PD-related intestinal disorders.
Here, we used the 5/6Nx + PD animal model to mimic the clinical situation of patients with continuous ambulatory PD (Van Biesen et al., 2006; Gonzalez-Mateo et al., 2008) and observed the intestinal status in vivo. To further investigate the adverse effects of PDF on the intestinal tract, we also established a group of normal mice that were treated with PDF alone for a prolonged period, to exclude the influence of uremia. Interestingly, both normal and 5/6Nx animals experienced severe intestinal epithelial dysfunction after long-term exposure to PDF. Our findings showed that AS IV could improve the morphology of intestinal tissue and protect cellular structures such as desmosomes, and microvilli. The intestinal epithelium is a single layer of columnar epithelial cells that separate the intestinal lumen from the underlying lamina propria (Chen et al., 2019). It is a natural barrier to prevent or inhibit the systemic translocation of pathogens. AS IV could improve intestinal epithelial permeability with the up-regulation of tight junction proteins in vivo. Regarding intestinal epithelial cells, AS IV could significantly improve cell viability, promote wound healing, and expression of TJ proteins. This evidence strongly suggests that AS IV can alleviate PD-related intestinal dysfunction. Furthermore, unlike previous studies that only explored the therapeutic effects of the drug in mice treated with PDF alone (Zhang et al., 2021), we also explored the therapeutic effects of the drug on PDF-treated uremic mice, which is more in line with the clinical situation. These results provide scientific evidence and reference for the treatment of intestinal disorders related to PD in the clinical setting.
β-catenin is a well-known component of adherent junctions (AJ), which function as master regulators of the structure of TJ, and loss of β-catenin would lead to disruption of TJ integrity and impair barrier function (Banskota et al., 2018; Pradhan-Sundd et al., 2018). In addition, when β-catenin enters the nucleus, it regulates cell viability and the expression of epithelial junction molecules via the Wnt/β-catenin signaling pathway (Zhang et al., 2017). GSK-3β is a negative regulator of β-catenin, which induces β-catenin degradation. In the present study, we found that AS IV could activate the AKT/GSK3β signaling, then increased the accumulation of β-catenin in the nucleus, which ultimately affected the biological activity of intestinal epithelial cells. To further support this finding, we introduced MK2206 into cultures to block AKT/GSK3β/β-catenin pathway, and found that MK2206 could prevent the proliferation, migration, and interaction of T84 cells, and ultimately attenuated the therapeutic effects of AS IV.
To our knowledge, this study is the first to propose and elucidate the therapeutic role of AS IV in PD-induced intestinal epithelial dysfunction. This protective activity is at least in part, attributed to the AS IV-mediated activation of AKT, followed by inhibition of GSK3β, which ultimately leads to facilitating β-catenin nucleus translocation, regulating cell proliferation, and the expression of TJ proteins. Given the excellent efficacy of AS IV, we speculate that AS IV may be developed as a potential candidate drug for PD-related intestinal symptoms in the clinical setting.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Institutional Animal Care and Use Committee at Fudan University School of Pharmacy.
AUTHOR CONTRIBUTIONS
XZ, JH and MW conceived and designed the experiments. JH performed the experiment, analyzed the data and drafted the manuscript. GJ, LY, HX and FB participated in the partial discussion and critical revision, and helped to polish the manuscript.
FUNDING
This work was supported by grants from the National Natural Science Foundation of China (No. 81973385 to X. Zhang), Shanghai Science and Technology Innovation (No. 20410713300 to X. Zhang), Clinical Research Plan of SHCD, and Scientific Research Foundation for Young Talents, Minhang Hospital (No. 2020MHZ065).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors thank all the members of the laboratory for the discussion and preparation of this manuscript.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.873150/full#supplementary-material
ABBREVIATIONS
PD, Peritoneal dialysis; PDF, Peritoneal dialysis fluid; AS IV, Astragaloside IV; ESRD, End-stage renal disease; CKD, Chronic kidney disease; AKT, Protein B; GSK-3β, Glycogen synthase kinase-3β; TJ, Tight junction; 5/6Nx, 5/6 Nephrectomy; TCM, traditional Chinese medicine.
REFERENCES
 Banerjee, A., Jothimani, G., Prasad, S. V., Marotta, F., and Pathak, S. (2019). Targeting Wnt Signaling through Small molecules in Governing Stem Cell Fate and Diseases. Endocr Metab Immune Disord Drug Targets 19 (3), 233–246. doi:10.2174/1871530319666190118103907
 Banskota, S., Dahal, S., Kwon, E., Kim, D. Y., and Kim, J. A. (2018). β-Catenin Gene Promoter Hypermethylation by Reactive Oxygen Species Correlates with the Migratory and Invasive Potentials of colon Cancer Cells. Cel Oncol (Dordr) 41 (5), 569–580. doi:10.1007/s13402-018-0391-7
 Chen, Y. Y., Chen, D. Q., Chen, L., Liu, J. R., Vaziri, N. D., Guo, Y., et al. (2019). Microbiome-metabolome Reveals the Contribution of Gut-Kidney axis on Kidney Disease. J. Transl Med. 17 (1), 5. doi:10.1186/s12967-018-1756-4
 Dong, R., and Guo, Z. Y. (2010). Gastrointestinal Symptoms in Patients Undergoing Peritoneal Dialysis: Multivariate Analysis of Correlated Factors. World J. Gastroenterol. 16 (22), 2812–2817. doi:10.3748/wjg.v16.i22.2812
 Du, Q., Zhang, S., Li, A., Mohammad, I. S., Liu, B., and Li, Y. (2018). Astragaloside IV Inhibits Adipose Lipolysis and Reduces Hepatic Glucose Production via Akt Dependent PDE3B Expression in HFD-Fed Mice. Front. Physiol. 9, 15. doi:10.3389/fphys.2018.00015
 Fan, D. D., Lin, S., Song, Y. P., Wang, Z. Y., Liu, B., Gao, S. N., et al. (2016). Astragaloside IV Protects Rat Gastric Mucosa against Aspirin-Induced Damage. Int. Immunopharmacol 41, 47–55. doi:10.1016/j.intimp.2016.10.018
 Ferrantelli, E., Liappas, G., Cuenca, M. V., Keuning, E. D., Foster, T. L., Vervloet, M. G., et al. (2016). The Dipeptide Alanyl-Glutamine Ameliorates Peritoneal Fibrosis and Attenuates IL-17 Dependent Pathways during Peritoneal Dialysis. Kidney Int. 89 (3), 625–635. doi:10.1016/j.kint.2015.12.005
 Gao, P., Du, X., Liu, L., Xu, H., Liu, M., Guan, X., et al. (2020). Astragaloside IV Alleviates Tacrolimus-Induced Chronic Nephrotoxicity via P62-Keap1-Nrf2 Pathway. Front. Pharmacol. 11, 11610102. doi:10.3389/fphar.2020.610102
 González-Mateo, G. T., Loureiro-Alvarez, J., Rayego-Mateos, S., Ruiz-Ortega, M., López-Cabrera, M., Selgas, R., et al. (2008). Animal Models of Peritoneal Dialysis: Relevance, Difficulties, and Future. Nefrologia 28 (Suppl. 6), 17–22. 
 He, Q., Han, C., Huang, L., Yang, H., Hu, J., Chen, H., et al. (2020). Astragaloside IV Alleviates Mouse Slow Transit Constipation by Modulating Gut Microbiota Profile and Promoting Butyric Acid Generation. J. Cel Mol Med 24 (16), 9349–9361. doi:10.1111/jcmm.15586
 Jiang, C., Lin, W., Wang, L., Lv, Y., Song, Y., Chen, X., et al. (2020). Fushen Granule, A Traditional Chinese Medicine, Ameliorates Intestinal Mucosal Dysfunction in Peritoneal Dialysis Rat Model by Regulating p38MAPK Signaling Pathway. J. Ethnopharmacol 251, 112501. doi:10.1016/j.jep.2019.112501
 Jiang, X. G., Sun, K., Liu, Y. Y., Yan, L., Wang, M. X., Fan, J. Y., et al. (2017). Astragaloside IV Ameliorates 2,4,6-trinitrobenzene Sulfonic Acid (TNBS)-induced Colitis Implicating Regulation of Energy Metabolism. Sci. Rep. 7, 41832. doi:10.1038/srep41832
 Kosmadakis, G., Albaret, J., da Costa Correia, E., Somda, F., and Aguilera, D. (2018). Gastrointestinal Disorders in Peritoneal Dialysis Patients. Am. J. Nephrol. 48 (5), 319–325. doi:10.1159/000494145
 Kumar, A., Priyamvada, S., Ge, Y., Jayawardena, D., Singhal, M., Anbazhagan, A. N., et al. (2021). A Novel Role of SLC26A3 in the Maintenance of Intestinal Epithelial Barrier Integrity. Gastroenterology 160 (4), 1240–e3. e3. doi:10.1053/j.gastro.2020.11.008
 Kuo, W. T., Zuo, L., Odenwald, M. A., Madha, S., Singh, G., Gurniak, C. B., et al. (2021). The Tight Junction Protein ZO-1 Is Dispensable for Barrier Function but Critical for Effective Mucosal Repair. Gastroenterology 161 (6), 1924–1939. doi:10.1053/j.gastro.2021.08.047
 Lee, S. Y., Tsai, W. C., Lin, J. C., Ahmetaj-Shala, B., Huang, S. F., Chang, W. L., et al. (2017). Astragaloside II Promotes Intestinal Epithelial Repair by Enhancing L-Arginine Uptake and Activating the mTOR Pathway. Sci. Rep. 7 (1), 12302. doi:10.1038/s41598-017-12435-y
 Li, M., Wang, W., Xue, J., Gu, Y., and Lin, S. (2011). Meta-analysis of the Clinical Value of Astragalus Membranaceus in Diabetic Nephropathy. J. Ethnopharmacol 133 (2), 412–419. doi:10.1016/j.jep.2010.10.012
 Li, P. K., Chow, K. M., Van de Luijtgaarden, M. W., Johnson, D. W., Jager, K. J., Mehrotra, R., et al. (2017). Changes in the Worldwide Epidemiology of Peritoneal Dialysis. Nat. Rev. Nephrol. 13 (2), 90–103. doi:10.1038/nrneph.2016.181
 Li, Y., Yang, Y., Zhao, Y., Zhang, J., Liu, B., Jiao, S., et al. (2019). Astragaloside IV Reduces Neuronal Apoptosis and Parthanatos in Ischemic Injury by Preserving Mitochondrial Hexokinase-II. Free Radic. Biol. Med. 131, 251–263. doi:10.1016/j.freeradbiomed.2018.11.033
 Lu, R., Chen, J., Liu, B., Lin, H., Bai, L., Zhang, P., et al. (2020). Protective Role of Astragaloside IV in Chronic Glomerulonephritis by Activating Autophagy through PI3K/AKT/AS160 Pathway. Phytother Res. 34 (12), 3236–3248. doi:10.1002/ptr.6772
 McCullough, K. P., Morgenstern, H., Saran, R., Herman, W. H., and Robinson, B. M. (2019). Projecting ESRD Incidence and Prevalence in the United States through 2030. J. Am. Soc. Nephrol. 30 (1), 127–135. doi:10.1681/ASN.2018050531
 Mehrotra, R., Devuyst, O., Davies, S. J., and Johnson, D. W. (2016). The Current State of Peritoneal Dialysis. J. Am. Soc. Nephrol. 27 (11), 3238–3252. doi:10.1681/ASN.2016010112
 Pradhan-Sundd, T., Zhou, L., Vats, R., Jiang, A., Molina, L., Singh, S., et al. (2018). Dual Catenin Loss in Murine Liver Causes Tight Junctional Deregulation and Progressive Intrahepatic Cholestasis. Hepatology 67 (6), 2320–2337. doi:10.1002/hep.29585
 Ruiqi, L., Ming, P., Qihang, S., Yangyang, L., Junli, C., Wei, L., et al. (2021). Saikosaponin D Inhibits Peritoneal Fibrosis in Rats with Renal Failure by Regulation of TGFβ1/BMP7/Gremlin1/Smad Pathway. Front. Pharmacol. 12, 628671. doi:10.3389/fphar.2021.628671
 Shu, K. H., Chang, C. S., Chuang, Y. W., Chen, C. H., Cheng, C. H., Wu, M. J., et al. (2009). Intestinal Bacterial Overgrowth in CAPD Patients with Hypokalaemia. Nephrol. Dial. Transpl. 24 (4), 1289–1292. doi:10.1093/ndt/gfn617
 Su, C. Y., Pei, J., Lu, X. H., Tang, W., and Wang, T. (2012). Gastrointestinal Symptoms Predict Peritonitis Rates in CAPD Patients. Clin. Nephrol. 77 (4), 267–274. doi:10.5414/cn107249
 Szeto, C. C., and Li, P. K. (2019). Peritoneal Dialysis-Associated Peritonitis. Clin. J. Am. Soc. Nephrol. 14 (7), 1100–1105. doi:10.2215/CJN.14631218
 Tan, R. Z., Zhong, X., Li, J. C., Zhang, Y. W., Yan, Y., Liao, Y., et al. (2019). An Optimized 5/6 Nephrectomy Mouse Model Based on Unilateral Kidney Ligation and its Application in Renal Fibrosis Research. Ren. Fail. 41 (1), 555–566. doi:10.1080/0886022X.2019.1627220
 Tang, H., Zhu, X., Gong, C., Liu, H., and Liu, F. (2019). Protective Effects and Mechanisms of omega-3 Polyunsaturated Fatty Acid on Intestinal Injury and Macrophage Polarization in Peritoneal Dialysis Rats. Nephrology (Carlton) 24 (10), 1081–1089. doi:10.1111/nep.13587
 Tian, L., Zhao, J.-L., Kang, J.-Q., Guo, S.-b., Zhang, N., Shang, L., et al. (2021). Astragaloside IV Alleviates the Experimental DSS-Induced Colitis by Remodeling Macrophage Polarization through STAT Signaling. Front. Immunol. 12, 740565. doi:10.3389/fimmu.2021.740565
 Van Biesen, W., Vanholder, R., and Lameire, N. (2006). Animal Models in Peritoneal Dialysis: A story of Kangaroos and Ostriches. Perit Dial. Int. 26 (5), 571–573. doi:10.1177/089686080602600509
 Wang, R., Gao, D., Zhou, Y., Chen, L., Luo, B., Yu, Y., et al. (2006). High glucose impaired estrogen receptor alpha signaling via beta-catenin in osteoblastic MC3T3-E1. J. Steroid Biochem. Mol. Biol. 174276-283 (5), 571–573. doi:10.1016/j.jsbmb.2017.10.008
 Yamagata, K., Yagisawa, T., Nakai, S., Nakayama, M., Imai, E., Hattori, M., et al. (2015). Prevalence and Incidence of Chronic Kidney Disease Stage G5 in Japan. Clin. Exp. Nephrol. 19 (1), 54–64. doi:10.1007/s10157-014-0978-x
 Yang, B., Wang, M., Tong, X., Ankawi, G., Sun, L., and Yang, H. (2021). Experimental Models in Peritoneal Dialysis (Review). Exp. Ther. Med. 21 (3), 240. doi:10.3892/etm.2021.9671
 Zhang, D., Jiang, L., Wang, M., Jin, M., Zhang, X., Liu, D., et al. (2021). Berberine Inhibits Intestinal Epithelial Barrier Dysfunction in colon Caused by Peritoneal Dialysis Fluid by Improving Cell Migration. J. Ethnopharmacol 264, 113206. doi:10.1016/j.jep.2020.113206
 Zhang, J. H., Jiao, L. Y., Li, T. J., Zhu, Y. Y., Zhou, J. W., and Tian, J. (2017). GSK-3β Suppresses HCC Cell Dissociation In Vitro by Upregulating Epithelial junction Proteins and Inhibiting Wnt/β-Catenin Signaling Pathway. J. Cancer 8 (9), 1598–1608. doi:10.7150/jca.18744
 Zhang, L., Liu, Q., Lu, L., Zhao, X., Gao, X., and Wang, Y. (2011). Astragaloside IV Stimulates Angiogenesis and Increases Hypoxia-Inducible Factor-1α Accumulation via Phosphatidylinositol 3-kinase/Akt Pathway. J. Pharmacol. Exp. Ther. 338 (2), 485–491. doi:10.1124/jpet.111.180992
 Zhang, L., Xie, F., Tang, H., Zhang, X., Hu, J., Zhong, X., et al. (2022). Gut Microbial Metabolite TMAO Increases Peritoneal Inflammation and Peritonitis Risk in Peritoneal Dialysis Patients. Translational Res. 240, 50–63. doi:10.1016/j.trsl.2021.10.001
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The reviewer DG declared a shared parent affiliation with authors FB and GJ to the handling editor at the time of review.
Copyright © 2022 He, Wang, Yang, Xin, Bian, Jiang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-873150-g005.gif





OPS/images/fphar-13-873150-g006.gif
.
e

P e

Q] axn

iy






OPS/images/fphar-13-873150-g003.gif





OPS/images/fphar-13-873150-g004.gif
Relative Occlodio mRNA - @

Relative Oceludin/GAFDH O

A

At o

00
S0

or
e

201

o o i iw
T v

- - oo

[ p—y

Relative 20-1 mRNA
Soson
S

°

: SR

i
32
H
. a—— e






OPS/images/fphar-13-873150-t001.jpg
Gene

GAPDH (human)
Occludin (human)
Z0-1 (human)
GAPDH (mouse)
Occludin (mouse)

Z0-1 (mouse)

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence

GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG
AAGAAGCCTATTGGAGCCATCC
TGGAACACTGCGACATAGCG
ACCAGTAAGTCGTCCTGATCC
TCGGCCAAATCTTCTCACTCC
AGGTCGGTGTGAACGGATTTG
TGTAGACCATGTAGTTGAGGTCA
TGAAAGTCCACCTCCTTACAGA
CCGGATAAAAAGAGTACGCTGG
GCTTTAGCGAACAGAAGGAGC
TTCATTTTTCCGAGACTTCACCA





OPS/xhtml/nav.xhtml
Contents

		Cover

		Astragaloside IV Alleviates Intestinal Barrier Dysfunction via the AKT-GSK3β-β-Catenin Pathway in Peritoneal Dialysis		Introduction

		Materials and Methods		Animals and Animal Models

		Histological Analysis

		Transmission Electron Microscopy

		Immunofluorescence and Immunohistochemistry

		Cell Culture and Treatment

		Cell Viability Assay

		Wound Healing Assay

		Western Blotting Analysis

		RT-PCR

		Statistical Analysis





		Results		AS IV Protected the Intestinal Mucosa From Pathological Damage in PD Mice

		AS IV Improved the Expression of PDF-Damaged Tight Junction Proteins in Mice

		AS IV Promoted Cell Proliferation and Wound Healing in T84 Cells

		AS IV Increased Tight Junction Expression Levels in PDF-Treated T84 Cells

		AS IV Exerted Protective Effects Through AKT/GSK3β/β-Catenin Pathway in vitro

		AS IV Activated the AKT/GSK3β/β-Catenin Signaling Axis in vivo





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		Abbreviations

		References









OPS/images/cover.jpg
'frontiers ‘ Frontiers in Pharmacology

Astragaloside IV Alleviates
Intestinal Barrier Dysfunction via
the AKT-GSK3p-B-Catenin
Pathway in Peritoneal Dialysis





OPS/images/fphar-13-873150-g001.gif
i
3
i
3
H






OPS/images/fphar-13-873150-g002.gif
o

o [ e |

o [ e -

< - °









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





