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INTRODUCTION
Chronic kidney disease (CKD) is a leading cause of life lost worldwide, representing a global public health burden (Chen et al., 2019). The pathophysiological mechanisms leading to progression of CKD include parenchymal cell loss, chronic inflammation, fibrosis and reduced regenerative capacity of kidney (Ruiz-Ortega et al., 2020; Speer et al., 2022). The complications of CKD, e.g., anemia and cardiovascular disease, are associated with increased risks of death (Fishbane and Spinowitz, 2018; Ravid et al., 2021). The prevalence and mortality of CKD are collectively increasing, illustrating the need for efficacious therapeutic approaches. This situation therefore calls for novel therapies for CKD and its complications to prevent disease progression and to prevent death. In recent years, herbal medicine has represented additional therapeutic alternatives in the management and treatment of numerous diseases, and which is attracting greater attention and being applied to stop or reverse CKD progression. In this Research Topic, our goal is to provide a forum to advance research of herbal medicine towards CKD therapies. Twenty-nine contributions covering the listed Research Topics have been collected to this Research Topic.
Reviews of herbal medicine in the treatment of kidney disease
Wang et al. summarized the theories and treatment strategies of traditional Chinese medicine (TCM) in treating CKD. The strategies and mechanisms of TCM against CKD from different forms of medication, such as usage of single herb (Astragali Radix, roots of Astragalus membranaceus), or herbal pairs (Astragali Radix-Angelicae Sinensis Radix Pair), or herbal formula (Zhenwu Tang). TCMs have major role in inhibiting activation of myofibroblasts, infiltration of inflammatory cells, trans-differentiation of epithelial cells to mesenchymal cells, and excessive deposition of extracellular matrix to improve renal fibrosis through various mechanisms. Renal fibrosis, especially tubulointerstitial fibrosis, is the final manifestation of CKD. Yu et al. have summarized the role of TGF-β/Smad signaling pathway in tubulointerstitial fibrosis. Moreover, the authors have pointed out that natural products, including A. membranaceus, Salvia miltiorrhiza, Poria cocos and Rheum palmatum, as well as their phytochemicals, i.e., astragaloside IV, salvianolic acid, poricoic acids, are exerting anti-tubulointerstitial fibrosis effects by targeting TGF-β/Smad signaling. Growing evidence has indicated that hyperuricemia is an independent risk factor in development and progression of CKD, and therefore a review by Yang et al. has provided an overview of efficacy and mechanisms of TCM or natural products in hyperuricemia-induced CKD. The authors presented 11 herbs, such as Smilax china, Liriodendron chinense, Dendrobium officinale and Rhododendron oldhamii, have renal-protective effects on hyperuricemic nephropathy via lowering serum excessive uric acid level. The mechanisms of which are involved in inhibiting activity of liver xanthine oxidoreductase and/or regulating expressions of renal urate transporters. Podocyte injury is one of common causes of proteinuric kidney diseases. Here, Lin et al. have discussed the potential mechanism of TCM and its active components in protecting podocytes, such as repairing podocyte injury, inhibiting podocyte proliferation, reducing podocyte apoptosis and excretion, maintaining podocyte skeleton structure and upregulating podocyte-related protein expression, supporting the development of new therapeutics against primary podocytosis. In support of this notion, a review by Miao et al. has summed up the applications of TCM such as Tripterygium wilfordii and A. membranaceus for the treatment of membranous nephropathy, a renal-limited non-inflammatory autoimmune disease in the glomerulus. Wang et al. have summarized the role of metabolic reprogramming in diabetic kidney disease, one of the most common microvascular complications of diabetes mellitus. Furthermore, a meta-analysis of randomized controlled trials was conducted by Fu et al. to clarify the effect of hydroxyl safflower yellow A (from Carthamus tinctorius) on oxidative stress and inflammatory response in patients with diabetic kidney disease. Collectively, these review articles are providing valuable references in supporting efficacy and mechanism of herbal medicine in kidney diseases.
Herbal medicine and its active ingredients for kidney disease
Eleven articles are focused on the usage of single herb and the identification of active ingredients within the herb in treating kidney disease. Li et al. have elucidated the effects and mechanisms of paeoniflorin, one of major bio-actives extracted from roots of Paeonia lactiflora on CKD skeletal muscle atrophy. The results have shown that paeoniflorin can improve renal functions, calcium/phosphorus disorders and nutrition indexes in the nephrectomized CKD rats, and the mechanism of which are involved in suppressing oxidative stress and mitochondrial dysfunction, partially through the AMPK/SIRT1/PGC-1α pathway. Astragaloside IV, an active ingredient of A. membranaceus was also found to have beneficial role in nephrectomized CKD model (He et al.). The results demonstrated that astragaloside IV attenuated intestinal barrier dysfunction via AKT-GSK3β-β-catenin pathway in peritoneal dialysis. Moreover, formononetin, another major constituent from A. membranaceus, has been reported to improve albuminuria, renal tubular injury, and mitochondrial damage in streptozotocin-induced diabetic rats, and the mechanism of which was partly through regulating Sirt1/PGC-1α pathway (Huang et al.). Supporting this notion, a study by Zhang et al. further demonstrated the protective effect of calycosin, an active flavonoid of A. membranaceus, on renal ischemia/reperfusion (I/R) injury. Calycosin was found to improve kidney function and to reduce renal inflammation responses, and the NF-κB-mediated inflammatory response via PPARγ/EGR1 pathway was involved. Ding et al. (2022) have found that total extract of flowers of Abelmoschus manihot was able to attenuate the uric acid-induced NRK-52E cell injury, mimicking a hyperuricemia condition. The results showed that A. manihot protected against uric acid-induced cell injury through anti-pyroptotic effect by downregulating caspase-8/caspase-3/NLPR3 (NOD-like receptor thermal protein domain associated protein 3)/GSDME (gasdermin E) signaling. Another study by Zhang et al. has revealed the therapeutic effect of urolithin A, a major intestinal metabolite of ellagitannins from a family of polyphenols presenting in fruits and nuts, in a fructose-induced hyperuricemic nephropathy mouse model, and the effect of which was involved in impairing STING-NLRP3 axis-mediated inflammatory response via Parkin-dependent mitophagy.
Acute kidney injury (AKI) is one of significant risk factors in development of CKD, and three articles are exploring therapy for preventing AKI or delaying its progression to CKD. First, Dou et al. have explored the protective role of S. miltiorrhiza and its bioactive compound tanshinone IIA (TanIIA) in AKI. The authors reported that nuclear receptor family could be the target of S. miltiorrhiza in AKI treatment by a prediction from network pharmacology. Furthermore, TanIIA was found to improve cell necrosis proliferation and to reduce renal inflammation by stimulating the expression of pregnane X receptor and inhibiting NF-κB signaling. Another study by Liu et al. investigated the effect of tilianin (acacetin-7-glucoside), a bio-active flavonoid glycoside isolated from various medicinal plants, e.g., Agastache rugosa, in I/R-induced AKI mice. The authors found that tilianin could reduce apoptosis after I/R-induced AKI by ERK/EGR1/BCL2L1 pathway. To further support the role of natural products in AKI, Yao et al. have evaluated the therapeutic effect of oroxylin A, an active component of Scutellaria baicalensis, in I/R and cisplatin indued-AKI mice. The results showed that oroxylin A ameliorated tubular damage and dramatically decreased serum creatinine and urea nitrogen, and the expressions of renal injury markers (Kim-1, Ngal) in AKI mice, as well as attenuating AKI-to-CKD transition, and which was involved in maintaining PPARα-BNIP3 signaling-mediated mitochondrial homeostasis. In addition to AKI, Li et al. have investigated the protective effects of Phyllanthus niruri on calcium oxalate-induce renal injury in mice, a urolithiasis or kidney stones model. Ellagic acid was identified as the active ingredient from P. niruri in inhibiting the increased expressions of squalene monooxygenase (SQLE), stearoyl-CoA desaturase (SCD) and 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (GMGCS1) in oxalate-induced renal injury in HK-2 cells and mice model. The article by Chen et al. has shown that saponins from Panax notoginseng effectively alleviated steroid resistance in methylprednisolone induced steroid-resistant lupus nephritis mouse model through the regulation of lymphocyte-derived exosomes.
Four articles have focused on herbal medicine in a formulated mixture for the treatment of kidney disease. Wang et al. have evaluated the protective effects of Rehmannia glutinosa and Cornus officinalis, a herbal pairing from the famous Chinese medicine prescription “Liuwei Dihuang Pill”, on adenine-induced CKD rats. The results revealed that the combination of these two herbs could modulate the composition of gut microbiota and enhance barrier function to intervene CKD. Another herb-pair containing T. wilfordii and Trichosanthes kirilowii was found to have effect on diabetic kidney disease by improving insulin resistance, inflammation, and oxidative stress (Lu et al.). A study by Liu et al. investigated the renoprotective effect of Jian-Pi-Yi-Shen (JPYS), a Chinese herbal decoction containing eight medicinal herbs, in adenine-induced CKD rat model. The results showed that JPYS alleviated renal dysfunction and fibrosis in CKD rats, and the mechanism of which might be related to the regulation of tryptophan metabolism and inhibition of aryl hydrocarbon receptor signaling activation. Finally, Zhao et al. have shown that Yishen Huashi (YSHS) granule, a herbal prescription mainly composing of roots and rhizomes of Panax ginseng, roots of A. membranaceus, rhizomes of Atractylodes macrocephala and P. cocos, ameliorated renal fibrosis and preserved the integrity of the kidney filtration barrier, and the PI3K/AKT/mTOR pathway participated in YSHS-modulated diabetic nephropathy rats. Besides, Xu et al. have conducted a bibliometric and knowledge-map analysis to analyze the research status and application of herbal medicine for the treatment of CKD. The results indicate that herbal medicine has a wide range of pharmacological activities and therapeutic value for CKD.
One article by Ni et al. has explored the nephrotoxicity of bavachin, one of the main toxic components in fruits of Psoralea corylifolia, and its prevention. The results confirmed that bavachin at 0.5 μM could cause obvious renal fibrosis in vivo and in vitro, and which was associated with the activation of the TGFβ1/Smad3 and Notch1/NICD signaling pathway. Furthermore, the authors discovered that ginsenoside Rb1 exerted an outstanding effect against bavachin-induced renal fibrosis via suppressing ROS-triggered endoplasmic reticulum stress. Another study by Wu et al. evaluated the efficacy and hepatotoxicity of tripterygium glycosides tablets extract from a well-known herb T. wilfordii in vivo. The findings showed that tripterygium glycosides exhibited clear therapeutic efficacy in nephrotic syndrome rats, but aggravated hepatotoxicity. The potential mechanism was related to the significant increase of in vivo exposure of the six key components in nephrotic syndrome rats. Triptolide, wilforlide A, wilforgine, wilfortrine, wilfordine and wilforine were identified as active ingredients within tripterygium glycosides, whereas triptolide, wilforgine, wilfortrine, and wilfordine were recognized as hepatotoxic components. Taken together, these studies will be useful for the clinical application of such herb.
Apart from herbal medicine for kidney disease, four articles focusing on different aspects have been included in this Research Topic. Du et al. have conducted a meta-analysis to evaluate the effectiveness of calcium dobesilate, a microcirculation-improving medication in diabetic kidney disease patients. The results showed that calcium dobesilate was effective and safe in patients with diabetic kidney disease, and the mechanism of which was involved in suppressing MAPK and chemokine signaling pathways. Feng et al. have shown that the activation of transient receptor potential ion channel 6 (TRPC6) by angiotensin II, a strong vasoconstrictor active factor induced podocyte injury and participated in proteinuria of nephrotic syndrome rat model induced by adriamycin, whereas losartan, an angiotensin receptor blocker and TRPC6-specific inhibitor SAR7334 could effectively attenuate podocyte injury and proteinuria. Liu et al. have explored the therapeutic effect of Jiawei Runjing decoction in the treatment of cryptozoospermia through two-center prospective cohort study. The findings indicated that Jiawei Runjing decoction could promote spermatogenesis in cryptozoospermia patients with varicocele, which might be closely related to improving the testicular microenvironment. Besides, Yang et al. have characterized the differences between the cold and hot properties of Chinese herbs. The results showed that the K value, a sensitive parameter could reflect the cold and hot properties of Chinese herbs.
CONCLUSION
This Research Topic collects 29 articles covering a wide range of studies in the field of herbal medicine in controlling kidney disease. These findings greatly improve our understanding on the therapeutic effects and mechanisms of herbal medicine in preventing or reducing kidney damage and its related diseases. These studies also highlight unique advantages in discovering potential candidate drugs from active ingredients within herbal medicine. Thus, this topic can provide scientific evidence to support the development of herbal medicine as therapeutic strategies for the treatment of CKD.
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Skeletal muscle atrophy is a common and serious complication of chronic kidney disease (CKD). Oxidative stress and mitochondrial dysfunction are involved in the pathogenesis of muscle atrophy. The aim of this study was to explore the effects and mechanisms of paeoniflorin on CKD skeletal muscle atrophy. We demonstrated that paeoniflorin significantly improved renal function, calcium/phosphorus disorders, nutrition index and skeletal muscle atrophy in the 5/6 nephrectomized model rats. Paeoniflorin ameliorated the expression of proteins associated with muscle atrophy and muscle differentiation, including muscle atrophy F-box (MAFbx/atrogin-1), muscle RING finger 1 (MuRF1), MyoD and myogenin (MyoG). In addition, paeoniflorin modulated redox homeostasis by increasing antioxidant activity and suppressing excessive accumulation of reactive oxygen species (ROS). Paeoniflorin alleviated mitochondrial dysfunction by increasing the activities of electron transport chain complexes and mitochondrial membrane potential. Furthermore, paeoniflorin also regulates mitochondrial dynamics. Importantly, paeoniflorin upregulated the expression of silent information regulator 1 (SIRT1), peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α), and phosphorylation of AMP-activated protein kinase (AMPK). Similar results were observed in C2C12 myoblasts treated with TNF-α and paeoniflorin. Notably, these beneficial effects of paeoniflorin on muscle atrophy were abolished by inhibiting AMPK and SIRT1 and knocking down PGC-1α. Taken together, this study showed for the first time that paeoniflorin has great therapeutic potential for CKD skeletal muscle atrophy through AMPK/SIRT1/PGC-1α-mediated oxidative stress and mitochondrial dysfunction.
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INTRODUCTION
CKD has increasingly become a medical problem globally (Kalantar-Zadeh et al., 2021). The number of CKD patients accounted for 9.1% of the world’s total population in 2017, which resulted in 1.2 million deaths each year (GBD Chronic Kidney Disease Collaboration, 2020) and greatly increased the economic burden. In CKD patients, persistent imbalances between protein degradation and synthesis result in skeletal muscle atrophy, which is closely related to the rate of morbidity and mortality in CKD patients (Zhang et al., 2018; Teixeira et al., 2019; Watanabe et al., 2019). The prevalence of muscular protein mass in CKD ranges from 4% to 63% depending on the different operational criteria (Lamarca et al., 2014; D'Alessandro et al., 2018; Hanatani et al., 2018; Slee et al., 2020). Currently, there is still a lack of specific and effective pharmacological options for CKD skeletal muscle atrophy.
Numerous researchers have reported that inflammation, oxidative stress and subsequent mitochondrial dysfunction are important processes in the maintenance of skeletal muscle function in CKD (Watanabe et al., 2019; Chalupsky et al., 2021). The excessive accumulation of ROS has been proven to be an important link that leads to oxidative stress and mitochondrial dysfunction in CKD skeletal muscle atrophy (Abrigo et al., 2018). Oxidative stress is involved in the pathogenesis of cancer, CKD, chronic heart failure and diabetes mellitus (Uddin et al., 2021), which contribute to the degradation of myofibrillar proteins. Recently, studies have shown that mitochondrial dynamics play an important role in modulating mitochondrial morphology and maintaining mitochondrial homeostasis (Srinivasan et al., 2017).
Mitochondrial dynamics are regulated by mitochondrial fusion and fission processes (Tilokani et al., 2018). Mitochondrial fission is a crucial process in maintaining the mitochondrial network and relies on the cytosolic GTPase dynamin-related protein 1 (DRP1). DRP1 is dynamically recruited to the outer mitochondrial membrane and drives membrane constriction (Kraus and Ryan, 2017). The phosphorylation of DRP1 at serine 616 (p-DRP1[Ser616]) promotes mitochondrial localization and stimulates mitochondrial fission. Conversely, p-DRP1 (Ser637) represses DRP1 enzyme activity and inhibits mitochondrial fission (Cereghetti et al., 2008; Calì and Szabadkai, 2018; Fonseca et al., 2019). In addition, DRP1 mediates mitochondrial fission-1 (FIS1), mitochondrial fission factor (MFF) and mitochondrial fission process protein 1 (MTFP1), which are integral outer and inner mitochondrial membrane proteins (Loson et al., 2013; Wai and Langer, 2016). In contrast, mitochondrial fusion requires inner and outer mitochondrial membrane (IMM and OMM) GTPases. Outer mitochondrial membrane fusion is mediated by mitofusin 1 and mitofusin 2 (MFN1 and MFN2), whereas inner membrane fusion is mediated by optic atrophy 1 (OPA1) (Meyer et al., 2017; Romanello and Sandri, 2021).
PGC-1α maintains the energy homeostasis of cells, tissues and even the whole body by regulating multiple signaling pathways. Several studies have revealed that PGC-1α expression is reduced in skeletal muscle atrophy induced by diseases, including cancer, diabetes and CKD (Correia et al., 2015; Su et al., 2017; Kato et al., 2021). PGC-1α is controlled by mitochondrial energy metabolism-related regulators, such as AMPK and SIRT1. AMPK and SIRT1 act as important factors of oxidative stress and mitochondrial function in skeletal muscle and kidney disease (Cantó and Auwerx, 2009; Iwabu et al., 2010; Bhargava and Schnellmann, 2017). Therefore, the regulation of the AMPK/SIRT1/PGC-1α signaling pathways could be regarded as a potential drug target to combat muscle atrophy.
Paeoniflorin (PF), a monoterpene glucoside, is the major bioactive monomer and was extracted from Paeonia lactiflora Pall (Li et al., 2021). Paeonia lactiflora Pall has been used to treat pain, anemia, inflammation and immune disorders for more than 1,000 years as a traditional Chinese herb. The pharmacological effects of PF include anti-inflammatory, immune regulation, antioxidant, antitumor and neuroprotective effects (Zhang and Wei, 2020; Wang et al., 2021). Several previous studies have shown that PF improves oxidative stress and mitochondrial dysfunction via activation of AMPK signaling pathways (Zhu et al., 2018; Huang et al., 2021). Nevertheless, the effects and mechanism of PF on CKD skeletal muscle atrophy have not been clearly elucidated. In this study, we hypothesized that PF alleviates CKD skeletal muscle atrophy via AMPK/SIRT1/PGC-1α-mediated inflammation, oxidative stress and mitochondrial dysfunction.
MATERIALS AND METHODS
Chemicals and Reagents
Commercially available PF was purchased from Chengdu Herbpurify Co., Ltd. (CAS: 23180-57-6, molecular formula: C23H28O11, HPLC >98%, Chengdu, China). Recombinant murine tumor necrosis factor (TNF)-α was obtained from R&D Systems Inc. (410-MT, Minneapolis, USA).
Animals
Male Sprague–Dawley (SD) rats were obtained from the Experimental Animal Centre of Southern Medical University, China, certification number: SCXK 2016-0041, weighing 200 ± 20 g. The rats were housed at a fixed temperature (22 ± 2)°C and humidity (50 ± 20%) under 12 h/12 h light/dark cycles. All rats were allowed free access to the same specific-pathogen free (SPF) standard chow and water. All experiments and procedures were performed in accordance with a protocol approved by the Institutional Animal Care and Use Committee of Southern Medical University.
Animal Model and PF Treatments
After a 1-week acclimatization period, all rats were randomly assigned to the 5/6 nephrectomized group or the sham-operated control group. The nephrectomized group rats underwent a 5/6 nephrectomy surgical resection of the upper and lower thirds of the left kidney and were subjected to right nephrectomy after 1 week. The Sham group rats were treated as described previously (Wang et al., 2019; Hu et al., 2020; Liu et al., 2021). Rats were observed postprocedure for 1–2 h, and their wound healing, movements, mental states and body weights were monitored weekly. The following is the procedure for determining the appropriate dosage: the recommended clinical dose of Radix Paeoniae Alba (RPA) (white peony) is 15 g/d for an adult (60 kg). In accordance with the 2020 Chinese Pharmacopoeia, the content of PF should not be less than 16 mg in 1 g (1.6%) of RPA (Chinese Pharmacopoeia Commission, 2020). Hence, the dose of PF should be 240 mg/60 kg, namely, at least 4 mg/kg for an adult. A human equivalent dose of the lower limit dose of PF 4 × 6.2 (the conversion coefficient) = a rat dose of 25 mg/kg (Nair and Jacob, 2016). The higher dose was set as 2 times the lower dose. Seven weeks after the operation, the CKD model was judged to be successful when the level of Scr in the 5/6 nephrectomy operation group was significantly higher than that in the sham operation group. Then, the successfully underwent 5/6 nephrectomy surgical operation rats were randomly divided into 3 groups (n = 10): CKD model group (Model group), CKD + PF low-dose group (PFL, 25 mg/kg) and CKD + PF high-dose group (PFH, 50 mg/kg). The rats in the two PF-treated groups were intragastrically administered 25 mg/kg or 50 mg/kg PF dissolved in distilled water once daily for 7 weeks. One rat in the Model group died at the 13th week, but none had died in the other groups.
Specimen Collection
One day before sacrifice, the 24-h urine protein of each rat was collected in a metabolic cage. Blood samples, tibialis anterior (TA), gastrocnemius (GA) muscles and kidney tissues were collected from the anesthetized rats at the end of the study.
Biochemical
Twenty-four-hour urinary protein was measured by Nanjing Jiancheng Biological Engineering Co., Ltd. (C035-2-1, Nanjing, China). The absorbance of the samples was recorded on a spectrophotometer (UV-2600/2700, Shimadzu). Hemoglobin (Hb) was analyzed using an auto hematology analyzer (BC-2800Vet, Mindray) from rat whole blood. The levels of Scr, BUN, albumin (ALB), serum calcium and serum phosphorus were assayed using an automated biochemical analyzer (Chemray 800, Rayto).
Enzyme-Linked Immunosorbent Assay
To determine the effect of PF on rat inflammatory cytokines, such as serum TNF-α, interleukin (IL)-1β, IL-6 and IL-10, ELISA kits (Thermo Fisher Scientific Inc., USA) were used. The optical density (OD) at 450 nm was finally measured via a microplate reader (Multiskan™ GO, Thermo Fisher Scientific).
Hematoxylin and Eosin Staining
TA and kidney tissues were fixed in 4% paraformaldehyde for 1–2 days and embedded in paraffin after dehydration. Then, the samples were sliced into 3- to 5-μm-thick sections, stained with H&E and observed using an optical microscope (Eclipse Ti-S, Nikon). The muscle fiber mean cross-sectional area (CSA) was measured in a blinded fashion, and two investigators assessed the images using ImageJ software.
Masson’s Trichrome Staining
Masson’s trichrome staining (G1006, Servicebio, China) was performed in kidney paraffin sections following the manufacturer’s instructions.
Sirius Red Staining
The TA paraffin sections were stained using a Sirius Red solution set (G1018, Servicebio) according to the instructions. Quantification of fibrosis was performed by Sirius Red staining using ImageJ software.
Immunofluorescence Staining
GA sections were collected and routinely embedded in OCT solution (4583, Sakura). Frozen muscle samples were sliced into 8–10 μm sections. Next, antigen retrieval and BSA sealing were performed. Subsequently, the sections were stained with primary antibodies against the following proteins: MAFbx (1:100, A6825), MuRF-1 (1:100, A3101), and MyoD (1:100, A0671), which were purchased from Abclonal Technology, Inc. (Wuhan, China); MyoG (1:100, DF8273) was purchased from Affinity Biosciences. OH. USA at 4°C overnight. The sections were incubated with fluorescent secondary antibody (1:300, GB21303, Servicebio) in the dark for 1 h and then counterstained with DAPI (G1012, Servicebio). Finally, the sections were photographed with a fluorescence microscope (Eclipse Ti-S, Nikon). The fluorescence intensities were measured by ImageJ software.
Immunohistochemical Staining
Briefly, paraffin sections (4 μm) were stained with primary antibodies, including anti-phospho-AMPKα (Thr172) (1:200, AF3423), anti-AMPKα (1:100, AF6423), anti-SIRT1 (1:100, DF6033) and anti-PGC-1α (1:100, AF5395), at 4°C overnight, which were purchased from Affinity. Positive staining was visualized using a DAB color development kit (G1211, Servicebio). Finally, the dyed sections were photographed with an optical microscope, and the positive staining area was calculated by ImageJ software.
Transmission Electron Microscopy
The detailed procedures were based on our previous studies (Wang et al., 2019; Hu et al., 2020). Briefly, fresh TA muscles were trimmed into 1 mm3 blocks and quickly fixed in fixative solution. Then, the ultrathin sections (70 nm) were sliced (EM UC7, Leica). Images were captured using a transmission electron microscope (HT7800, HITACHI). Mitochondrial morphology was quantified by the mitochondrial area (μm) and Feret diameter (μm) of each mitochondrion per field using ImageJ software.
Skeletal Muscle Mitochondrial Isolation
For muscle mitochondria, the GA muscles were processed as we described (Wang et al., 2020) by using a mitochondria isolation kit (C3606, Beyotime, Shanghai, China).
Measurement of Mitochondrial Electron Transport Chain Enzyme Activities
Mitochondrial electron transport chain (ETC) enzyme activities, including Complex I (reduced nicotinamide adenine dinucleotide coenzyme Q reductase, A089-1), Complex II (succinate-coenzyme Q reductase, A089-2), Complex III (ubiquinol cytochrome c oxidoreductase, A089-3) and Complex IV (cytochrome c oxidoreductase, A089-4), were purchased from Nanjing Jiancheng. The protocol was adapted from the manufacturer’s protocol, incorporating aspects of our previously published work (Wang et al., 2020).
Cell Culture and in Vitro Model
Mouse C2C12 myoblasts (Yaffe and Saxel, 1977) were obtained from the Chinese Academy of Science Cell Bank. Myoblasts were cultured in high-glucose DMEM (Gibco, New York, United States) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–streptomycin (Gibco) in a humidified incubator containing 5% CO2 at 37°C. Cell media was changed every 24–48 h. Cells between the sixth and 10th generations were used for the following in vitro experiments. After the cells adhered, they were continuously incubated in fresh medium treated with or without PF (25 and 50 μM) and TNF-α (40 ng/ml) for another 48 h.
Small Interfering RNA and Inhibitor Intervention
PGC-1α-targeted siRNA (PGC-1α-siRNA) and nonspecific-control siRNA (NC-siRNA) were obtained from Kidan Bio Technology Co., Ltd. (Guangzhou, China). The sequences of PGC-1α-siRNA and NC-siRNA are listed in Table 1. C2C12 cells were transfected with PGC-1α-siRNA or NC-siRNA for 24 h using Lipofectamine 3000 (Invitrogen, USA) following the manufacturer’s protocol. The AMPK and SIRT1 inhibitors Compound C (HY-13418A, Dorsomorphin) and EX-527 (HY-15452, Selisistat) were purchased from Med Chem Express Co., Ltd. (Shanghai, China). Cells were treated with TNF-α and PF for 24 h and then incubated with or without Compound C and EX-527 for another 24 h.
TABLE 1 | The primer sequences used for RT-qPCR.
[image: Table 1]Cell Viability Assays
Cell viability of TNF-α and PF in C2C12 myoblasts was detected using a Cell Counting Kit-8 (CCK-8, Dojindo, Japan) according to the provided instructions. C2C12 myoblasts were plated in 96-well microplates at a density of 3 × 103 cells/well in growth medium. TNF-α is a well-established model for inducing myotube atrophy in vitro. Cells were treated with different concentrations of TNF-α and PF at 37°C for 24 and 48 h after cell attachment. Compound C and EX-527 were incubated for 24 h at 37°C. Next, 10 µL of the CCK-8 solution was added to each well and incubated at 37°C for 45 min. The OD at 450 nm was then measured.
Evaluation of Oxidative Stress and ROS
The activities of catalase (CAT, A007-1), glutathione peroxidase (GSH-Px, A005-1), superoxide dismutase (SOD, A001-3), malondialdehyde (MDA, A003-1) and the total antioxidant capacity (T-AOC, A015-2) were calculated by Nanjing Jiancheng. Mitochondrial ROS and intracellular ROS levels were measured by a H2DCFDA) fluorescent probe (S0033S, Beyotime). After centrifuging the muscle mitochondria suspension, the resulting precipitates were added to a freshly prepared 10 μM DCFDA solution and incubated at 37°C for 30 min in the dark. C2C12 myoblasts were seeded in 96-well microplates at a density of 5 × 103 cells/well and treated as described previously in Cell Culture and in Vitro Model and Small Interfering RNA and Inhibitor Intervention. The rate of ROS generation in each well was measured at an excitation wavelength (Ex) of 488 nm/emission wavelength (Em) of 525 nm using a fluorescence microplate reader (Gen5, BioTek). Six representative images of intracellular ROS in different groups were also photographed with an inverted fluorescence microscope (Lax X, Leica).
Mitochondrial Membrane Potential (Δψm) Determination
Δψm was evaluated in isolated muscle mitochondria or myoblasts (5 × 103 cells/well) according to the instructions of the mitochondrial membrane potential assay kit (JC-1, BB-4105-3, BestBio, China). Red fluorescence (Ex 525 nm/Em 590 nm) represents aggregates of JC-1, whereas green fluorescence (Ex 490 nm/Em 530 nm) represents monomers of JC-1. The Δψm in each group was calculated as the ratio of JC-1 aggregates/monomers by a fluorescence microplate reader (Vanani et al., 2020).
Evaluation of Adenosine 5′-Triphosphate, Lactate Dehydrogenase and Succinate Dehydrogenase
The adenosine 5′-triphosphate (ATP), lactate dehydrogenase (LDH) and succinate dehydrogenase (SDH) contents in mucles were determined in accordance with the manufacturer’s procedures (A095-1-1, A020-2, A022-1-1, Nanjing Jiancheng) by a spectrophotometer and microplate reader.
Quantitative Real-Time Polymerase Chain Reaction
C2C12 cells were treated with or without PF (25 and 50 μM) and TNF-α (40 ng/ml) for 48 h in 24-well plates (5 × 104cells/well). The detailed total RNA extraction and reverse transcription steps were performed as described previously (Wu et al., 2019; Liu et al., 2021) following the manufacturer’s kit instructions (RR047A and RR420A, TaKaRa). RT–qPCR was run on a StepOnePlus™ (Applied Bioscience, Thermo Fisher Scientific) Real-Time PCR System. Relative mRNA expression was calculated using the 2−∆∆Ct method (Livak and Schmittgen, 2001). The primer sequences synthesized by Sangon Biotech are listed in Table 1.
Western Blotting
Proteins were extracted from muscle tissues and C2C12 cells with RIPA lysis buffer (KGP702, KeyGen Biotech) on ice. Protein samples were then loaded onto 10% SDS polyacrylamide gels, and samples were transferred to PVDF membranes at 250 mA for 120 min. After blocking, the membranes were probed using the following primary antibodies at 4°C overnight: anti-MAFbx (ab168372), anti-AMPKα (ab32047), anti-PGC-1α (ab54481), anti-DRP1 (ab184247), anti-MFN1 (ab221661) and anti-MFN2 (ab124773) were from Abcam (Cambridge, UK); anti-MuRF-1 (A3101) and anti-MyoD (A0671) were from ABclonal; anti-MyoG (DF8273), anti-p-DRP1 (Ser616) (AF8470), anti-p-DRP1 (Ser637) (DF2980), anti-FIS1 (DF12005) and anti-MFF (DF12006) were from Affinity; and anti-p-AMPKα (Thr172) (#2535) and anti-SIRT1 (#9475) were from Cell Signaling Technologies (Danvers, MA, United States). Anti-MTFP1 (PAB42161) and anti-OPA1 (PAB36180) were purchased from Bioswamp (Wuhan, China). Phospho-antibodies were diluted to 1:500, while others were diluted to 1:1,000. GAPDH (1:5,000, #2118, Cell Signaling Technology) was used as a reference standard. The next day, the PVDF membranes were incubated with an HRP-conjugated secondary antibody (1:10,000, RM3002, Rayantibody) for 1 h. Finally, the immunoblots were visualized with an enhanced chemiluminescence (ECL) HRP substrate Kit (SignalFire™ ECL Reagent, #6883, Cell Signaling Technology) and captured in a ChemDoc™ XRS + system (Bio–Rad, USA).
Statistical Analysis
Statistical analysis was conducted in GraphPad Prism Software 8.0 (CA, US). Data are summarized as the means ± standard deviation (S.D.) and tested for normality, which was then tested for homogeneity of variance through one-way ANOVA. Comparisons between two groups were performed with Student’s t test. Comparisons among multiple groups were conducted with one-way ANOVA. Differences were considered to be statistically significant at p < 0.05.
RESULTS
PF Improved Renal Function, Calcium/Phosphorus Disorders and Nutrition Index in CKD Model Rats
The experimental timeline is presented in Figure 1A. The molecular structure of PF was drawn using ChemDraw 18.0 software (Figure 1B). The levels of Scr, BUN and 24-h urinary protein in the Model group were significantly higher than those in the Sham group. Conversely, the contents of ALB, Hb and calcium were significantly lower in the model rats than in the sham rats. Treatment with PF significantly improved these biochemical indexes, whereas the Hb and calcium levels were significantly higher in only the PFH group (Figures 1C,D). The concentration of serum phosphorus increased remarkably, and PF resulted in a reduced level of phosphorus (Figure 1D). H&E and Masson’s staining revealed a clear and complete kidney histological architecture in the Sham group. However, glomerular sclerosis, interstitial fibrosis and inflammatory cell infiltration were observed in the Model group. PF treatment reduced the occurrence of renal lesions and inhibited renal fibrosis caused by 5/6 nephrectomy surgery (Figure 1E).
[image: Figure 1]FIGURE 1 | Paeoniflorin improved renal function, calcium/phosphorus disorders and nutrition index in CKD model rats. (A) Study design of the animal experiment and treatment. (B) Molecular structure of paeoniflorin (PF). (C) The levels of renal function indexes, including Scr, BUN and 24-h urinary protein. (D) The levels of serum calcium/phosphorus and nutrition indexes (Hb and ALB). (E) Representative images of kidney sections stained with H&E and Masson under the optical microscope (magnification: ×200, scale bars: 100 μm). The kidneys of CKD model rats showed glomerular sclerosis, focal renal fibrosis, enlargement of the tubular lumen, and infiltration of inflammatory cells. The data are expressed as the means ± standard deviation (S.D). Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Model group. PFL, CKD model rats treated with a lower dose (25 mg/kg) of PF; PFH, CKD model rats treated with a higher dose (50 mg/kg) of PF.
PF Inhibited Skeletal Muscle Atrophy in CKD Model Rats
Body weight, muscle weight and muscle fiber CSA were regarded as direct indicators of muscle atrophy. The PF-treated group showed obvious improvement in the final body weight (Figure 2A). GA and TA weights were quantified and normalized to the final body weights (Figures 2B,C). To study how PF affected the pathohistological features of muscle atrophy, H&E staining and Sirius Red staining of TA tissues were applied. The PF-treated group was confirmed by an increase in the fiber CSA and a decrease in the Sirius Red area of the muscles (Figures 2D–F). LDH is closely related to skeletal muscle injury. In the present study, PF significantly reduced muscle LDH levels (Figure 2G). The immunofluorescence staining and WB results showed that the Model group displayed an increase in the expression of muscle atrophy markers (MAFbx and MuRF-1), while the expression of myogenic differentiation markers (MyoD and MyoG) was attenuated. However, the exacerbation of muscle atrophy and suppression of muscle differentiation could be reversed by PF treatment (Figures 2H–M). These data indicated that PF efficiently inhibited CKD muscle atrophy.
[image: Figure 2]FIGURE 2 | PF inhibited skeletal muscle atrophy in CKD model rats. (A) Body weight was evaluated weekly throughout the entire 16-weeks experimental period. (B, C) Weights of GA and TA muscles normalized by the final body weight. (D) Cross sections of TA muscle stained with H&E and Sirius Red. The red arrows indicate myofibers affected by atrophy, such as inflammatory cell infiltration, uneven muscle fiber thickness and cell nucleus displacement. Representative images of H&E staining (200× and 400×, scale bars: 100 and 50 μm). Representative images of Sirius Red staining (200×). (E) The cross-sectional area (CSA) of the TA muscle fibers of each group was measured (∼150 myofibers in each group). (F) The Sirius red area of the TA muscles (n = 15). (G) LDH levels in muscles. (H) MAFbx and MuRF-1 expression in the GA muscles was detected by immunofluorescence staining (200×, scale bars: 100 μm) using antibodies against MAFbx (red) and MuRF-1 (red), and the nuclei were detected via DAPI (blue) staining. (I) The relative fluorescence intensities of MAFbx and MuRF-1 were compared between the groups (n = 20). (J) Sections of GA muscle from different groups were examined with immunofluorescence staining (200×) using anti MyoD (red), anti MyoG (red) and DAPI (blue). (K) The relative fluorescence intensities of MyoD and MyoG were compared between groups (n = 20). (L) Representative immunoblotting of MAFbx, MuRF-1, MyoD, MyoG and GAPDH. (M) Quantification of protein expression in muscles (n = 6). The protein expression was normalized to that of GAPDH as a loading control. All of the data are expressed as the means ± S.Ds. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Model group.
PF Alleviated Inflammation and Oxidative Stress in CKD Model Rats
PF exerted a dose-dependent effect on downregulating proinflammatory factors (TNF-α, IL-6, and IL-1β) and upregulating the anti-inflammatory factor IL-10 (Figure 3A), indicating that PF may improve the inflammatory response. CAT, GSH-Px, SOD, MDA and T-AOC are classic indicators for measuring the capacity to resist oxidative stress. The activities of T-AOC and antioxidant enzymes (CAT, GSH-Px and SOD) in the serum and muscles of rats in the Model group were decreased but partially increased after PF treatment. Correspondingly, the elevated MDA content in the Model group in both serum and muscles followed a downward trend after administration of PF (Figures 3B,C).
[image: Figure 3]FIGURE 3 | Effect of PF on inflammation, oxidative stress and mitochondrial dysfunction in CKD rats. (A) Expression of the inflammatory cytokines TNF-α, IL-6, IL-1β and IL-10 in serum. (B, C) CAT, GSH-Px, SOD, MDA and T-AOC contents in serum and muscles of different groups are presented in the histograms. (D, E) The expression of ATP and SDH in muscles. (F) PF inhibited mitochondrial reactive oxygen species (ROS) generation in muscles. (G) The effects of PF on mitochondrial membrane potential (Δψm) in muscles. (H) The activities of mitochondrial electron transport chain complexes I, II, III and IV in muscles between groups. All of the data are expressed as the means ± S.Ds. n = 6. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Model group.
Assay of ATP, SDH, Mitochondrial ROS, Δψm Levels and ETC Enzyme Activities in Skeletal Muscles of CKD Rats
The ATP, SDH and Δψm contents were decreased, and mitochondrial ROS generation was higher in the Model group than in the Sham group. However, these disadvantageous effects were ameliorated by PF treatment (Figures 3D–G). Additionally, the reduction in enzymatic activities of the mitochondrial ETC complexes (complexes I, II, III and IV) could be prevented by PF treatment (Figure 3H).
PF Ameliorated Muscle Mitochondrial Structural Damage and Regulated Mitochondrial Dynamics in CKD Rats
Transmission Electron Microscopy (TEM) observations from skeletal muscles showed mitochondrial damage. The deleterious alterations in the morphology of mitochondria in the CKD model group mainly included indexes such as vacuolization, fractured or dissolved cristae, membrane loss, and swelling in skeletal muscles, which could be largely reduced by PF treatment (Figure 4A). Furthermore, the mitochondrial mean Feret diameter (μm) and enlarged area (μm2) were calculated (Figures 4B,C). In the mitochondrial dynamic system, the total DRP1 protein content remained unchanged in all groups. Nevertheless, the p-DRP1 (Ser616), FIS1 and MFF, which stimulate mitochondrial fission, was increased in the Model group, and these changes appeared to be attenuated with PF treatment. Interestingly, the expression of MTFP1 was downregulated, and these changes were impeded by PF treatment (Figures 4D,E). In contrast, p-DRP1 (Ser637), OPA1 and MFN2, which stimulate mitochondrial fusion, were decreased in the Model group, and these downregulations were hindered by PF administration. Interestingly, the level of MFN1 was significantly higher in the Model group, and these inblance of fisson–fusion were counteracted by PF treatment (Figures 4F,G).
[image: Figure 4]FIGURE 4 | PF ameliorated mitochondrial structural damage and regulated mitochondrial dynamics in CKD rats. (A) Representative electron micrographs. Mitochondria were swollen and showed a disordered arrangement and membrane ruptures or large vacuoles in CKD model rats. The black arrows indicate mitochondria (magnification: 3,000× and 10,000×, scale bars: 5 and 1 μm). (B, C) The mitochondrial average Feret diameter and area from different groups in muscles were calculated (n = 20/group). (D) Representative western blots using antibodies against DRP1 phosphorylation at Ser616, DRP1, FIS1, MFF, MTFP1, and GAPDH. (E) Western blot quantification of the expression of mitochondrial fission-related proteins, including p-DRP1 (Ser616), DRP1, FIS1, MFF and MTFP1. (F) Representative western blots using antibodies against p-DRP1 (Ser637), DRP1, MFN1, MFN2, OPA1, and GAPDH. (G) The expression of mitochondrial fusion-related proteins. All protein expression was normalized to that of GAPDH as a loading control (n = 6). All of the data are expressed as the means ± S.Ds. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Model group.
PF Enhanced the Expression of p-AMPKα, SIRT1 and PGC-1α in the Muscles of CKD Model Rats
We evaluated whether PF could activate p-AMPKα (Thr172), AMPKα, SIRT1 and PGC-1α using IHC staining and immunoblotting. There was no difference in the total AMPKα protein content among the groups. However, p-AMPKα (Thr172), SIRT1 and PGC-1α levels were restored by PF in a dose-dependent manner (Figures 5A–D).
[image: Figure 5]FIGURE 5 | PF enhanced the expression of p-AMPKα, SIRT1, and PGC-1α in the muscles of CKD model rats. (A) Representative images of p-AMPKα, AMPKα, SIRT1, and PGC-1α expression in the TA muscles of rats using immunohistochemical (IHC) staining (magnification: ×200 scale bars: 100 µm). (B) The positive staining areas of p-AMPKα, AMPKα, SIRT1 and PGC-1α were compared between all groups (n = 10). (C) Representative immunoblots using antibodies against p-AMPKα (Thr172), AMPKα, SIRT1, PGC-1α and GAPDH. (D) Protein expression of p-AMPKα/AMPKα, SIRT1 and PGC-1α. The protein expression was normalized to that of GAPDH as a loading control (n = 6). All of the data are expressed as the means ± S.Ds. Significant differences are indicated as *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Sham group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the Model group.
PF Suppressed TNF-α-Induced C2C12 Myoblast Damage
We next sought to extend our findings to evaluate the PF effects in C2C12 myoblasts. Figures 6A–C shows that incubation with TNF-α (40 ng/ml) and PF (25 and 50 μM) for 48 h displayed the best condition for further experiments in the C2C12 model. We found that PF greatly inhibited the expression of MAFbx and MuRF-1 compared with the TNF-α group, while the expression of MyoD and MyoG was enhanced at the mRNA and protein levels (Figures 6D–F). Furthermore, TNF-α induced intracellular ROS generation and Δψm reduction, which were reversed by PF treatment (Figure 6G). These results indicated that PF efficiently alleviated TNF-α-induced C2C12 cell damage, which was consistent with the in vivo results.
[image: Figure 6]FIGURE 6 | PF suppressed TNF-α-induced C2C12 myoblast damage. (A) C2C12 myoblasts were treated with TNF-α (0, 20, 40, 80 and 160 ng/ml) for 24 and 48 h. (B) Cytotoxicity of PF (0, 12.5, 25, 50, 100 and 200 μM) for 24 and 48 h. (C) Cells were treated with 40 ng/ml TNF-α and 12.5, 25, 50, and 100 μM PF for 48 h. Cell viability was measured with a CCK-8 assay (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared with PF 0 μM or TNF-α 0 ng/ml. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the 40 ng/ml TNF-α group. (D) The expression of MAFbx, MuRF-1, MyoD and myoG was determined by RT–qPCR. (E) Representative western blots using antibodies against MAFbx, MuRF-1, MyoD, MyoG and GAPDH. (F) Quantification of protein expression. (G) PF inhibited intracellular ROS generation and increased Δψm in C2C12 cells. All protein expression was normalized to that of GAPDH as a loading control. The data are presented as the means ± S.D. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the Control group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the TNF-α 40 ng/ml group.
PF Activated the AMPK/SIRT1/PGC-1α Signaling Pathway in C2C12 Myoblasts Induced by TNF-α
Based on IHC staining and immunoblotting analysis in the CKD model, we further explored whether the effects of PF were related to the activation of the AMPK/SIRT1/PGC-1α signaling pathway in C2C12 myoblasts. Compared with controls, TNF-α treatment greatly hampered the expression of p-AMPKα/AMPKα, SIRT1 and PGC-1α, and PF treatment restored the levels of the three proteins (Figures 7A,B). Similarly, the mRNA results of PGC-1 showed the same trend (Figure 7C). To strengthen the opinion that PF inhibits muscle atrophy via AMPK/SIRT1/PGC-1α-mediated oxidative stress and mitochondrial damage, AMPK and SIRT1 inhibitors were used. Appropriate concentrations of AMPK and SIRT1 inhibitors were identified, 10 µM Compound C and 20 µM EX-527, respectively, for use in the following studies (Figures 7D–G). We observed that the expression of p-AMPKα/AMPKα, SIRT1 and PGC-1α was downregulated in the TNF-α+ PF+ Compound C group. Additionally, the protein expression of p-AMPKα was not obviously changed in the TNF-α+ PF+ EX-527 group. Meanwhile, we observed that the protective effects of PF against TNF-α-induced muscle atrophy were abolished in the TNF-α+ PF+ Compound C and EX-527 groups (Figures 7H–J). These data explain that PGC-1α is the downstream effector protein modulated by SIRT1 and AMPK. Knockdown of AMPKα or SIRT1 abrogated the protective effects of PF.
[image: Figure 7]FIGURE 7 | PF activated the AMPK/SIRT1/PGC-1α signaling pathway in C2C12 myoblasts induced by TNF-α. (A) Representative immunoblots using antibodies against p-AMPKα (Thr172), AMPKα, SIRT1, PGC-1α and GAPDH. (B) Quantification of protein expression. (C) The mRNA level of PGC-1α was assessed with RT–qPCR. (D) Cytotoxicity of Compound C (0, 2.5, 5, 7.5, 10, 12.5 and 15 μM) for 24 h (n = 6). (E) Cytotoxicity of EX-527 (0, 5, 10, 15, 20, 25 and 30 μM) for 24 h (n = 6). (F) The effect of different concentrations of Compound C on p-AMPKα/AMPKα protein levels. (G) The effect of different concentrations of EX-527 on SIRT1 protein inhibition. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the compound or EX-527 0 μM group. (H) Representative immunoblots using antibodies against MAFbx, MuRF-1, p-AMPKα (Thr172), AMPKα, SIRT1, PGC-1α and GAPDH. (I, J) Quantification of protein expression. All protein expression was normalized to that of GAPDH as a loading control. The data are presented as the means ± S.D. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the Control group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the TNF-α 40 ng/ml group, &p < 0.05, &&p < 0.01, &&&p < 0.001 compared with the TNF-α 40 ng/ml + PF 50 μM group.
PGC-1α Might Be Crucial in Mediating the Effects of PF on C2C12 Myoblasts Induced by TNF-α
The expression of PGC-1α was decreased after transfection with PGC-1α-siRNA, as confirmed by RT–qPCR and WB data (Figure 8A). At the same time, the effect of PF on enhancing PGC-1α expression was also blocked (Figure 8B). PGC-1α-siRNA transfection obviously increased the expression of MAFbx and MuRF-1 and reduced the expression of MyoD and MyoG. However, knockdown of PGC-1α attenuated the protective effect of PF (Figures 8C,D). Similarly, the effect of PF on improving the oxidative stress induced by TNF-α was largely abrogated by PGC-1α-siRNA (Figure 8E). Moreover, the beneficial effect of PF on ATP production was abolished when PGC-1α was inhibited in C2C12 cells (Figure 8F). Notably, the effects of PF on ROS generation and Δψm were also markedly abolished by PGC-1α downregulation (Figures 8G,H).
[image: Figure 8]FIGURE 8 | PGC-1α might be important in mediating the effects of PF on TNF-α-treated C2C12 cells. (A) The protein and mRNA expression of PGC-1α was detected in C2C12 myoblasts transfected with PGC-1α-targeted siRNA (PGC-1α-siRNA) and nonspecific control siRNA (NC-siRNA). (B) Representative immunoblots of PGC-1α expression in NC-siRNA- and PGC-1α-siRNA-transfected C2C12 cells treated with TNF (TNF-α 40 ng/ml) and TNF + PF (PF 50 μM). (C) Representative western blots using antibodies against MAFbx, MuRF-1, MyoD, MyoG and GAPDH. (D) Western blot analysis. (E) The activities of CAT, GSH-Px, SOD, MDA, and T-AOC in C2C12 cells in different groups. (F) The expression of ATP in different groups. (G) The expression of intracellular ROS generation and Δψm in different groups. (H) Intracellular ROS were observed by the DCFH-DA (green) method using an inverted fluorescence microscope in different groups (200× scale bars: 100 μm). (I) Representative western blots using antibodies against p-DRP1 (Ser616), DRP1, FIS1, MFF, MTFP1 and GAPDH. (J) Western blot quantification. (K) Representative western blots using antibodies against p-DRP1 (Ser637), DRP1, MFN1, MFN2, OPA1, and GAPDH. (L) Quantification of protein expression. All protein expression was normalized to that of GAPDH as a loading control. The data are presented as the means ± S.D. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control group or the Control NC-siRNA group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the TNF + NC-siRNA group; &p < 0.05, &&p < 0.01, &&&p < 0.001 compared with the TNF + PF + NC-siRNA group; %p < 0.05, %%p < 0.01, %%%p < 0.001 compared with the Control PGC-1α-siRNA group.
We next examined mitochondrial fission proteins and fusion proteins in myoblasts. TNF-α induced an increase in the expression of fission proteins [p-DRP1 (Ser616), FIS1, MFF and MTFP1] and a decrease in the expression of fusion proteins (MFN2 and OPA1) in the NC-siRNA group. However, PF obviously ameliorated the disorder of mitochondrial fission and fusion. As we expected, the beneficial effect of PF was compromised after downregulation of PGC-1α (Figures 8I–L).
DISCUSSION
In recent years, herbal medicines have attracted a large amount of attention for their potential treatment of CKD. Despite the discovery and extensive application of drug prediction tools for drug effectiveness, there is still a lack of drugs that effectively improve skeletal muscle atrophy in CKD (Huang et al., 2019). Earlier, extensive researcher conducted active ingredients in herbal medicines to control CKD (Chen et al., 2021). PF also provides protection against acute renal injury, diabetic kidney disease, nephrotic syndrome and renal fibrosis (Liu et al., 2016; Wang et al., 2016; Chen et al., 2017; Lu et al., 2017; Jiao et al., 2021). However, the effects and mechanism of PF on CKD skeletal muscle atrophy remain largely unclear.
This is the first study to demonstrate that PF has therapeutic potential on CKD skeletal muscle atrophy through the AMPK/SIRT1/PGC-1α-mediated ubiquitin–proteasome system (UPS), inflammation, oxidative stress and mitochondrial dysfunction. Moreover, we found that PGC-1α was significantly downregulated in the CKD rat model and modulated by SIRT1 and AMPK in TNF-α-treated C2C12 cells. Notably, our results showed for the first time that knockout of PGC-1α reversed the protective effects of PF on muscle atrophy, oxidative stress and mitochondrial dysfunction with evidence from TNF-α-treated C2C12 cells. These data corroborate our initial hypothesis.
There are still many unanswered questions about skeletal muscle atrophy in CKD. Although low muscle mass, low muscle strength and low physical performance are closely related, there is not yet an agreement on which operational criteria to apply when diagnosing muscle atrophy in CKD patients (Sabatino et al., 2021). Muscle mass and physical performance were determined as direct indicators of muscle atrophy in CKD model rats based on our previous studies (Wang et al., 2019; Hu et al., 2020; Liu et al., 2021). The PF-treated group was confirmed by an increase in body weight, muscle weight and muscle fiber CSA. Moreover, we also found that the body weight of the rats in the Model group reached a peak and then began to decrease at the 10th week, with the body weight of the PFL groups increasing slowly throughout the whole process. Currently, the treatments have focused mostly on promoting exercise and improving nutritional intake. The pharmacological options for skeletal myopathy in CKD are still at an early stage of development. In recent years, we have focused on discovering new drugs to treat skeletal muscle atrophy in CKD, including calycosin, atractylenolide III, formononetin and curcumin (Wang et al., 2019; Hu et al., 2020; Wang et al., 2020; Liu et al., 2021). The 5/6 nephrectomy model has been widely used to clarify the pathogenesis of skeletal myopathy in CKD and to explore potential therapeutic targets such as inflammation, oxidative stress and mitochondrial impairment. Our results found for the first time that PF can not only improve kidney function in CKD rats but also regulate calcium and phosphorus disorders. Hyperphosphatemia can trigger and aggravate CKD by stimulating mitochondrial oxidative stress and inducing endothelial inflammation. Hypocalcemia causes excessive secretion of phosphorus and parathyroid hormone, leading to chronic renal failure (CRF) and end-stage kidney disease (ESRD) (Felsenfeld et al., 2015). Kidney disease itself is one of the etiologic factors leading to muscle atrophy in CKD, and PF improved muscle atrophy by improving renal function in CKD rats.
Most intracellular proteins are degraded by the same ATP-dependent system—the UPS. The balance between protein synthesis and degradation is critical for muscle mass and functions (Schiaffino et al., 2013). MAFbx and MuRF-1 are the main muscle-specific E3 ubiquitin ligases that play important roles in the UPS (Bodine et al., 2001; Cao et al., 2018). Under muscle atrophy conditions, the expression of MAFbx and MuRF-1 is largely increased. Mature muscles are composed of muscle fibers, which are covered with myofibrils and satellite cells (Grefte et al., 2007). When muscle fibers are damaged, muscle satellite cells are activated to repair injured muscle fibers or form new. MyoD and MyoG are myogenic markers whose expression decreases when muscle fibers are damaged (Zhang et al., 2010). Our results indicate that CKD significantly increases the expression of muscle protein degradation markers (MAFbx and MuRF-1) and decreases the expression of MyoD and MyoG. PF improved this impaired function. The study offers the same important insights into the effects of PF on the UPS in vitro.
In addition, inflammatory cytokines activate myostatin, which induces proteolytic phenotype muscle cells and inhibits satellite muscle cell proliferation, leading to skeletal muscle atrophy in CKD (Bataille et al., 2021). Recent studies (Cao et al., 2011; Kurt et al., 2019) demonstrated that PF reduced the production of proinflammatory cytokines (IL-6, IL-1β, and TNF-α) and increased the anti-inflammatory factor IL-10, which is consistent with the present results in rat serum. Under skeletal muscle atrophy conditions, the imbalance between ROS generation and elimination impairs the redox system, leading to an increase in harmful oxidized products such as MDA and a decrease in the content of T-AOC, CAT, GSH-Px and SOD. These molecules can in turn lead to ROS generation, resulting in muscle atrophy by enhancing the degradation of muscle proteins (Gyurászová et al., 2020; Sabatino et al., 2021). In particular, in this experiment, we found that the activities of MDA and SOD were different for higher and lower concentrations of PF. The measurement of MDA often cooperates with the measurement of SOD. The level of SOD activity indirectly reflects the body’s ability to scavenge oxygen free radicals, while MDA can serve as an indicator of the severity of the body’s cells being attacked by free radicals. Additionally, a recent study demonstrated impaired leg muscle mitochondrial oxidative capacity in patients with CKD (Kestenbaum et al., 2020). Albumin plays an antioxidant role in blood vessels (Taverna et al., 2013). (Hirabayashi et al., 2021) reported that chronic malnutrition with hypoalbuminemia results in increased oxidative damage in skeletal muscle, and our results also confirm this. The present research explores, for the first time, the antioxidant effect of PF on skeletal muscle and TNF-α-treated C2C12 cells.
ETC produces ATP using oxygen through the process of oxidative phosphorylation. Based on skeletal muscle energy requirements, we observed a decrease in skeletal muscle mitochondrial ETC enzyme activities and ATP levels. SDH activity was markedly reduced in the muscles of CKD model rats, which represents the mitochondrial amount and the degree of the tricarboxylic acid cycle. Furthermore, CKD muscles and C2C12 cells display decreased Δψm and reduced mitochondrial bioenergetics. These findings make it important to the field of PF to prevent oxidative damage and the mitochondrial response at a safe dosage in muscle atrophy.
Changes in muscle mitochondrial abundance, structure, and dynamics highlight mitochondrial dysfunction as an underlying mechanism in skeletal muscle wasting in CKD. Although mitochondria are involved in the energy metabolism of all organs, especially skeletal muscle, several questions remain unanswered at present, such as the structure and abundance of skeletal muscle mitochondria (Yazdi et al., 2013). Previous studies have indicated that deleterious alterations in mitochondrial morphology in the CKD group were observed by TEM. Swollen and enlarged mitochondria are considered a symbol of dysfunction and inability to perform normal fusion activities (Navratil et al., 2008). The accumulation of enlarged and highly disordered arrangement mitochondria in skeletal muscle has been demonstrated in aged (Liang et al., 2021), CKD (Wang et al., 2019), cancer (Mao et al., 2021) and obesity (Guo et al., 2021)-induced muscle atrophy. Nevertheless, conflicting experimental results have been observed on lots of occasions. Several studies have provided conflicting results and revealed abnormalities consistent with fewer and smaller mitochondria in CKD-(Wang et al., 2020) and diabetes mellitus-(Wang et al., 2018)-induced muscle atrophy. Therefore, whether mitochondria dilate or contract in muscle atrophy is inconclusive. Our results revealed that the organization of muscle fibers was damaged and that some mitochondria were swollen and characterized by an absence of cristae. Different mitochondrial morphologies are associated with multiple physiological and pathophysiological conditions.
It has been shown that structural changes involving mitochondrial dynamics may result in mitochondrial dysfunction, thereby leading to CKD (Chalupsky et al., 2021). Hence, the balance of mitochondrial dynamics is essential for skeletal muscle and myoblasts. Mitochondrial fission separates damaged or dysfunctional components from networks and ensures natural functioning by transferring dysfunctional mitochondria to mitophagy further (Srinivasan et al., 2017; Tilokani et al., 2018). Our previous studies were partly consistent with these findings regarding mitophagy (Wang et al., 2019; Hu et al., 2020). In this study, we found that phosphorylated DRP1 was activated at serine 616. Since phosphorylation of different residues of DRP1 causes opposing effects, p-DRP1 (Ser616) is the major regulator stimulating fission, while p-DRP1 (Ser637) stimulates fusion, which may suggest enhanced mitochondrial fragmentation in atrophied skeletal muscles of CKD model rats. Notably, MTFP1 expression was in contrast to the results for FIS1 and MFF in vivo (Morita et al., 2017). Noticed that the suppression of mTORC1 activity reduces the translation of MTFP1, leading to the altered phosphorylation and localization of DRP. However, how MTFP1 controls DRP1 phosphorylation is an open question. Our previous study provided evidence that the expression of mTOR was downregulated in the CKD model (Wang et al., 2019). In addition, the uremic toxin Hippurate has been shown to damage mitochondria and alter mitochondrial function through the activation of Drp1-mediated mitochondrial fission (Huang et al., 2018). Another study showed that lower HB levels may affect mitochondrial function in patients with CKD (Gamboa et al., 2020), and our results confirm this in the serum of CKD model rats.
Damaged material from impaired mitochondria can be repaired by fusion, loss of mitochondrial fusion has detrimental effects on skeletal muscle, as shown by the reduction in MFN2 and OPA1. In contrast, we have reported that MFN2 and OPA1 are increased in diabetic-induced muscle atrophy (Wang et al., 2018). Nevertheless, the explanation for these different results is not straightforward, as the components of mitochondrial dynamics are closely related, with changes in one system affecting the activation/inhibition of another repair mechanism. Hence, the balance obtained from the inhibition and activation of fusion and fission together is more beneficial and should be considered in future studies.
Here, one noteworthy aspect is the in vitro experiment. Initially, in our supposition, the fission and fusion machinery would be activated in cell models similar to rat models, and PF could antagonize fission and promote fusion. The protein expression of p-DRP1 (Ser616), MFF, FIS1 and MTFP1 matched the major conclusions of the in vivo experiments. However, from the levels of p-DRP1 (Ser637) and MFN1, it could be inferred that the suppressed expression of MFN2 and OPA1 was greater than that of p-DRP1 (Ser637) and MFN1 in C2C12 myoblasts. The balance between fusion and fission is delicate and intricate. Although DRP1 is an important regulator of mitochondrial dynamics, other factors, such as MFF, FIS1, MFN2, and OPA1, also participate in the process. Synthesizing the above analysis, the reasonable explanation is that the activation of mitochondrial fission might be sharper than fusion. These data indicated that the balance between fusion and fission is shifted toward fission in myoblasts and CKD model rats. PF exerts an effective therapeutic effect on suppressing mitochondrial fission and promoting mitochondrial fusion.
PGC-1α is widely considered to be a critical transcriptional regulator of mitochondrial biogenesis and function. PGC-1α modulates mitochondrial dynamics and bioenergetics and increases mitochondrial mass and function, thereby enhancing the energy supply. The threonine 172 site and its phosphorylation play an essential role in the regulation of AMPK activity (Hirabayashi et al., 2021). The AMPK signaling pathway mediates several beneficial functions, including ATP production, and maintains redox potential, which ensures optimal mitochondrial functioning. SIRT1 has been reported to belong to the sirtuin family, resist metabolic disorders, cancer, and cardiac stress (Cantó and Auwerx, 2012) and block the muscle-specific UPS proteins MAFbx and MuRF-1 (Lee and Goldberg, 2013). Activation of SIRT1 might be beneficial for sarcopenic obesity (Guo et al., 2021; You et al., 2021), malnutrition (Hirabayashi et al., 2021) and glucocorticoid-induced atrophy. Our analysis revealed that the AMPK signaling pathway was activated by PF treatment, further revealing that SIRT1 and PGC-1α, located downstream of AMPK signaling pathway, were also upregulated in CKD muscles. Moreover, PF administration reversed the inhibitory effect of TNF-α and upregulated the proteins in the AMPK signaling pathway. Notably, the specific involvement of the AMPK signaling pathway in C2C12 cells and the effect of PF have been confirmed using inhibitors of AMPK and SIRT1. These protective effects of PF were abolished by PGC-1α-specific downregulation.
CONCLUSION
In this study, we demonstrated that paeoniflorin mitigated CKD-related skeletal muscle atrophy and suppressed TNF-α-induced C2C12 myoblast damage. Paeoniflorin played a protective role by suppressing oxidative stress and mitochondrial dysfunction partially through the AMPK/SIRT1/PGC-1α pathway. Regulation of AMPK/SIRT1/PGC-1α-mediated oxidative stress and mitochondrial dynamics by paeoniflorin might be a potential pharmacological approach to target CKD skeletal muscle atrophy.
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[image: Fx 1]Objective: The present study aims to provide evidence on the potential protective role of Salvia miltiorrhiza Bunge (Danshen) and its bioactive compound Tanshinone IIA (TanIIA) in AKI and to reveal the specific regulatory function of PXR/NF-κB signaling in AKI-induced renal inflammation.
Methods: A network pharmacological analysis was used to study target genes and regulatory networks in the treatment of Salvia miltiorrhiza on AKI. Further experiments with in vivo AKI mouse model and in vitro studies were applied to investigate the renal protective effect of TanIIA in AKI. The mechanisms of TanIIA regulating PXR/NF-κB signaling in renal inflammation were also studied.
Results: Network pharmacology had suggested the nuclear receptor family as new therapeutic targets of Salvia miltiorrhiza in AKI treatment. The in vivo studies had demonstrated that TanIIA improved renal function and inflammation by reducing necrosis and promoting the proliferation of tubular epithelial cells. Improved renal arterial perfusion in AKI mice with TanIIA treatment was also recorded by ultrasonography. In vitro studies had shown that TanIIA ameliorated renal inflammation by activating the PXR while inhibiting PXR-mediated NF-κB signaling. The results had suggested a role of PXR activation against AKI-induced renal inflammation.
Conclusion: Salvia miltiorrhiza Bunge (Danshen) may protect the kidneys against AKI by regulating nuclear receptors. TanIIA improved cell necrosis proliferation and reduced renal inflammation by upregulating the expression of the PXR and inhibiting NF-κB signaling in a PXR-dependent manner. The PXR may be a potential therapeutic target for AKI treatment.
Keywords: acute kidney injury, pregnane X receptor, NF-κB, Salvia miltiorrhiza, tanshinone IIA, renal inflammation
INTRODUCTION
Acute kidney injury (AKI) involves a rapid decline in renal function within hours to days. It is a global burden with a high mortality rate that exceeds breast cancer, heart failure, or diabetes so far (Kellum et al., 2021). Approximately 15% of patients in hospital, and more than 57% of patients in the intensive care unit (ICU) develop AKI. (Hoste et al., 2015; Scholz et al., 2021). Nowadays, treatment and therapies for AKI vary, depending on the cause of kidney injuries and preventing complications until the kidneys recover. The initial renal insults may induce the infiltration of inflammatory leukocytes within the glomerulus and tubulointerstitial area. Unresolved renal inflammation can impair the function of the nephrons and lead to a reduction in the estimated glomerular filtration rate (eGFR) (Gu et al., 2021). We are now clear that renal inflammation is the central pathogenic mechanism that drives AKI. However, the mechanisms of renal inflammation are not fully elaborated, and practical strategies and therapeutic drugs are still limited.
The pregnane X receptor (PXR, NR1I2) is a well-known member of the nuclear receptor superfamily (He et al., 2017). The PXR functions as a ligand-activated transcription factor to upregulate the activity and expression of drug-metabolizing enzymes (i.e., phase I oxidative enzymes: cytochrome P450 (CYP450) enzymes), conjugating enzymes (phase II enzyme such as glutathione S-transferase, GST), and transporters (phase III transport uptake and ATP-dependent efflux pump such as multidrug resistance protein 1, MDR1). These enzymes are key mediators in regulating detoxification and clearance of xenobiotics. The PXR contains a DNA-binding domain (DBD) and a ligand-binding domain (LBD) connected by a hinge region. The LBD is a mostly hydrophobic flexible pocket for a wide range of drugs and compounds. The PXR then forms a transcriptionally active complex with retinoid X receptor α (RXRα) and binds to the DNA response elements to control gene expression associated with xenobiotic and endobiotic metabolism. The PXR can be activated by a wide range of endogenous and exogenous ligands such as hormone metabolites, bile acids, and drugs (Hogle et al., 2018); it also acts as a key player in inflammation, energy metabolism, and endocrine homeostasis (Oladimeji and Chen, 2018).
In humans, the PXR is mainly expressed in the liver, intestine, and kidneys. As for the kidneys, the proximal tubular epithelial cells (TECs) express the PXR at a relatively high level. A variety of studies have highlighted the significant role of the PXR in renal toxicity, diabetic nephropathy, and chronic kidney disease (CKD) (Velenosi et al., 2014; Lee et al., 2018; Watanabe et al., 2018). Nuclear factor κB (NF-κB) is a protein complex that controls an extensive array of genes in immune response evoked by harmful cellular stimuli. The NF-κB signaling acts as a significant determinant for the progression of renal inflammatory pathogenesis of AKI (Markó et al., 2016; Song et al., 2019). Interestingly, previous studies on inflammatory bowel disease and liver inflammation had demonstrated the suppressing effect of the PXR on NF-κB activity (Deuring et al., 2019; Okamura et al., 2020), suggesting the anti-inflammatory effect of the PXR. However, the mechanisms of the PXR on NF-κB-induced renal inflammation and therapies are still lacking.
Salvia miltiorrhiza Bunge (Danshen) is a perennial plant that is highly valued for its roots in traditional Chinese medicine. Tanshinones are critical lipophilic diterpenoids from Danshen extracts. These secondary metabolites are essential resources derived from medicinal plants (Ma et al., 2015). Among tanshinones, TanIIA is the most abundant compound that exerts anti-inflammatory effects in various diseases (Guo et al., 2020). Moreover, TanIIA was reported to be an PXR activator and induce the transcriptional level of cytochrome P450 3A4 (CYP3A4) (Yu et al., 2009; Liu et al., 2011). Mechanistic studies have revealed the anti-inflammatory effect of TanIIA through PXR activation (Zhang et al., 2015a; Zhang et al., 2015b; Zhu et al., 2017).
Based on previous findings, we hypothesized that Salvia miltiorrhiza and its active component, TanIIA, may protect the kidneys against AKI by regulating the PXR/NF-κB signaling in renal inflammation. A network pharmacological analysis was applied to investigate target genes and regulatory networks modulated by Salvia miltiorrhiza. Moreover, we elucidated the protective effects and underlying mechanisms of TanIIA on AKI in vivo and in vitro. A molecular docking study was also applied to reveal the possible drug–protein interaction mode of TanIIA and PXR. The present study provides novel aspects on the anti-inflammation effect of Salvia miltiorrhiza and reveals a role of the PXR/NF-κB signaling pathway in AKI. PXR may serve as one of the promising therapeutic targets against AKI-induced inflammation.
MATERIALS AND METHODS
Prediction of Salvia miltiorrhiza-Associated Target Genes, Their Intersection on AKI, and Analysis on Gene Ontology (GO) and Enrichment KEGG pathways
A network pharmacological analysis was applied to study related genes in treating Salvia miltiorrhiza on AKI. We searched the keyword “Danshen” in the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP http://tcmspw.com/tcmsp.php) (Ru et al., 2014) to obtain active ingredients and their ADME (absorption, distribution, metabolism, and excretion) information. OB (oral bioavailability) and DL (drug-likeness) were recorded. The criteria of OB ≥ 30% and DL ≥ 0.18 suggest that the ingredients with good absorption into blood were screened as potential active ingredients. Then, the corresponding target proteins of the active ingredients were collected from the TCMSP database, and corresponding target genes were analyzed via String database (Von Mering et al., 2003) UniProt databases (The UniProt Consortium, 2018). The target genes of AKI were obtained from the GeneCards (https://www.genecards.org/), OMIM (https://omim.org/), and DisGeNET database (https://www.disgenet.org/). We used the Venn online analysis tool (https://www.omicshare.com/) to study the intersection target genes of Salvia miltiorrhiza and AKI. These genes are considered potential targets of Salvia miltiorrhiza for treating AKI. With those intersection target genes, we performed GO and KEGG pathway enrichment analyses by using the ClueGO plug-in of Cytoscape 3.6.0. The screening was based on p < 0.01 and a κ score ≥ 0.53 to visualize the results of GO and KEGG enrichment (Bindea et al., 2009). A flowchart of network pharmacology study is shown in Supplementary Figure S3. The original data in the network pharmacological analysis are available on Figshare (https://doi.org/10.6084/m9.figshare.17895506.v1)
Animal Model of Cisplatin-Induced AKI and TanIIA Treatment
TanIIA and cisplatin were HPLC-purified products purchased from Sigma-Aldrich. The chemical structure of TanIIA was constructed by ChemOffice (CambridgeSoft, Cambridge, MA) as shown in Figure 7A. TanIIA was dissolved in 150 μl saline with 0.01% DMSO. Male C57BL/6 mice at eight weeks of age (weighting 20–25 g) were housed under 23 ± 2°C, 55 ± 5% humidity, and 12/12-hour light/dark cycle environment with free access to water and food. The number of mice was calculated and assigned to groups following an allocation process (Charan and Kantharia, 2013; Bespalov et al., 2020). The mice were divided into 4 groups (n = 5): normal control (CTRL), AKI model, AKI+TanIIA12.5 (12.5 mg/kg/day, i.p.) low-dose treatment, and AKI+TanIIA25 (25 mg/kg/day, i.p.) high-dose treatment group. The doses were chosen based on previous publications (Jiang et al., 2015; Zhang et al., 2020). The AKI treatment groups received a single cisplatin injection (20 mg/kg, i.p.). CTRL received the same volume of control saline intraperitoneally. The body weight of all mice was recorded before and after 72 h of the cisplatin injection. The mice were killed on AKI day 3. Serum, kidneys, and other organs were collected after ultrasonic assessment for renal blood flow. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Guangdong Provincial Hospital of Chinese Medicine (Approval No. 2020020).
Arterial Ultrasonography and Renal Function
Renal ultrasonography was performed to visualize renal blood vessels using a high-frequency ultrasound imaging system (Vevo 2100, Visual Sonics Inc., Toronto, Canada) as previously described (Okumura et al., 2018). All measurements were done on the right abdomen. Peak systolic and end-diastolic blood flow velocities (mm/s) were measured in the renal artery to obtain the pulsatility index (PI). An experienced technician who was blinded to the study protocol repeated the measurement three times. According to the manufacturer’s instructions, serum creatinine was measured with commercial kits (C011-2-1, Nanjing Jiancheng Bioengineering Institute, China).
Cell Culture and Cytotoxicity Assay
Human proximal tubular cell line HK-2 was purchased from American Type Culture Collection (CRL-2190, ATCC, VA, United States). HK-2 cells were cultured in DMEM/F12 medium supplemented with 10% (v/v) FBS (Gbico, United States) under a humidified atmosphere with 5% CO2 at 37°C. Cells were trypsinized and harvested when the confluence reached 80–90%.
Cytotoxicity activity was assayed by using a Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) according to the manufacturer’s instructions. Dimethyl sulfoxide (DMSO) was used as the vehicle and did not exceed 0.1%. Each cell line would be seeded into a new flask and treated with 5% DMEM/F12 medium with DMSO (0.1% v/v) and TanIIA at different concentrations. HK-2 cells were, respectively, seeded into 96-well plates at a density of 5 × 103 cells/well, and cultured in the DMEM/F12 with a low FBS concentration for 24 h. Then they were divided into control groups, DMEM/F12 with DMSO (0.1% v/v) (100 μl/well) and TanIIA group at various final concentrations of 3.125, 6.25, 12.5, 25, 50, and 100 μM (100 μl/well). After incubating for 6, 12, and 24 h, the medium was replaced with 10 μl 10% CCK-8 solution dissolved in 90 μl PBS, and all the cells were incubated for another 1h at 37°C in the dark. Absorbance at 450 nm was measured using a Sunrise™ Microplate Reader (TECAN, Switzerland). Each concentration was repeated five times in the same plate, and all experiments were performed at least three times. The percentage of cell viability was normalized to control group cells to calculate the inhibition rate:
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IC50 was calculated with the Excel add-in tool ED50plus (created by Mario H. Vargas, MD).
Gene Silencing of PXR
In total, 1 × 106 HK-2 cells were transfected with the hPXR small-interfering RNA (siRNA) or the control siRNA (Santa Cruz Biotechnology, CA, United States) using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific Inc., United States) according to the manufacturer’s instructions. The control siRNA was used as a negative control. RIF (rifampin) (Sigma-Aldrich, United States) (10 µM) was used as the positive control. Cells were treated with DMSO (0.1% v/v), RIF (10 µM), and TanIIA (5 µM) and were stimulated with/without TNF-α (20 ng/ml) for 24 h. The cells were then subjected to the NF-κB luciferase reporter assay.
PXR Transactivation Reporter Assay and PXR-Mediated NF-κB Reporter Assay
The pSG5-hPXR expression plasmids and pGL3-CYP3A4-XREM luciferase reporter construct, containing the basal promoter (−10466/+53) with the proximal PXR response element (ER6) and the distal xenobiotic responsive enhancer module (XREM, −7836/−7208) of the CYP3A4 gene 5′-flanking regions inserted to pGL3-basic reporter vector, were kind gifts from Dr. Sridhar Mani (Albert Einstein College of Medicine, Bronx, NY, United States) (Huang et al., 2007). The pRL-TK Rotylenchulus reniformis control vector was purchased from Promega, Madison, United States.
HK-2 cells were seeded at 60–70% confluence into opaque 96-well plates at a density of 1 × 105 cells/well in DMEM/F12 containing 10% FBS and cultured for 12 h. The cells were transiently transfected with pGL3-CYP3A4-XREM, pSG5-hPXR nuclear receptor expression vector, and pRL-TK control vector in a particular ratio with Lipofectamine 3000 transfection reagent according to the manufacturer’s instructions. After 6 h of incubation, the transfected HK-2 cells were exposed to TanIIA at 1, 2.5, 5, and 10 μM; RIF (10 μM); and control (0.1% DMSO) for an additional 24 h. Following the treatments, HK-2 cells were rinsed with PBS, and the luciferase activities were determined using a Dual-Luciferase Reporter Assay System (Promega, Madison, United States) and an Infinite F500 multimode microplate reader (TECAN, Switzerland).
HK-2 cells were transiently transfected with pGL4.32 [luc2P/NF-κB-RE/Hygro] NF-κB reporter, pCMV6-entry or pCMV6-XL4-hPXR, and pRL-TK (Promega, Madison, United States) with Lipofectamine 3000 transfection reagent according to the manufacturer’s instructions. After overnight transfection, the cells were treated as control (0.1% DMSO), TanIIA (5 μM), and RIF (10 μM) for 24 h, and additional incubation with/without TNF-α (20 ng/ml) for another 24 h. A standard dual luciferase assay was performed on cell lysates and detected using an Infinite F500 multimode microplate reader.
Transfection efficiency was expressed as fold induction of firefly to Renilla luciferase activities relative to control. Each concentration of the test substances was repeated five times in the same plate, and the transfection experiments were performed at least three times. Data are expressed as mean ± SEM from three independent experiments.
Histology and Immunohistochemistry
Tissues were fixed with 4% buffered paraformaldehyde for 48 h, and they were cut into 3-μm paraffin sections for hematoxylin and eosin (HE), periodic acid–Schiff (PAS) and Masson’s trichrome staining. The morphology of renal tubules with prominent necrosis were recorded. Patchy or diffuse denudation with loss of brush border detachment of cells with intratubular cast formation was identified. The degree of tubular injury was scored as score 0: no tubular injury; score 1: ≤10% tubules injured; score 2: 11–25% tubules injured; score 3: 26–50% tubules injured; score 4: 51–74% tubules injured; and score 5: ≥75% tubules injured.
Immunohistochemistry (IHC) sections were de-waxed and proceeded by a microwave-based antigen retrieval technique following previous procedures (Gu et al., 2018). Antibodies used in IHC included PCNA Rabbit mAb IKKβ Rabbit mAb (Cell Signaling Technology, MA, United States), anti-NF-κB p105/p50 Rabbit mAb (Abcam, MA, United States). The kidney sections were stained with primary and secondary antibodies. The sections were developed with diaminobenzidine (DAB) to produce a brown color. The percentage of positive staining areas of PCNA, NF-κB p105/p50, and IKKβ expression was measured by ImageJ software (NIH, Bethesda, MD, United States).
Immunofluorescence Staining
HK-2 cells were seeded, incubated, and treated with 0.1% DMSO, TanIIA (5 µM), and/or TNF-α (20 ng/ml) for 24 h. Cells were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.5% Triton X-100 for 20 min, and blocked with 5% BSA for 30 min at room temperature. Primary antibodies against NF-κB p65 (1:100, Cell Signaling Technology, MA, United States) were incubated with cells at 4°C overnight. After washing with PBS three times, an FITC-conjugated secondary antibody was added for 60 min at room temperature. All slides were mounted with DAPI-containing mounting medium and then analyzed with a fluorescence microscope (Leica Microsystems, Wetzlar, Germany)
ELISA
Mouse serum was collected and centrifuged at 3,000 rpm for 15 min at 4°C. The level of neutrophil gelatinase-associated lipocalin (NGAL), IL-6, and TNF-α in blood was detected by using ELISA kits (R&D Systems Inc., Minneapolis, United States), following the manufacturer’s instructions.
RNA Extraction and Real-Time PCR
Total RNA was isolated from the kidney tissue with the TRIzol reagent (Thermo Fisher Scientific Inc., United States) according to the manufacturer’s protocol. Total RNA was quantified by the absorbance ratio (260/280 nm) and reverse-transcribed into cDNA using PrimeScript™ RT reagent (Takara Bio Inc., Japan). All the PCR reactions were carried out using SYBR® Premix EX Taq™ II Kit (Takara Bio Inc., Japan) in 96-well optical plates on an ABI ViiA™ 7 PCR System (Applied Biosystems, Thermo Fisher Scientific, United States). The quantity of each transcript was calculated as described in the instrument manual and normalized to the housekeeping gene β-actin. The ratio of target to β-actin was calculated as ΔCt=Ct (target)-Ct (β-actin), ratio (target) = 2−ΔΔCt. The primers used for real-time PCR are listed in Supplementary Table S5.
Western Blot Analysis
The proteins from renal cortical tissues were extracted with RIPA lysis buffer. The samples were subjected to Western blot analysis with primary antibodies against phospho-NF-κB p65, NF-κB p65, IKKβ, NF-κB p105/p50 (Cell Signaling Technology, MA, United States), RXRα (Abcam, MA, United States), PXR, and GAPDH (Santa Cruz Biotechnology, CA, United States) overnight at 4°C and subsequently incubated with the conjugated secondary antibody of horseradish peroxidase-labeled anti-rabbit IgG or anti-mouse IgG (Cell Signaling Technology, MA, United States) at room temperature. Target protein expression was detected by using an Image Lab System (Bio-Rad Laboratories Inc., Hercules, CA, United States) and analyzed with ImageJ software.
Molecular Docking
The ligand and the receptor recognize each other and bind together by geometry and energy matching. Molecular docking provides new insights into the ligand–receptor interactions and structural features of the two molecules within the active site. To predict the protein–ligand interaction, we performed the CDOCKER algorithm and Libdock module in Discovery Studio (DS) 2.5 (Accelrys Software Inc., San Diego, United States) to evaluate the potential interaction of ligands and the proteins, respectively. The 3D crystal structure of TanIIA (CID: 164676) was obtained from the PubChemProject (http://pubchem.ncbi.nlm.nih.gov/compound/). The receptor PXR was selected from Protein Data Bank (PDB) (http://www.rcsb.org/pdb/). The program was run by using a localhost9943 server on Microsoft Windows 7.
The calculation of root mean square deviation (RMSD) was carried out. RMSD indicates the reliability of the results from the above modules. Docking procedures on DS 2.5 were as follows: the water molecules in the targeted protein PXR were removed, and the hydrogen atoms were added. Then, PXR and the ligand were refined with CHARMM. The active sites of PXR were defined automatically according to the internal ligand binding site through a series of algorithms by DS2.5. A three-dimensional pharmacophore model of the ligand with the targeted protein was generated in the CDOCKER module and Libdock module.
Statistical Analysis
Data are expressed as mean ± SEM. All data were analyzed with GraphPad Prism 5 (GraphPad Software, San Diego, CA) by one-way analysis of variance (ANOVA) for single-variable analysis or two-way ANOVA for two independent variables, followed by Turkey’s multiple comparisons test. Student’s t-test was used for paired data.
RESULTS
Prediction of Potential Targets and Signaling Pathways of Salvia miltiorrhiza Treatment in AKI
Overall, 65 eligible active ingredients (Supplementary Table S1) and 139 target proteins (Supplementary Table S2) were collected from TCMSP. Among these proteins, 133 significant target genes were collected from the String and Uniprot database (Supplementary Table S3); 7123 AKI-related target genes were collected from GeneCards, OMIM, and DisGeNET databases; and 122 intersection genes (Supplementary Table S4, Supplementary Figure S1) of Salvia miltiorrhiza and AKI were screened out by the Venn analysis tool. A total of 15 KEGG pathways were enriched, as shown in Supplementary Figure S2. A total of 22 GO pathways were enriched. Figure 1A has indicated the pathways associated with Salvia miltiorrhiza treatment in AKI. The numbers of the target genes in the pathway were also highlighted. A pie chart was used to classify 22 GO pathways into 7 significant signaling pathways and percentage of genes related to AKI (as shown in Figure 1B): nuclear receptor activity (4.55%), extrinsic apoptotic signaling pathway (4.55%), response to alkaloid (13.64%), integral component of synaptic membrane (27.27%), regulation of blood vessel diameter (13.64%), regulation of smooth muscle cell proliferation (22.73%), and neurotransmitter biosynthetic process (13.64%) (Figure 1zc C).
[image: Figure 1]FIGURE 1 | GO enrichment analysis of potential targets and biological networks involved in Salvia miltiorrhiza treating AKI. (A) Bar chart presenting the percentage of genes involved in different biological functions, and the numbers of related genes in these signaling pathways are intersected. (B) Brief view of the 7 GO pathways; all pathways have a p-value of < 0.01. (C) GO pathways are presented in the pie chart. Detailed information could be found in the supplementary files: Supplementary Table S1: eligible active ingredients; Supplementary Table S2: target proteins involved in the networks; Supplementary Table S3: significant target genes related to the proteins; Supplementary Table S4, Supplementary Figure S1: intersection genes of Salvia miltiorrhiza and AKI; Supplementary Figure S2: the KEGG pathways.
Among these pathways, we put great interest in the process of nuclear receptor activity. The nuclear receptor family has shown a percentage of 19.3% association on Salvia miltiorrhiza treatment in AKI with 11 target genes involved (AKR1B1, AR, CYP1A1, ESR1, ESR2, NR1I2, NR3C1, PGR, PPARG, RXRA, and STAT3). Up to date, the underlying mechanisms of how nuclear receptors, especially PXR, affect kidney injury are still poorly understood. Following this clue, we tried to reveal the role of PXR in AKI in vivo and in vitro and seek an alternative possibility in developing Salvia miltiorrhiza as a renal protective drug.
TanIIA Improves Renal Function by Alleviating Renal Injury in Cisplatin-Induced AKI
On AKI day 3, the bodyweight of both AKI model and AKI+TanIIA25 (mg/kg/day) was significantly decreased compared to the CRTL group (Figure 2A). As shown in Figure 2B, serum creatinine levels were increased in all cisplatin-treated groups compared to CTRL. However, the creatinine level was reduced in both TanIIA treatment groups compared with the cisplatin-induced AKI model. The neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1) are important biomarkers related to AKI (Schrezenmeier et al., 2017). Consistent with the creatinine results, the serum and mRNA levels of NGAL (Figures 2C,D) and mRNA of KIM-1 were significantly reduced by the TanIIA treatment compared to the AKI model (Figure 2E).
[image: Figure 2]FIGURE 2 | TanIIA treatment restores renal function in cisplatin-induced AKI. (A) Body weight (g) before and after cisplatin injection. (B) Serum creatinine at 72 h after cisplatin (20 mg/kg) injection. (C) Bar chart represents the serum level of NGAL. (D,E) mRNA level of NGAL, KIM-1 in the kidney. Data represent as mean ± SEM, *p < 0.05, **p < 0.01 compared with the control group (n = 5). #p < 0.05, ##p < 0.01 compared with AKI group (n = 5). One-way ANOVA followed by Turkey’s test for multiple comparisons was used for three or more groups; CTRL: 0.9% normal saline; TanIIA concentrations = 12.5 and 25 mg/kg/day; abbreviations: NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule 1.
Morphological changes of renal damage were shown by HE and PAS staining. Tubular damages such as tubular dilation, atrophy, cast formation, and sloughing of TECs, or loss of the brush border in cisplatin-treated groups were observed (marked as arrowheads and asterisks). TanIIA reduced tubular necrosis, restored the brush border, and formed fewer casts in the tubule, therefore alleviating tubular injuries in a dose-dependent manner compared to the AKI group (Figure 3A). Masson’s trichrome staining indicated an improvement in fibrosis in TanIIA treatment groups, with less collagen formation within the renal interstitial area (Figure 3B). IHC staining has shown an increased staining area of PCNA (cell proliferation marker) in both TanIIA treatment groups compared to the AKI model (Figure 3C).
[image: Figure 3]FIGURE 3 | TanIIA improves renal function by preventing cell necrosis and promoting proliferation. (A,B) Representative images and relative quantitative data of HE, PAS, and Masson’s trichrome staining in mouse kidney sections. The AKI model group observed tubular necrosis (arrowheads) and casts (asterisks). (C) Immunohistochemical staining of PCNA in indicated groups. Data represent as mean ± SEM, *p < 0.05, **p < 0.01 compared with the control group (n = 5). #p < 0.05, ##p < 0.01 compared with AKI group (n = 5). One-way ANOVA followed by Turkey’s test for multiple comparisons was used for three or more groups. Scale bar, 50 μm; abbreviations: PCNA, proliferating cell nuclear antigen.
TanIIA Activates Increases Arterial Blood Flow and Constrains NF-κB-Induced Renal Inflammation
It is well-demonstrated that AKI may lead to endothelial dysfunction and impaired vascular autoregulation, which causes vasoconstriction and changes renal hemodynamics. Therefore, the reduction in medullary blood flow can be observed in AKI (Ozkok and Edelstein, 2014). Ultrahigh-frequency ultrasound is a non-invasive and sensitive method that helps monitor renal function. The color Doppler and pulsed wave Doppler images could be used to show renal blood supply and arterial flow velocity patterns (Kelahan et al., 2019). In the present study, renal ultrasonography was used to observe renal blood flow at AKI day 3. The upper panel in Figure 4A has shown the representative image, showing the anatomical relationship of renal vein and artery in normal mouse kidneys. The color Doppler-based sonographic assessment had shown an increase in the pulsatility index (PI) in the AKI model, while PI of the TanIIA treatment was decreased compared to the AKI group (Figure 4B). The results had indicated better renal perfusion in TanIIA-treated mice under AKI conditions.
[image: Figure 4]FIGURE 4 | TanIIA improves renal artery blood flow, reduces pro-inflammatory cytokine production, and inhibits the activation of NF-κB signaling. (A,B) Representative image of renal vasculature with color Doppler in a mouse kidney (right) and representative bar chart of pulsatility index (PI) in mice. (C–E) Immunohistochemical staining of NF-κB p105/p50 and IKKβ and relative quantitative data in indicated groups; (F,G) ELISA bar chart representing serum level of TNF-α and IL-6. (H–J) mRNA level of IL-6, IL-1β, and TGF-β in the kidney; (K–M) Protein expression and relative quantitative data of NF-κB p105/p50 and IKKβ. Data represent as mean ± SEM, *p < 0.05, **p < 0.01 compared with the control group (n = 5). #p < 0.05, ##p < 0.01 compared with AKI group (n = 5). One-way ANOVA followed by Turkey’s test for multiple comparisons was used for three or more groups. Scale bar, 50 μm; abbreviations: IKKβ, inhibitor of kappa B kinase beta; TNF-α, tumor necrosis factor-alpha; IL-6, interleukin-6; IL-1β, interleukin-1 β; TGF-β, transforming growth factor-β.
To investigate how TanIIA affects renal inflammation, we hypothesize that TanIIA inhibits the activation of the NF-κB-activated inflammatory response. Therefore, the expressions of key mediators in NF-κB signaling were measured. The expression of NF-κB p105/p50 and IKKβ was significantly reduced by TanIIA treatment when compared to the AKI model (Figures 4C–E), and the results were confirmed by the NF-κB p105/p50 and IKKβ protein expression measured by Western blot (Figures 4K–M). Similarly, serum levels of pro-inflammatory cytokines in kidneys, such as TNF-α and IL-6, mRNA level of IL-1β, and TGF-β were also declined in TanIIA treatment groups compared to the AKI model (Figures 4F–J). These findings had suggested an anti-inflammatory effect of TanIIA in AKI by inhibiting the production of pro-inflammatory cytokines and the activation of NF-κB signaling.
TanIIA Human and Mouse PXR and Inhibits PXR-Mediated NF-κB Activity
We studied the mechanisms of TanIIA that affected the PXR/NF-κB signaling pathway in AKI mouse and human TEC cell line HK-2. The expression level of mouse PXR and RXRα was significantly decreased in the kidneys by cisplatin treatment (Figures 5A–C). TanIIA treatment significantly induced the expression of mouse PXR, coactivator RXRα, and expression of cytochrome P3A11 (Cyp3a11, mouse homolog of CYP3A4). On the other hand, TanIIA suppressed the activation of NF-κB signaling by inhibiting the phosphorylation of NF-κB p65 (Figure 5D). Moreover, reduced mRNA expression of mouse PXR and downstream Cyp3a11 were also observed in AKI mouse kidneys, while TanIIA treatment upregulated the mRNA expression of mouse PXR and Cyp3a11 significantly compared to the AKI model (Figures 5E,F).
[image: Figure 5]FIGURE 5 | TanIIA actives mouse PXR and inhibit NF-κB activity, and upregulates PXR-mediated Cyp3a11 expression in AKI model. (A–D) The protein expression and relative quantitative data of PXR, RXRα, phospho-NF-κB p65, and NF-κB p65 in kidneys; (E,F) mRNA expression of PXR and Cyp3a11 in kidneys; data represent as mean ± SEM, *p < 0.05, **p < 0.01 compared with the control group (n = 5). #p < 0.05, ##p < 0.01 compared with the AKI group (n = 5). Student’s t-test was used for paired data. One-way ANOVA followed by Turkey’s test for multiple comparisons was used for three or more groups; abbreviations: PP65, phospho-NF-κB p65; P65, NF-κB p65; Cyp3a11, cytochrome P450 3A11.
A transfection luciferase reporter assay was performed in HK-2 cells to evaluate the effect of TanIIA on human PXR and PXR-mediated CYP3A4 transcription activity. The optimal concentration for TanIIA was chosen by cell viability assay. The IC50 values for TanIIA in HK-2 cells were 17.16 ± 1.83 μM (6 h) (Figure 6A). HK-2 cells were transiently transfected with pGL3-CYP3A4-XREM, pSG5-hPXR nuclear receptor expression vector and pRL-TK control vector to investigate whether TanIIA could transcriptionally activate human PXR-mediated CYP3A4 expression. A strong hPXR agonist, rifampin (RIF = 10 µM), was used as the positive control. Cells were incubated with/without TanIIA at different concentrations (TanIIA = 1, 2.5, 5, 10 µM). TanIIA activated human PXR and induced CYP3A4 promoter activity (Figure 6B). We confirmed the optimal concentration of TanIIA (5 µM) to the activation of human PXR.
[image: Figure 6]FIGURE 6 | Effects of TanIIA in human PXR activation and human PXR-mediated NF-κB repression. (A) Cell viability assay of TanIIA on HK-2 cells; (B) TanIIA on PXR-mediated CYP3A4 transcriptional reporter assay. RIF = 10 µM **p < 0.01 compared with indicated groups. ##p < 0.01 compared with the control group. (C) TanIIA on PXR-mediated NF-κB repression reporter assay. HK-2 cells were transfected with/without hPXR small-interfering RNA (siRNA). All cells were transfected with NF-κB luciferase reporter plasmid. HK-2 cells were stimulated by TNF-α (20 ng/ml) to activate NF-κB signaling. **p < 0.01 compared between two groups. ##p < 0.01 compared with TNF-α-stimulated cells without human PXR plasmid transfection. (D) Immunofluorescence staining images were captured by a fluorescence microscope. Data were represented as mean ± SEM, Student’s t-test was used for paired data. One-way ANOVA followed by Turkey’s test for multiple comparisons was used for three or more groups. Scale bar, 25 μm; abbreviations: DMSO, dimethyl sulfoxide; P65, NF-κB p65; RIF, rifampin; TNF-α, tumor necrosis factor α.
To explore the role of human PXR on the repression of NF-κB by TanIIA, HK-2 cells were transfected with hPXR small-interfering RNA (siRNA) or the control siRNA. pGL4.32 [luc2P/NF-κB-RE/Hygro], pCMV6-entry or pCMV6-XL4-hPXR, and pRL-TK control vector were transfected into the cells. HK-2 cells were stimulated by TNF-α (20 ng/ml) to activate NF-κB signaling. As shown in Figure 6C, the pro-inflammatory cytokine TNF-α had significantly induced the luciferase activity of NF-κB. When compared to the groups treated with TNF-α alone, TanIIA significantly reduced TNF-α-stimulated NF-κB luciferase expression. In cells treated with TanIIA and stimulated by TNF-α (TNF-α+ TanIIA), NF-κB luciferase activities were significantly reduced in cells cotransfected with human PXR plasmid (pCMV6-XL4-hPXR). The result had suggested TanIIA repressed PXR-mediated NF-κB activity. Besides, in HK-2 cells stimulated by TNF-α, immunofluorescence staining also revealed an inhibitory effect of TanIIA treatment on nuclear translocation of NF-κB p65, suggesting TanIIA alleviated renal inflammation by repressing the activation of NF-κB signaling (Figure 6D).
Interaction and Binding Mode of TanIIA and PXR
RMSD values are mainly used for analyzing the stability of protein and predicting conformational changes of the protein. RMSD values depend upon the binding interaction and energy between the protein and ligand. The optimized protein has the lowest RMSD values (Carugo and Pongor, 2001). Generally, an RMSD value less than 1Å represents good reproduction of the correct pose. The molecular interactions like hydrogen bonds (H-bonds), hydrophobic interactions (such as π–π interaction and electrostatic interaction), Van der Waals interaction, and ionic bonds are also playing an important role in assessing the reliability of results and the binding stability between two modules (Patil et al., 2010).
TanIIA (chemical and 3D structure are shown in Figures 7A,B) could be docked into the active sites (binding pocket with LBD) of PXR (PDB ID: 1SKX). Inside the binding pocket, PXR consists of an endogenous ligand that had been confirmed as a PXR agonist. This ligand was used as a reference confirmation to compare docked TanIIA (Figure 7C). The RMSD of PXR (PDB ID: 1SKX) was 0.6720 Å (Table 1). Therefore, CDOCKER program was performed to analyze the interactions and binding features of PXR and TanIIA. Inside the binding pocket, TanIIA was surrounded by amino acids of the PXR protein (1SKX). Amino acids SER247 and GLN285 have formed H-bonds, and PHE288 and TRP299 formed π–π interactions between TanIIA and PXR (Figure 7D).
[image: Figure 7]FIGURE 7 | Diagrams of the interaction of TanIIA with the crystal structure of PXR (1SKX). (A,B) Chemical and 3D structure of TanIIA; (C) the 3D crystal structure of human PXR and ligand-binding domain with an endogenous ligand (yellow) (PDB ID: 1SKX); (D) twenty poses of TanIIA docked into the endogenous ligand’s (yellow) active site of 1SKX; the binding model of TanIIA in PXR: at least four residues involved in the interactions in twenty random poses, H-bonds with SER247, GLN285, and π–π interaction with PHE288 and TRP299.
TABLE 1 | Validation of molecular docking algorithm (RMSD).
[image: Table 1]DISCUSSION
Acute kidney dysfunction impairs the essential physiological homeostasis of the body. Although the kidneys have the remarkable ability to regenerate, progressive inflammation may eventually trigger renal fibrosis and lead to CKD (Gu et al., 2021). Salvia miltiorrhiza and its active compounds have been reported to have anti-inflammatory effects in the kidney disease (Gao et al., 2018). However, the role of Salvia miltiorrhiza in AKI awaits to be explored.
This study demonstrated the potential therapeutic role of Salvia miltiorrhiza and its bioactive compound TanIIA in AKI. Network pharmacological analysis shows a Salvia miltiorrhiza-targeted network in AKI, suggesting that the nuclear receptor family could be one of the significant targets. The study using cisplatin-induced AKI mice demonstrates that TanIIA treatment restores renal function in alleviating AKI-induced tubular necrosis and promoting cell proliferation. The production of pro-inflammatory cytokines and interstitial collagen accumulation is reduced by TanIIA treatment. Better perfusion on renal artery blood supply during the acute phase of kidney injury is also observed by color Doppler-based sonographic assessment in AKI mice treated with TanIIA.
Mechanistically, the present study has demonstrated that PXR activation improves renal function in AKI. The finding is consistent with previous findings, Luan et al. suggested that PXR activation may protect TECs from apoptosis in AKI by regulating the PI3K/AKT signaling (Luan et al., 2021); Yu et al. determined that PXR targeted AKR1B7 to improve mitochondrial metabolism and restored renal function in AKI (Yu et al., 2020). The renal protective effect of TanIIA is dependent on PXR-mediated NF-κB repression. The PXR/NF-κB luciferase reporter assays suggest the role of TanIIA in reducing TNF-α-induced NF-κB activation in a PXR-dependent manner. As for molecular docking, the crystal structure of PXR enables computational investigations on protein–ligand sites and binding modes. We study the entry of TanIIA and its binding inside the PXR cavity. TanIIA stabilizes a binding geometry by forming H-bonds with amino acids SER247 and GLN285 and forming π–π interactions PHE288 and TRP299 with PXR. Molecular docking studies have provided evidence on the interaction and binding modes between TanIIA and PXR.
Previous studies have demonstrated a key role of PXR in inflammatory diseases (Ye et al., 2016; Huang et al., 2018; Klepsch et al., 2019). PXR inhibits NF-κB activation to constrain inflammatory response (Deuring et al., 2019; Ren et al., 2019; Okamura et al., 2020). Although substantial PXR-activating xenobiotics have been reported to exert immunosuppressive effects (Wallace et al., 2010; Kittayaruksakul et al., 2013; Zhang J. et al., 2015; Rosette et al., 2019), the human PXR agonist rifampin is not an ideal choice for anti-inflammation treatment due to its adverse effects. The herbal PXR activators such as St. John’s Wort and Schisandra sphenanthera (Wuweizi) have been used for a long time which may serve as a beneficial alternative medicine for inflammatory diseases (Mu et al., 2006; Yan et al., 2021). TanIIA is a bioactive compound derived from the root of Salvia miltiorrhiza and has been demonstrated as a PXR activator in various diseases (Yu et al., 2009; Zhang et al., 2015a; Zhang et al., 2015b; Zhu et al., 2017; Liu et al., 2020). However, PXR has shown a high degree of cross-species diversity due to the unusually divergent PXR LBD across species. Therefore, PXR of different species may respond diversely to the same ligand. For example, pregnenolone-16a-carbonitrile (PCN) is a potent agonist of mouse PXR but a poor activator of human PXR, and vice versa (Lecluyse, 2001). In this study, TanIIA activates both human and mouse PXR and induces the transcription of their target genes, CYP3A4 and Cyp3a11. The mouse model of AKI and NF-κB luciferase reporter assay in human HK-2 cells has indicated that TanIIA inhibits the activation of NF-κB signaling and its target genes. Of note, TanIIA represses both human and mouse PXR-mediated NF-κB activation. These findings are similar to those in the published literature. It is reported that PXR activation constrains the activity of NF-κB signaling that PXR competes with NF-κB for GRIP1 (NF-κB coactivator) interaction (Okamura et al., 2019). Moreover, PXR could directly interact with NF-κB p65, which inhibited the translocation of NF-κB to the nuclear, thereby suppressing the downstream inflammatory response (Wahli, 2008; Zhang et al., 2019; Shao et al., 2021). All these findings have suggested a potential role of PXR/NF-κB signaling in AKI.
Our study has several limitations. We used the C57BL/6 mouse model to establish a cisplatin-induced AKI, instead of the humanized PXR, Pxr-null, and wild-type mouse to mimic the human PXR signaling. In addition, we used rifampin as a positive control in HK-2 cells to study how TanIIA affects PXR activity but failed to put PCN as a positive control in the mouse model. Further study is required to provide evidence concerning TanIIA activation to mouse PXR. Due to length limits, we focused on the Salvia miltiorrhiza-regulated nuclear receptor family, while other signaling pathways may also serve as potential targets. Further investigation on the renal protective effects of Salvia miltiorrhiza is warranted.
CONCLUSION
In summary, the present study provides new insights into the renoprotective effect of Salvia miltiorrhiza and TanIIA in AKI. TanIIA may ameliorate renal inflammation by repressing PXR-mediated NF-κB activation. The results also suggest TanIIA as a PXR activator against renal inflammation. Our study sheds light on the specific regulatory role of the PXR/NF-κB signaling pathway in kidney pathogenesis, and PXR may serve as a potential target in AKI treatment.
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Chronic kidney disease (CKD) was a major public health problem worldwide. Renal fibrosis, especially tubulointerstitial fibrosis, is final manifestation of CKD. Many studies have demonstrated that TGF-β/Smad signaling pathway plays a crucial role in renal fibrosis. Therefore, targeted inhibition of TGF-β/Smad signaling pathway can be used as a potential therapeutic measure for tubulointerstitial fibrosis. At present, a variety of targeting TGF-β1 and its downstream Smad proteins have attracted attention. Natural products used as potential therapeutic strategies for tubulointerstitial fibrosis have the characteristics of acting on multiple targets by multiple components and few side effects. With the continuous research and technique development, more and more molecular mechanisms of natural products have been revealed, and there are many natural products that inhibited tubulointerstitial fibrosis via TGF-β/Smad signaling pathway. This review summarized the role of TGF-β/Smad signaling pathway in tubulointerstitial fibrosis and natural products against tubulointerstitial fibrosis by targeting TGF-β/Smad signaling pathway. Additionally, many challenges and opportunities are presented for inhibiting renal fibrosis in the future.
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1 INTRODUCTION
Chronic kidney disease (CKD) has been recognized as a major public health problem worldwide and the global increase in CKD is associated with the increase in the prevalence of diabetes, hypertension, obesity, and aging (Webster et al., 2017; Hansrivijit et al., 2021). Recent data showed that global prevalence of CKD was estimated to be between 11% and 13% in 2016 (Hill et al., 2016). This number is continuous increase by 2030/2050 (Mantovani and Chiara, 2020). Moreover, with the progression of CKD, it can easily lead to the occurrence of cardiovascular diseases (Ravid et al., 2021). Renal fibrosis, characterized by tubulointerstitial fibrosis and glomerulosclerosis, is the common pathway and inevitable outcome of various progression of CKD to end-stage renal disease (ESRD) and need renal replacement treatments such as dialysis and transplantation (Humphreys, 2018; Aydin et al., 2019; Jain et al., 2019; Carta et al., 2020; Sawhney and Gill, 2020). Regardless of the underlying diseases, it has been demonstrated that patient’s survival is associated with tubulointerstitial fibrosis (Tampe and Zeisberg, 2014) and the extent of tubulointerstitial fibrosis on renal biopsy is thought as a prognostic indicator for CKD treatment (Tang et al., 2019). Fibrosis is a pathological scar formation process (Hu et al., 2020; Miao et al., 2021a). The histopathological characteristics of tubulointerstitial fibrosis are excessive synthesis and deposition of interstitial extracellular matrix (ECM) components, which are association with inflammatory cell infiltration, damage of tubular epithelial cells, activation and proliferation of fibroblasts and rarefaction of the peritubular microvasculature (Ma S.-X. et al., 2018; Humphreys, 2018; Bhargava et al., 2021; Medina Rangel et al., 2021). Renal fibrosis is associated with the activation of transforming growth factor-β (TGF-β)/Smad, Wnt/β-catenin, IκB/NF-κB and Keap1/Nrf2 signaling pathways (Chen DQ. et al., 2017; Chen et al., 2018a), the overexpression of renin-angiotensin system and aryl hydrocarbon receptor (Liu J.-R. et al., 2020; Miao et al., 2020; Miao et al., 2021b) and the dysregulation of metabolites such as amino acids and lipids (Chen et al., 2016a; Chen et al., 2019a; Feng Y. L. et al., 2019; Wang et al., 2021a). The robust pathological markers of CKD progression are the impairment of renal excretion function and the degree of fibrosis or fibroblast number, which are closely related to tubulointerstitial fibrosis (Chen et al., 2019b). The clinical first-line therapy for CKD is using anti-renin-angiotensin system remedies, such as angiotensin-converting enzyme inhibitors or angiotensin II type 1 receptor blockers. These therapies were proven to be beneficial for patients with CKD, protected against proteinuria and renal function decline, and ameliorated the progression to ESRD. However, considerable numbers of patients were still not being adequately treated and often progress toward ESRD. Therefore, it is urgent to find effective drugs to retard tubulointerstitial fibrosis and delay the progression of CKD. However, it is disappointing that no effective and satisfactory therapies in clinic settings have been found until now (Xu BH. et al., 2020).
Members of TGF-β superfamily have a common dimeric structure, which consist of six conserved cysteine residues, including bone morphogenetic protein, growth and differentiation factors, anti-Müllerian hormone, activin, inhibin, nodal and TGF-β (Chen and Ten Dijke, 2016; Hu et al., 2018). Among these effects, TGF-β is a key profibrotic mediator in fibrotic diseases (Hu et al., 2018). TGF-β is a multifunctional regulatory cytokine, which is involved in regulating a broad range of cellular processes, such as proliferation, differentiation, apoptosis, adhesion, migration, wound repair, and the pathogenesis of fibrosis (Meng et al., 2016a). Numerous studies have demonstrated that TGF-β/Smad pathway played a crucial role in renal fibrosis (Meng et al., 2016b; Hu et al., 2018). TGF-β is the major driver of fibrosis in CKD (Meng et al., 2016a) and also exerts protective effects by suppressing inflammation and inducing autophagy (Sureshbabu et al., 2016). Overexpression of TGF-β1 can elicit renal fibrosis by activating both canonica TGF-β/Smad signaling pathways and non-canonical signaling pathways including mitogen-activated protein kinase, p38, Rho-GTPases, phosphatidylinositol-3 kinase, Rac, Cdc42 and integrin linked kinase (Chen et al., 2018b), which results in activation of myofibroblasts, excessive ECM components and ECM degradation inhibition. In TGF-β/Smad signaling pathway, Smad proteins have a complex mechanism, which have competitive effects of profibrosis and antifibrosis. Furthermore, there are complex interactions between TGF-β/Smad signaling pathway and other signaling pathways (Meng et al., 2016b). Therefore, fibrotic mechanism is so complex that it is necessary to further understand the pathogenesis of renal fibrosis regulated by TGF-β/Smad pathway and find possible therapy.
Numerous publications have shown that TGF-β/Smad pathway played a key role in CKD caused by diverse etiologies, such as diabetic nephropathy (Li et al., 2020), hypertensive nephropathy (Liu et al., 2017), IgA nephropathy (Wang P. et al., 2018), post-transplant nephropathy (Wang Z. et al., 2018) and aristolochic acid nephropathy (Song et al., 2019). Moreover, with the gradual loss of renal function, these diseases will inevitably mediate the progression of renal fibrosis. The inhibition of TGF-β1/Smad signaling pathway retarded renal fibrosis in CKD (Meng et al., 2016a). Therefore, targeting TGF-β/Smad pathway against tubulointerstitial fibrosis is a promising therapeutic strategy. Increasing evidence has shown that natural products have been demonstrated to be as a potential therapy in a variety of disease (Chen et al., 2018a; Newman and Cragg, 2020). A number of natural products have been demonstrated to protect against tubulointerstitial fibrosis (Chen et al., 2018a). In this review, we summarized the effect of TGF-β/Smad signaling pathway on the tubulointerstitial fibrosis and highlighted the therapeutic potential of natural products by targeting TGF-β/Smad pathway against tubulointerstitial fibrosis.
2 TGF-Β/SMAD SIGNALING PATHWAY
It is well known that TGF-β/Smad signaling pathway is mainly composed of TGF-β and its receptors, as well as various Smad proteins. TGF-β1, TGF-β2 and TGF-β3 are three isoforms of TGF-β identified in mammals, which have 70-82% amino acid homology and induce different biological reactions (Chen H. et al., 2018; Ma and Meng, 2019). Among them, TGF-β1 can be produced by all types of resident kidney cells and is the most abundant and active isoforms (Meng et al., 2015). TGF-β combines with latency-associated peptide (LAP) that promotes attachment with latent TGF-β binding protein (LTBP) through the formation of disulfide bonds, which is released from LAP and LTBP and becomes active when received various stimulations, such as reactive oxygen species (ROS), integrins, proteases and metalloproteinases (Meng et al., 2013; Meng et al., 2015; Ma and Meng, 2019). TGF-β initiates intracellular signaling by binding to receptor complexes (Chen H. et al., 2018). TGF-β receptors include TGF-β receptors type I (TGFβRI), TGF-β receptors type II (TGFβRII) and TGF-β receptors type III (TGFβRIII). TGF-β1 and TGF-β3 directly bind to TGFβRII, while TGF-β2 needs TGFβRIII to bind to TGFβRII (Yu et al., 2003). Therefore, TGFβRII has high affinity for TGF-β ligands, and TGFβRI does not bind to TGF-β directly. After TGFβRII binds to TGF-β, TGFβRII recruits and activates TGFβRI through phosphorylated the GS domain in TGFβRI (Nakerakanti and Trojanowska, 2012). The TGFβRI and TGFβRII contain serine-threonine protein kinases in their intracellular domains, which can activate intracellular signaling by phosphorylated Smad protein (Blobe et al., 2000). TGFβRIII is the most abundant type, which increases the bioavailability of TGF-β to signal TGF-β receptor by binding TGF-β and then transferring it to its signaling receptors (Blobe et al., 2000; Nakerakanti and Trojanowska, 2012). The Smad family of human includes eight members (Smads 1–8), which are called receptor-regulated Smads (R-Smads). Generally, TGFβRI can phosphorylate and activate Smad2 and Smad3 in the TGF-β/Smad pathway. Smad4, called common mediator Smad (Co-Smad), is a common partner of all of the receptor-activated Smads. It is a specific transcription co-regulatory factor, which can be recruited to Smad transcription complex. Therefore, the trimeric complex formed by phosphorylated R-Smads and Smad4 can be used for transcriptional regulation. Smad6 and Smad7 are called inhibitory Smads (I-Smads), which can interplay with activated receptors and R-Smads to inhibit their activities. Smad7 is mainly involved and acts as a negative feedback regulation loop to regulate the target genes that regulate cell homeostasis (Macias et al., 2015). Therefore, TGF-β and various Smad proteins can interplay each other and work together to regulate various physiological and pathological mechanisms (Figure 1).
[image: Figure 1]FIGURE 1 | Canonical TGF-β/Smad pathway. TGF-β synthesized in precursor form combines with latency-associated peptide (LAP) that promotes attachment with LTBP through the formation of disulfide bonds, which is released from the LAP and LTBP and becomes active when exposed to various stimuli. The active TGF-β binds to TGFβRII, which recruits and activates TGFβRI through phosphorylated the GS domain in TGFβRI. TGFβRI phosphorylates and activates Smad2 and Smad3 (R-Smads). Smad4 combined with phosphorylated R-Smads to form a trimer complex for transcriptional regulation. Smad7 is involved and acts as a negative feedback regulation loop to regulate the target genes that regulate cell homeostasis.
3 ROLE OF TGF-Β/SMAD SIGNALING PATHWAY IN TUBULOINTERSTITIAL FIBROSIS
3.1 Role of TGF-β in Tubulointerstitial Fibrosis
TGF-β is closely related ligands that have pleiotropic activity on most cell types of the body and play an important role in maintaining homeostasis in normal tissues. TGF-β1 is a major or predominant isoform involved in fibrosis and the effects of TGF-β2 and TGF-β3 may be partially mediated by TGF-β1. The overexpression of TGF-β1 is causally related to the progression of renal fibrosis caused by aging, diabetes, hypertension, obstruction, ischemia and toxin-induced injury (Gifford et al., 2021; Ma et al., 2022). TGF-β1 upregulation has been confirmed in patients and animal models with CKD (Hu et al., 2018). In addition, urinary TGF-β1 level, which reflects the degree of renal pathology and the development of CKD (Lawson et al., 2016), is positive correlated with renal fibrosis (Meng et al., 2015) and can be used as a clinical marker of renal fibrosis. Targeted TGF-β1 gene leads to multifocal and mixed inflammatory cell reaction in mice and conditional deletion of TGFβRII leads to kidney inflammation in mice (Meng et al., 2012a), which indicate that TGF-β1 is an effective anti-inflammatory molecule. However, blocking TGF-β1 signaling could eliminate its profibrotic effect, but inhibit its anti-inflammatory effect and thereby promote renal fibrosis (Sureshbabu et al., 2016). In addition, TGF-β1 could induce autophagy, promoting collagen degradation and cell protection for renal cell survival to prevent and treat renal fibrosis (Sureshbabu et al., 2016). Therefore, TGF-β is closely related to the formation of tubulointerstitial fibrosis and targeted inhibition of TGF-β overexpression is an important strategy for the treatment of tubulointerstitial fibrosis.
3.2 Role of Smad Proteins in Tubulointerstitial Fibrosis
3.2.1 Role of Smad2 and Smad3 Proteins in Tubulointerstitial Fibrosis
It is well known that Smad2 and Smad3 are two important downstream genes of canonical TGF-β signaling that are activated in fibrotic kidneys (Jiang et al., 2019; Li et al., 2019). It is now well documented that Smad3 and Smad3-dependent non-coding RNAs are activated by TGF-β1 to transcriptionally and differentially regulate renal inflammation and fibrosis (Gu et al., 2020). The expression levels of TGF-β1 and Smad3 are elevated and pathological staining results show obvious fibrosis of renal tissues in rats with unilateral ureteral obstruction (UUO) (Tian et al., 2021). However, mice lacking Smad3 expression protected against renal fibrosis following UUO by blocking epithelial-mesenchymal transition (EMT) and eliminating monocyte influx and collagen deposition, and the cultured primary renal tubular epithelial cells from mice lacking Smad3 also revealed that Smad3 is critical for TGF-β1-mediated EMT. In addition, TGF-β/Smad3 pathway could be activated in patients with type 2 diabetic nephropathy. It was found that Smad3 wild-type db/db and Smad3+/− db/db mice suffered from diabetic kidney injury, such as the decrease of renal function, a marked deposition of collagen I and collagen IV, and an increased macrophages in kidney. However, there was no evidence between renal fibrosis and inflammation response in Smad3 knockout db/db mice (Xu M. et al., 2020). Smad3 can also promote renal fibrosis by incorporating collagen promoter region and inhibiting ECM degradation via the induction of tissue inhibitor of matrix metalloproteinases (TIMP) while increasing the activity of matrix metalloproteinase-1 (MMP-1) (Gu et al., 2020). These facts indicate that Smad3 is the core of the pathogenesis of tubulointerstitial fibrosis (Sato et al., 2003). By contrast, Smad2 has renal protective effect. Despite the embryonic lethality of the Smad2 gene knockout mice (Gu et al., 2020), Smad2 conditional deletion from renal tubular epithelial cells and fibroblasts has been reported to significantly enhance renal fibrosis by increasing the expression of collagen I, collagen III, and TIMP-1 as well as decreasing the expression of MMP-2 to TGF-β1, which are due to the fact that Smad2 deletion promotes Smad3 phosphorylation, promoter activity, Smad3 binding to collagen promoter (COL1A2) (Meng et al., 2010). Therefore, targeted regulation of Smad3 expression is a potential target for treatment of tubulointerstitial fibrosis.
3.2.2 Role of Smad4 Protein in Tubulointerstitial Fibrosis
Smad4 is a common Smad protein, which forms heteromeric complex with Smad2/3 and translocates into nucleus to mediate expression of downstream target genes (Meng et al., 2012b). It has been found that Smad4 could enhance Smad3-induced renal fibrosis by transcription and inhibit NF-κB-induced renal inflammation by Smad7-dependent mechanism, thereby exerting multiple effects (Lan, 2011). In streptozotocin-treated rats, the increased expression of TGF-β1 and Smad4 may lead to transcriptional regulation of target genes, which contributes to the progression of renal fibrosis (Yang et al., 2007). It is reported that siRNA Smad4 can inhibit renal fibrosis and α-smooth muscular actin (α-SMA)-positive myofibroblasts in mice induced by single intraperitoneal injection of folic acid (Morishita et al., 2014). The mechanism of inhibiting fibrosis of which may be explained by the fact that Smad4 deletion affects Smad3-mediated promoter activity and the combination of Smad3 and COL1A2 promoter, but does not affect p-Smad3 and nuclear translocation (Meng et al., 2016b). Furthermore, the destruction of Smad4 represses Smad7 transcription, thereby inhibiting NF-κB activation and promoting kidney inflammation as evidenced by inflammatory cells infiltration, upregulation of interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), monocyte chemoattratctant protein-1 (MCP-1), and intercellular adhesion molecule-1 (ICAM-1) in conditional Smad4 knockout UUO mice (Meng et al., 2016a). Therefore, Smad4 has an important effect on renal fibrosis (Gu et al., 2020). The double action mechanism of Smad4 on kidney determines that it may not be an important anti-fibrosis target.
3.2.3 Role of Smad7 Protein in Tubulointerstitial Fibrosis
Smad7 is a negative regulator and plays a negative role in renal fibrosis and inflammation (Meng et al., 2015; Gu et al., 2020). It is found that UUO model mice with Smad7 gene destruction can exhibit TGF-β/Smad2/3-dependent severe tubulointerstitial fibrosis by upregulating intrarenal TGF-β1 and connective tissue growth factor (CTGF) and activating Smad2/3, and sustain NF-κB activation, thereby enhancing intrarenal inflammation, including macrophage infiltration and expression upregulation of MCP-1, TNF-α, osteopontin and ICAM-1. The immunoreactivity for p-Smad2 and p-Smad3 are gradually increased in renal fibrosis, and Smad7 degradation and ubiquitination activities are significantly increased in UUO kidneys in mice, which indicate that decreased Smad7 protein caused by enhanced ubiquitin-dependent degradation leads to a pathogenic effect on renal fibrosis (Fukasawa et al., 2004). In streptozotocin-induced rats, insulin can upregulate Smad7 protein expression in the kidneys of diabetic rats, reduce ECM deposition, and delay the progress of diabetic nephropathy after controlling blood glucose, which may be related to the decrease of TGF-β1 and Smurf2 expression and attenuation of Smad7 ubiquitination in renal tissue (Wang YZ. et al., 2013). Therefore, during the process of fibrosis formation, Smad3 is generally activated whereas Smad7 is degraded by ubiquitin-proteasome degradation mechanisms. The imbalance between Smad3 and Smad7 is an key mechanism in renal fibrosis, which causes activation and accumulation of myofibroblasts, the excessive production of ECM and the reduction of ECM degradation (Meng et al., 2015). The latest study demonstrated that Latent TGF-β1 improved diabetic kidney disease through regulating Arkadia/Smad7 signaling (Wu et al., 2021). Therefore, targeting Smad3 inhibition and Smad7 promotion are important potential targets for treatment of tubulointerstitial fibrosis.
4 CROSSTALK BETWEEN TGF-Β1/SMAD AND LONG NON-CODING RNA IN TUBULOINTERSTITIAL FIBROSIS
Long non-coding RNAs (lncRNAs) are an emerging class of non-coding RNAs, which are more than 200 nucleotides in length (Luo et al., 2020; Wang et al., 2021b). lncRNAs can regulate various biological functions at epigenetic, transcriptional and post-transcriptional levels (Huang, 2018) and bind DNA, RNA and protein (Wang Y.-N. et al., 2021). Mechanism studies have shown that TGF-β1/Smad3 is able to promote renal inflammation and fibrosis by regulating lncRNAs (Tang et al., 2017). Erbb4-IR is a Smad3-dependent lncRNA that promotes renal fibrosis by suppressing miR-29b of type 2 diabetic nephropathy in db/db mice (Sun X. et al., 2018) and is upregulated in the obstructed kidneys of UUO mice (Feng et al., 2018). Smad7 is a target gene of Erbb4-IR. The overexpression of Erbb4-IR can lead to renal fibrosis by downregulating Smad7 (Feng et al., 2018). The lncRNA9884 is a novel Smad3-dependent lncRNA, which is associated with diabetic renal injury. It can be significantly upregulated and enhance MCP-1-dependent renal inflammation in the diabetic kidney of db/db mice (Zhang YY. et al., 2019). lncRNA AT-rich interactive domain 2-IR (Arid2-IR) is identified as a Smad3-associated lncRNA in UUO kidney disease, the increasing of which can contribute to ECM production in diabetic kidney disease (Yang et al., 2019). Additionally, the overexpression of lncRNA-ATB can activate the TGF-β/Smad2/3 pathway, thus promoting inflammation, cell apoptosis and senescence in the TGF-β1-induced HK-2 cells, which indicates that silencing lncRNA-ATB is a new therapeutic strategy for intervention of renal fibrosis (Sun et al., 2020). All these evidence indicates that targeted regulation of lncRNAs involved in TGF-β/Smad pathway could improve tubulointerstitial fibrosis (Figure 2).
[image: Figure 2]FIGURE 2 | TGF-β1/Smad3 signaling regulates lncRNAs in renal fibrosis. (1) Erbb4-IR promotes renal fibrosis by suppressing miR-29b and downregulating Smad7. (2) lncRNA9884 is significantly upregulated in renal fibrosis. (3) The increased lncRNA Arid2-IR leads to ECM production in renal fibrosis. (4) lncRNA-ATB activates TGF-β/Smad2/3 pathway, thus promoting inflammation, cell apoptosis and senescence.
5 NATURAL PRODUCTS AS AN ALTERNATIVE THERAPY AGAINST TUBULOINTERSTITIAL FIBROSIS
5.1 The Isolated Compounds Against Tubulointerstitial Fibrosis
Traditional Chinese medicines (TCMs), a unique medical system with the remarkable feature of the use of multicomponent drugs, could hit multiple targets through multiple components (Chen et al., 2018a; Wang YN. et al., 2021). It pursues an overall therapeutic effect with a multi-ingredient treatment in the form of combination drug formulas in an attempt to improve therapeutic efficacy and lower drug side-effects and could also be an effective approach of reducing drug resistance (Jiang, 2005). Therefore, the studies of TCMs have attracted attention owing to its superiority in the treatment of refractory diseases (Chen et al., 2016b; Li et al., 2021a; Shao G. et al., 2021; Wang Y. W. et al., 2021; Yang and Wu, 2021). A variety of compounds isolated from natural products have been protected against renal fibrosis (Feng et al., 2019b; Luo et al., 2021; Shao M. et al., 2021; Zhao et al., 2011; Zhou F. et al., 2021). Therefore, natural products have attracted more and more attention around the world and are committed to the development of new drugs. With the continuous research and the development of technique, more and more molecular mechanisms of natural products have been revealed, and there are many natural products that inhibited tubulointerstitial fibrosis through TGF-β/Smad signaling pathway (Table 1) (Chen et al., 2018a; Hu et al., 2018).
TABLE 1 | Summary of targets for natural products and their isolated compounds or extracts to exert anti-tubulointerstitial fibrosis effects through TGF-β/Smad signaling pathway.
[image: Table 1]Radix Astragali is used for treating kidney diseases (Zhang et al., 2014). Astragalus injection could mitigate diabetic nephropathy by increasing Smad7 expression, inhibiting the expression of TGFβRΙ, Smad3 and its phosphorylation as well as TGF-β1 mRNA levels (Nie et al., 2014). Astragaloside IV (AS-IV) could significantly mitigate tubulointerstitial fibrosis in the UUO rats and TGF-β1-stimulated NRK-49F cells. AS-IV could upregulate Smad7 expression, thereby blocking the upregulated protein expression of TGF-β1 and p-Smad2/3 (Wang et al., 2014). Astragalus polysaccharides could reduce the levels of creatinine and urea and inhibit collagen I, collagen III, collagen IV, α-SMA, TGF-β1 and Smad3 in rats treated by a high-fat diet with streptozotocin (Meng et al., 2020).
Radix Salviae Miltiorrhizae is usually used to treat cardiovascular diseases, but a number of studies have shown that it possessed protective effects on CKD (Cai et al., 2018). The ethanol and water extracts of Radix Salviae Miltiorrhizae prevented EMT through regulating NADPH oxidase/ROS/ERK and TGF-β/Smad signaling pathways in adenine-induced HK-2 rats (Cai et al., 2018). Several studies have demonstrated that salvianolic acid A and salvianolic acid B repressed renal fibrosis by modulating TGF-β1/Smad pathway. Salvianolic acid A reduced the expressions of TGF-β1 and Smad3 (Ma et al., 2016), while salvianolic acid B downregulated the expressions of TGF-β1 and p-Smad2 and preserved Smad7 expression (Zhang X. et al., 2019). Bioinformatics analysis revealed that TGFβRII might be a direct target of the miR-106b-25 cluster (miR-25, miR-93 and miR-106b). During the formation of EMT induced by TGF-β1, these miRNAs were found to be significantly downregulated, which were upregulated by salvianolic acid B treatment in a dose-dependent manner (Tang et al., 2014). This showed that salvianolic acid B could act on TGF-β receptor by targeting the specific miRNAs to retard renal fibrosis. Protocatechualdehyde, a phenolic acid, improved renal function and pathological changes via regulating Smad3 expression and NF-κB signaling in UUO-induced obstruction kidney. It also suppressed Smad3-dependent lncRNA9884 expression and inhibited inflammation by lncRNA9884/MCP-1 pathway (Yang et al., 2021). Tanshinone IIA, an active ingredient of Radix Salviae Miltiorrhizae, exerted its inhibitory effect on tubulointerstitial fibrosis by downregulating p-Smad2/3 expression in renal interstitial fibroblasts induced by TGF-β1 (Tang et al., 2008).
Poria cocos used in TCMs in China and Japan possessed the effects of diuretic, antiinflammation, antioxidative, antifibrosis and antihyperlipidemia (Wang Y. et al., 2013; Miao et al., 2015; Chen et al., 2016c). Earlier findings demonstrated the diuretic effect of the extracts of the surface layer of Poria cocos (Zhao et al., 2012; Feng et al., 2013). Further studies demonstrated that these extracts protected against tubulointerstitial fibrosis in adenine- and nephrectomized-induced chronic renal failure (Zhao et al., 2013a; Zhao et al., 2013b; Zhao et al., 2013c; Feng et al., 2019c). A number of poricoic acids, such as secolanostane tetracyclic triterpenoids and lanostane tetracyclic triterpenoids isolated and identified from Poria cocos protected against renal fibrosis by regulating Wnt1/β-catenin, IκB/NF-κB, and Keap1/Nrf2 pathways (Wang et al., 2017; Chen et al., 2019c; Wang et al., 2020). Poricoic acid A, a major component of Poria cocos, has been demonstrated to protect against renal fibrosis (Chen et al., 2019d; Chen et al., 2020a; Chen et al., 2020b). Previous study showed that poricoic acid A ameliorated AKI-to-CKD continuum by inhibiting Smad3 phosphorylation of renal tissues in renal ischemia-reperfusion injury rats (Chen et al., 2019e). The latest study demonstrated that poricoic acid A inhibited TGF-β1-induced renal fibrosis and proliferation through Smad3 and MAPK pathways (Li et al., 2021b).
New poricoic acid ZA protected against renal fibrosis through suppressing p-Smad2/3 through inhibiting Smad2/3-TGFβRI interaction (Li et al., 2017). Poricoic acid ZG and Poricoic acid ZH exerted their antifibrotic effects by selectively repressing the p-Smad3 via inhibiting the interactions of SARA with TGF-β1 and Smad3 (Wang et al., 2018a). Moreover, Poricoic acid ZC, poricoic acid ZD and poricoic acid ZE not only specific repressed p-Smad3 via blocking interplay between TGFβRI with Smad3, but also selectively suppressed Smad3 expression (Wang et al., 2018a). Structure-function analysis revealed that poricoic acid ZC and poricoic acid ZD, showed a strong inhibitory effect compared with poricoic acid ZE (Wang et al., 2018a). Therefore, compounds to the secolanostance skeleton showed strong bioactivity compared with lanostance skeleton.
Rhubarb is one of the most commonly used natural products, which contains a variety of chemical components that exhibit a variety of pharmacological activities, such as antitumor, antiinflammatory, lipid-lowing, hepatoprotective and renoprotective effects (Chen et al., 2015; Cao et al., 2017). Our earlier several publications showed that Rhubarb can ameliorate tubulointerstitial fibrosis in rat with adenine-induced CKD (Zhang et al., 2015; Zhang et al., 2016). Our studies show that Rhubarb extracts can suppress TGF-β/Smad3 signaling pathway by reducing the protein expressions of TGF-β1, TGFβRI, TGFβRII, Smad2, p-Smad2, Smad3, p-Smad3, and Smad4 and preserving expression of Smad7 protein (Zhang et al., 2018). Some studies have shown that chrysophanol could inhibit tubulointerstitial fibrosis by downregulating expression of TGF-β1 and p-Smad3 and preserving expression of Smad7 without affecting Smad2, Smad4 and TGF-β receptors in UUO mice (Dou et al., 2020). Mechanistically, chrysophanol repressed interaction between Smad3 and TGFβRI to suppress expression of p-Smad3 (Dou et al., 2020). These studies indicated that chrysophanol alleviated tubulointerstitial fibrosis by repressing Smad3 phosphorylation. In addition, emodin ameliorated renal fibrosis in rats via downregulating expression of TGF-β1 and Smurf2 and preserving Smad7 expression (Ma L. et al., 2018). Moreover, rhein inhibited cell hypertrophy and ECM accumulation mediated by TGF-β1 (Guo et al., 2001), which indicated that rhein exerted renoprotective effect, possibly by inhibiting the overexpression of TGF-β1. Rhubarb and astragalus capsule has been treated patients with CKD for decades. Recently, in vivo study showed that Rhubarb and astragalus capsule bunted tubulointerstitial fibrosis in the UUO rats by suppressing apoptosis via inhibiting TGF-β1/p38 MAPK pathway (Zeng et al., 2020). In vitro study demonstrated that drug-containing serum of rhubarb-astragalus capsule retarded EMT in the TGF-β1-induced HK-2 cells by downregulating TGF-β1/p38MAPK/Smad2/3 signaling axis (Qin et al., 2021).
Scutellaria baicalensis showed effects of cleaning away heat and dampness, fire and detoxification. Its extracts and compounds from Scutellaria baicalensis showed many pharmacological activities (Zhao et al., 2019). Baicalein showed a stronger inhibitory effect on cell proliferation, collagen synthesis, TGF-β1 and p-Smad3 upregulation than baicalin in the TGF-β1-induced NRK-49F cells (Hu et al., 2017). Furthermore, Baicalin has been demonstrated to decrease TGF-β1 level in serum and obstructed kidney, and repressed p-Smad2/3 in obstructed kidney of UUO rats (Zheng et al., 2017). In addition, wogonin inhibited upregulation of mRNA and protein of collagen I and α-SMA induced by TGF-β1 compared with wogonoside. Mechanistically, wogonin reduced p-Smad3 expression but showed weakened effect on non-canonical TGF-β pathway, such as p38, extracellular signal-regulated kinase 1/2 and mitogen-activated protein kinase pathways (Meng et al., 2016a).
Alismatis rhizoma exhibited lipid-lowing, diuretic and renoprotective activities (Tian et al., 2014; Miao et al., 2017). Our previous findings demonstrated the diuretic and anti-diuretic effects of Alismatis rhizome (Chen et al., 2014; Feng et al., 2014). Further studies demonstrated that these extracts protected against tubulointerstitial fibrosis in rats with adenine-induced CKD (Dou et al., 2018). Alisol B 23-acetate, as a major component of Alismatis rhizoma, ameliorated renal fibrosis by modulating renin–angiotensin system and gut microbiota–kidney signaling axis (Chen H. et al., 2020). Our previous study identified new compound 25-O-methylalisol F as a novel RAS inhibitor (Chen et al., 2018b). It could attenuate upregulated p-Smad3 and downregulated Smad7 without affecting the expression of phosphorylated Smad2, PI3K, ERK1/2 and p38 and expression of Smad4 in the TGF-β1- and angiotensin II-mediated NRK-52E and NRK-49F cells. It also specific repressed the combination of Smad3 with TGFβRI and Smad3 with SARA without affecting interaction of Smad2, TGFβRI and SARA (Chen et al., 2018b).
Tripterygium wilfordii is considered as an effective drug for treating diabetic nephropathy. Although it causes side effects, such as hepatic impairment, gastrointestinal reactions, menstrual disorders and reproductive effects, it is feasible to use it cautiously and appropriately to treat disease (Huang et al., 2020). Triptolide repressed proliferation, mediated apoptosis and led to cell cycle arrest in human mesangial cells (Sun SF. et al., 2018). Triptolide could upregulate Ski protein expression and downregulate protein expressions of α-SMA, TGF-β1 and p-Smad2/3 (Cao et al., 2015; Sun SF. et al., 2018). In addition, multi-glycoside of Tripterygium wilfordii could reduce ECM deposition and glomerulosclerosis by regulating mRNA or protein expressions of TGF-β1, Smad3, p-Smad2/3 and Smad7 in adriamycin-induced nephropathy rats (Wan et al., 2014). Moreover, celastrol could inhibit UUO- or TGF-β1-induced activation of Smad3, which can be candidate drug against renal fibrosis (Tang et al., 2018).
Compared with experimental researches, a number of studies have demonstrated that TCMs showed beneficial effects on patients with CKD (Chen et al., 2018a). Meta-analysis analysis showed that ligustrazine injection lowered the levels of creatinine and urea in serum as well as proteinuria, urine microalbumin and albumin excretion rate in patients with diabetic nephropathy including 858 treatment patients and 787 controls from 25 randomized controlled trial centers (Wang et al., 2012). In addition, ligustrazine blunted contrast-induced nephropathy in 148 patients with unstable angina (Ye et al., 2017). Recently, a randomized controlled trial showed Bupi yishen formula mitigated patients with non-diabetic stage 4 CKD (Mao et al., 2020). Moreover, a retrospective population-based cohort study showed that Chinese herbal medicine, such as Salviae miltiorrhizae and Jia-Wei-Xiao-Yao-San, mitigated CKD in patients with chronic hepatitis C (Chang et al., 2019). So far, although TCMs have been used for treating patients with CKD, few study demonstrated that TCMs were applied to treatment kidney diseases through targeting TGF-β/Smad signaling pathway.
5.2 The Traditional Chinese Medicinal Prescriptions Against Tubulointerstitial Fibrosis
There were a number of traditional Chinese medicinal prescriptions that inhibited renal fibrosis by regulating TGF-β/Smad pathway (Chen et al., 2018a; Yang et al., 2021). Oryeongsan (Wulingsan) is frequently used to treat nephrosis, dropsy and uremia. Oryeongsan could improve renal function, reduce mesangial expansion and downregulate expression of TGF-β1, Smad2, Smad4, Smad7 and collagen IV in the db/db mice (Yoon et al., 2014). You-gui Pill is treated to warm and recuperate “kidney-yang,” which could ameliorate tubulointerstitial fibrosis by downregulating translocation of p-Smad2/3 (Wang et al., 2015). Shenqiwan could ameliorate renal fibrosis by inhibiting mRNA and protein expressions of p-Smad2/3 via upregulating Smad7 in adenine-induced rats (Chen H. et al., 2017). HuangQi decoction inhibited protein expressions of α-SMA, collagen I, collagen III and collagen IV through downregulating the expressions of TGF-β1, TGFβRI, TGFβRII, Smad4, Smad2/3, p-Smad2/3 and preserved Smad7 protein expression in the UUO mice (Zhao et al., 2016). Fu-Fang-Jin-Qian-Cao granules, widely used to treat nephrolithiasis, alleviated renal EMT and fibrosis induced by calcium oxalate via downregulating protein expressions of TGF-β1, TGFβRI, TGFβRII, p-Smad3 and p-Smad2, and preserving Smad7 protein expressions (Liu W. et al., 2020). Bu-Shen-Jiang-Ya decoction can relieve renal fibrosis in Dahl salt-sensitive rats by inhibiting protein expressions of TGF-β1 and Smad2/3 (Liu WR. et al., 2020). Uremic Clearance Granules attenuated renal dysfunction and renal fibrosis by downregulating protein expressions of TGF-β1, TGFβRI, p-Smad2/3 and Smad4, and preserving Smad7 protein expression in the kidney of rats induced by adenine and UUO (Huang et al., 2014). Tangshen formula has been demonstrated to slow diabetic kidney disease in humans and animals. The latest findings indicated that Tangshen formula retarded renal fibrosis in rats with diabetic kidney disease by repressing TGF-β1/Smad3 signaling and lncRNA MEG3 expression (Zhou X. F. et al., 2021).
There are a variety of natural products and Chinese medicine compounds formed by different compatibility compositions of natural products. Further in-depth studies of the underlying mechanism of natural products through TGF-β/Smad signaling pathway is beneficial to the popularization and application of natural products.
6 CONCLUSION
The common pathway of progression of various CKD is renal fibrosis, so making every effort to prevent progression of renal fibrosis can effectively reduce global economic burden. In the early development of fibrosis, inhibiting or eliminating pathogenical factors and the use of antifibrotic agents can partially or completely inhibit renal fibrosis. However, due to the strong compensation of glomerular filtration function, the renal function may be unaffected or slightly damaged, so the patients often have no symptoms, thereby missing the optimal treatment opportunity. In view of the important role of TGF-β/Smad pathway in renal fibrosis, inhibition of renal fibrosis by targeting potential targets of this pathway will be an attractive therapeutic approach. TGF-β1 is considered to be the key mediator involved in fibrosis. Smad3 is the core of the pathogenesis of interstitial fibrosis. Smad2 and Smad7 have the renal protective effect. Smad4 enhances Smad3-mediated renal fibrosis by transcription and inhibits NF-κB-driven inflammation via a Smad7-dependent molecular mechanism. Therefore, targeting TGF-β1 and its receptors as well as its downstream Smad proteins and Smad-dependent lncRNAs is regarded as one of the feasible therapeutic strategies.
Currently, the renin-angiotensin system blockade is central to the treatment of patients with CKD, the renoprotective effects of which are aimed at preventing or slowing the progression of ESRD (Lee et al., 2015), but its efficacy is limited. Furthermore, the incidence of CKD increases year by year and has reached epidemic proportions (Wang et al., 2021a). It means that we will face great challenges to find more effective drugs for treatment of renal fibrosis. Meanwhile, natural products have unique advantages in inhibiting renal fibrosis and many natural products have been proved to target TGF-β/Smad signaling pathway to treat renal fibrosis, which means that we will have more opportunities to explore new treatments for renal fibrosis. Although there is a long way to go to suppress renal fibrosis in the future, we are confident that the more frustrated we are on this road, the more courageous we are, and we firmly believe that new treatments will always be found.
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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.
Keywords: peritoneal dialysis, intestinal barrier, Astragaloside IV, Akt, GSK-3β, β-catenin
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.
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Aims: The cold and hot properties of Chinese medicines are an important concept to represent the function of drugs, and are also a unique classification method of traditional Chinese medicine (TCM). The method reflects an herb’s therapeutic properties and guides reasonable clinical prescription. However, the present key problem is the lack of an objective and quantitative evaluation index for the cold and hot properties of Chinese herbs. Delayed luminescence (DL) is the long-term afterglow of biological systems after illumination with light, which can reflect differences in herbal materials prepared under different conditions. We aim to use S. obliquus as an indicator organism to characterize the differences between the cold and hot properties of Chinese herbs.
Methods: Scenedesmus obliquus (S. obliquus) was used as an indicator organism to characterize the differences between the cold and hot properties of Chinese herbs. The decoction solution of different properties of Chinese herbs was added to S. obliquus culture medium; then, the delayed luminescence (DL) of S. obliquus after the addition of decoctions of different properties of Chinese herbs was measured to obtain information on the effect of different properties of Chinese herbs on S. obliquus. Many DL parameters were calculated, and ROC curve analysis was applied with the aim of finding a suitable parameter that can characterize the differences in cold and hot properties of Chinese herbs.
Results: Our results show that the K value is a sensitive parameter that can reflect the differences of cold and hot properties of Chinese herbs, thus providing new insights into the cold and hot properties of Chinese herbs.
Conclusions: DL measurement of S. obliquus after addition of different properties of Chinese herbs could be a novel and promising method to study the cold and hot properties of Chinese herbs.
Keywords: Chinese herbs, k value, cold and hot property, delayed luminescence, scenedesmus obliquus
INTRODUCTION
The cold and hot properties of Chinese medicines are an important concept to represent the function of drugs, which reflects the action tendency of drugs. Cold medicine is mainly used to inhibit the body’s functional activities, and hot medicine is mainly used to stimulate the body’s functional activities. However, as the theoretical basis of clinical medicine, the traditional Chinese medicine (TCM) medicinal property theory utilizes philosophy rather than the scientific method as its theoretical tool. Its theory abstracting, concept blurring, and diagnosis and examination method subjectively lacks the rigor and evidence of modern science. Therefore, there is an urgent need to obtain an objective and quantitative evaluation indicator of TCM medicinal properties.
At present, there are two problems in modern research on the cold and hot properties theory of Chinese medicine. Firstly, most studies are still based on indirect measurement or correlation analysis and have not carried out research based on the objective fact that Chinese medicine regulates the syndrome of cold and hot at the macro level, which defines the cold and hot properties of Chinese medicine (Liang et al., 2013). A holistic view is the most important characteristic of TCM. The other is the lack of appropriate detection methods, which can reflect the cold and hot properties of medicinal herbs from a macro and whole-body view by observing the impacts of drugs (Zhang et al., 2009).
Delayed luminescence (DL) is the long-term afterglow of biological systems after illumination with white light. There is a close connection between the biological state liquid inorganic systems of the system itself and the parameters of DL (Grasso et al., 2016; Brizhik et al., 2001). DL has been used as a tool for directly and rapidly assessing biological systems and has been found to provide a sensitive indicator of food quality (Scordino et al., 2008; Egerer et al., 2008). In addition, delayed luminescence detection has been applied in tumor cell discrimination, disease diagnosis, and especially TCM quality assessment (Kim et al., 2005; Ping et al., 2012; Pang et al., 2016; Pang et al., 2016; Sun et al., 2016). Recent studies examined the DL properties that can be used to indicate differences in herbal materials prepared under different conditions, including the processing method and growing environment (Sun et al., 2016; Sun et al., 2017). These differences in DL properties reflect variations in the therapeutic properties of Chinese herbs. DL may provide an integrated, comprehensive view of the nature and property of Chinese herbs. A number of studies have shown that delay luminescence (DL) can be expressed as (Gu et al., 2012; Popp et al., 2002; Sun M. et al., 2016):
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With these models, the delay luminescence data can be well fitted. Equations 1–3 are called Gu function (Gu et al., 2012), in the Eq. 1, A is an intensity parameter, which depends on the properties of the sample under test and is also related to the system structure and lighting conditions; B is a characteristic time, which is only related to the properties of the sample itself; C is a phase factor, which can sensitively determine the initial intensity of luminescence, regardless of the system structure and lighting conditions. DL characteristics are described by A, B and C, which can be obtained by fitting the experimental data. Equation 2 is the calculation formula of average intensity, W is the total measurement time, the average intensity (IW) of seven times of excitation delayed luminescence is linearly fitted with the measurement time t. The slope (K) of the obtained linear fitting Eq. 3 represents the dynamic evolution behavior of delayed luminescence in different liquid environments of S. obliquus, and it is a reliable parameter to characterize the properties of samples. The Eq. 4 is a hyperbolic function formula, I0 is the initial intensity of the delayed luminescence after excitation, and β is an index factor associated with the rate of decay (Popp et al., 2002). The Eq. 5 is two-exponential decay function, where A1 and A2 are the amplitudes of photon emission of exponential decay components, t1 and t2 are time constants for the exponential decays, and y0 represents the final value of photon emission in the DL decay curve (Sun MM et al., 2016).
Algae in water bodies are very sensitive to toxic pollutants. They can live in different types of water bodies and different habitats of water bodies, and they have therefore been used as indicator organisms for monitoring water quality changes. S. obliquus is a common planktonic alga in freshwater, easy to culture artificially, and very sensitive to its environment, and its biological behavior is different in different aquatic environments (Dewez et al., 2008; Xin et al., 2014). Therefore, the species is often used as a good experimental material for studying water pollution. Previous studies demonstrated that the luminescence emission behaviors of different chemical compositions on S. obliquus were very different, which were applied to the evaluation of aquatic environments and food pollution (Han et al., 2016; Katsumata et al., 2017). This finding provides a clue that S. obliquus could also be a promising indicator for characterizing different properties of Chinese herbs.
Here, we aim to use S. obliquus as an indicator organism to characterize the differences between the cold and hot properties of Chinese herbs. The decoction solution of different properties of Chinese herbs was added to S. obliquus culture medium; then, the delayed luminescence (DL) of S. obliquus after the addition of decoctions of different properties of Chinese herbs was measured to obtain information on the effect of different properties of Chinese herbs on S. obliquus. Many DL parameters were calculated, and ROC curve analysis was applied with the aim of finding a suitable parameter that can characterize the differences in cold and hot properties of Chinese herbs.
MATERIALS AND METHODS
Herbs Prepared
According to the Chinese Pharmacopoeia (V.2015), a total of 160 herbs were selected, including 74 cold herbs and 86 hot herbs. In addition, a pair of Chinese herbs with medicine property changes before and after processing were also collected (Arisaematis Rhizoma Preparatum and Arisaema cum Bile). Arisaematis Rhizoma Preparatum is a hot herb, and Arisaema cum Bile is a cold herb after being processed by Arisaematis Rhizoma Preparatum. All herbs were bought from the Jinan Jianlian Chinese medicinal herb store and identified by Prof. Yuanbin Zhang of Shandong Academy of Medical Sciences.
Every herb was weighed (10 g) before being decocted twice, namely, the first boiling and second boiling. The first boiling takes place as follows: 200 ml water is added to 10 g Chinese herb, the mixture is soaked in a dish for half an hour, the electric stove is switched on, the power is to 2000 W, decoction is performed until boiling, the power is adjusted to 800 W, and decoction occurs for 15 min. After the decoction is finished, the liquid is filtered with absorbent cotton gauze, and the residue is filtered twice. The second boiling takes place as follows: 200 ml water is added to the head residue, decoction is performed again for 20 min, the residue is filtered out, and the liquid is preserved. The two decoctions were combined and filtered with filter paper. The final decoction was 50 ml. The decoction was cooled to room temperature and stored in a 50 ml sterile centrifuge tube. The resulting extracts were decanted, filtered and evaporated to 0.2 g/ml.
Scenedesmus Obliquus
S.obliquus was purchased from the Institute of Hydrobiology, Chinese Academy of Sciences (No. FACHB-933). S obliquus was grown in BG11 medium (Institute of Hydrobiology, Chinese Academy of Sciences, China) at 25°C in a light incubator (Jiangnan, GZX, China). Light intensity was 4,000 lux, sunshine duration was 12 h, and the bottle was shaken twice a day.
Two months after the culture, the transfer was performed, and the sterile operation was performed. The transfer ratio was 1:3, that is, 300 ml BG11 culture medium was added to 100 ml algal solution, and the transfer was continued in the light culture box. S. obliquus was used as an indicator organism to study the effect of different kinds of Chinese herb decoctions.
Delayed Luminescence Measurements
Before the measurement, the concentration of S. obliquus was adjusted to 3 × 107 counts/ml. In total, 3 ml of well-grown S. obliquus was placed in a quartz colorimetric dish (4 × 1 × 1 cm). The decoction of Chinese herb was added to the S. obliquus solution in a proportion of 1:10. Mixed liquors were placed in the chamber of a photomultiplier system. The photomultiplier system was designed for measurement of DL of S. obliquus. The device is equipped with a black chamber with a single opening for a cooled single-photon-count photomultiplier tube (QA9863; ET Enterprises, United Kingdom). A shutter was placed between the photomultiplier tube and the chamber. The chamber contains a sample holder suitable for a 10 cm petri dish. For excitation, computer-regulated LEDs (70 mm, 10 W, type LZ4-00MD00; LED Engine Inc., United States) were used. The excitation was carried out with an LED (LED Engine Inc., white light). After dark adaptation for 15 min, the sample was excited by light for 10 s; then, recording was performed with consecutive 900 s periods, with an internal time of 1 s. Then, after dark adaptation for 15 min, the second measurement was performed. After six repeat measurements, seven DL curves were obtained that carried the information of the effect of different properties of Chinese herbs on S. obliquus with time. The total measurement for every Chinese herb was 210 min.
Statistical Analysis
Statistical analysis was performed using Statistica 10.0 software (StatSoft, United States). Nonlinear fitting analyses were carried out to obtain the delay luminescence kinetic parameters. ROC curve analyses were carried out (SPSS 19.0 software) to obtain the sensitivity, specificity and threshold of discrimination of cold and hot properties of Chinese herbs. Spearman’s rank correlation (ρ) was used to quantify the correlation between the bioactive constituents and DL parameters (SPSS version 19.0). Moderately strong significant correlations were defined as Spearman’s (ρ) > 0.35 and p < 0.01, respectively. For the comparisons between the data from two different properties of samples, the differences of parameters were tested with the independent-sample test (SPSS version 19.0). p values of less than 0.05 were considered significant.
RESULT
Delayed Luminescence (DL) Curves for Typical Hot and Cold Chinese Herbs
S.obliquus is very sensitive to its environment, and its biological behavior will be different in different living environments. The DL behaviors of different chemical compositions on S. obliquus were very different (Baky et al., 2014). Therefore, take three typical cold and three typical hot Chinese herbs for example, the DL after addition of their decoction were measured, and the DL decay curves for them were shown in Figure 1. The hot and cold Chinese herbs decoction showed significantly different DL curves compared with the S. obliquus itself,and the initial intensity of the hot Chinese herb is significantly higher than the cold Chinese. Hot Chinese herbs decoction increased the intensity of DL, but cold Chinese herb decoction weakened the intensity of DL, especially in the first 10 s after excitation. Next, we measured the DL profiles of 160 Chinese herbal samples (including 74 cold and 86 hot samples) in order to ensure the difference between cold and hot properties of Chinese herbs. 160 Chinese herbs were analyzed, their English and Latin names and their properties (cold or hot) in accordance with the 2015 Chinese Pharmacopoeia were listed as Supplementary Material.
[image: Figure 1]FIGURE 1 | DL decay curves for S. obliquus, S. obliquus +hot Chinese herbs and S. obliquus + cold Chinese herbs. Data are plotted as the mean ± SEM. Note that the data are plotted on a log-linear scale.
Every herbal sample was measured seven times according to the same procedure described in the Materials and Methods, with the aim to obtain the dynamic behavior of the DL of S. obliquus after addition of herbal samples with the time. The seven DL decay curves of S. obliquus are shown in Figure 2. The result shows that the intensity of DL increases gradually after multiple excitations.
[image: Figure 2]FIGURE 2 | Seven DL decay curves for S. obliquus with time.
The Differences of DL Parameters Between the Hot and Cold Chinese Herbs
On average, the DL parameters in the hot group were larger than those in the cold group (Figure 3). To analyze the difference between DL parameters, a two-tailed unpaired Student’s t-test was used to compare the 12 DL parameters between the hot and cold groups. The analysis revealed that only two parameters differed significantly between the two groups, namely, B of the Gu function and the slope of linear fitting of 7 IW (named the K value) (p = 0.00438 and p < 0.0001, respectively); the 10 other parameters did not differ significantly. The result also shows that the K value could be a more appropriate parameter that can reflect the differences in cold and hot properties of Chinese herbs.
[image: Figure 3]FIGURE 3 | Histograms comparing the DL parameters obtained between the two different properties of Chinese herb groups (hot and cold). #p > 0.05, *p < 0.05 (two-tailed unpaired Student’s t-test).
ROC Curve Analysis for the DL Parameter K Value
To assess the effect of the parameter K value on the ability to discriminate hot and cold Chinese herbs, receiver operating characteristic (ROC) analysis was applied to determine optimal sensitivity and specificity to discriminate between the cold and hot properties of Chinese herbs. Figure 4 displays the ROC analysis result. The result shows that the area under ROC curve (AUC) was 0.844 (95% CI, 0.784–0.904). The K value at an RT > 3.8526 (sensitivity = 0.808, specificity = 0.733) maximized separation of hot Chinese herbs from cold Chinese herbs.
[image: Figure 4]FIGURE 4 | Receiver operating characteristic (ROC) curve analysis for the DL parameter K value. The AUCk value is 0.844.
K Value Could Reflect the Property Change of Chinese Herbs
To support our data that the DL parameter K value may reflect the property change of Chinese herbs, we selected a pair of Chinese herbs for which the medicine property changes before and after processing (i.e., Arisaematis Rhizoma Preparatum and Arisaema cum Bile). Arisaematis Rhizoma Preparatum is a hot herb, and Arisaema cum Bile is a cold herb after being processed by Arisaematis Rhizoma Preparatum. The DL parameter K value was analyzed before and after the processing of Arisaematis Rhizoma Preparatum (Figure 5A), and their main bioactive constituent (beta-sitosterol) was also detected using HPLC (Figure 5B). Figure 5A illustrates the difference in β-sitosterol before and after processing of ARP by HPLC. The result shows that the content of β-sitosterol in ARP is significantly lower than that in ACB (p = 0.0031). Figure 5B illustrates the difference in the DL parameter K value before and after processing of ARP. The result shows that the K value of ARP is significantly higher than that of ACB (p = 0.00014). Both the chemical analysis and the DL measurements successfully identified differences in ARP and ACB based on the cold and hot properties of these Chinese herbs. Then, we determined the correlations between the chemical constituents and DL parameter K value using Spearman’s correlation method. The results demonstrate that there is a significant negative correlation between the K value and β-sitosterol (r = −0.603, p = 0.0026).
[image: Figure 5]FIGURE 5 | (A) The content of β-sitosterol of Arisaematis Rhizoma Preparatum (ARP) and Arisaema cum Bile (ACB) (*p < 0.001). (B) DL parameter K value of the decoction of Arisaematis Rhizoma Preparatum and Arisaema cum Bile (*p < 0.01).
DISCUSSION
The scientific connotation and quantification of the cold and hot properties of Chinese herbs are the key issues associated with the modernization and internationalization of TCM. The cold and hot properties of Chinese herbs are formed by the accumulation of long-term experience and have been an effective guide to the clinical practice of TCM. However, due to the differences in history, culture, region, academic school, academic level, clinical experience, etc., scholars of ancient and modern times often have different descriptions of the cold and hot medicinal properties of the same drug, some of which are even the opposite of each other. This phenomenon not only causes difficulties in learning and confusion in clinical application but also hinders the academic development of TCM and seriously affects modern research (Han et al., 2011; Pang et al., 2012).
Since the 1970s, scientists from China, Japan, and Korea have been applying modern scientific methods, including molecular, optical, physiological and pharmacological techniques, to explore the material basis or physiological and metabolic changes related to the cold and hot properties of Chinese herbs [21] (Qin et al., 2005). However, all these results have not been widely accepted. The reason lies in the absence of a holistic view that conforms to the development law of TCM theory, and the absence of a scientific research method suitable for modern research on TCM theory. As a result, new technologies are constantly being adopted. Some scientists analyzed the impacts of herbs on animal behaviors and functions, aiming to establish an objective evaluation method for determining the cold and hot properties of herbal medicines (Zhang et al., 2009; Zhao et al., 2011). Because of the complexity of experimental animals, although the approach of animal thermotropic behavior is a holistic approach, it is time consuming, strenuous and inaccurate because of the nonconformity of the animal.
Studies have reported that S. obliquus is one of the most widely used species in bioassays of water environments; the change in ultra-weak emissions caused by the cells’ metabolism and density has been the most valid and common indicator (Mur et al., 1974; Li et al., 2011). This indicator has an advantage, since it represents an integrating parameter showing water contamination. This is consistent with the holistic view of TCM. In previous studies, the DL of S. obliquus showed very good repeatability and stability. After adding decoctions of different properties of Chinese medicines, the DL of S. obliquus obviously changed, as shown in Figure 1. These results suggest that the DL of S. obliquus with cold and hot properties of Chinese herbs can be used to reflect the nature and function of Chinese herbs.
In this study, we detected the DL of S. obliquus after addition of 160 kinds of cold and hot properties of Chinese herbs. The DL curves of 160 Chinese herbs were detected using a photomultiplier system and analyzed based on many fitting formulas as described above. Many DL parameters were obtained. According to the statistical analysis of these many DL parameters, we found a promising DL parameter (i.e., the slope (K value) of the linear fitting equation of 7 IW), which could reflect the differences between the cold and hot properties of Chinese herbs. The K value represents the dynamic change in the behavior of delayed luminescence of S. obliquus in different liquid environments, and it is a relatively reliable parameter for characterizing the properties of herb samples. The significant differences in K values between cold and hot properties of Chinese herbs suggests that the K value may be used as a promising indicator of the cold and hot properties of Chinese medicine. To assess the effect of the DL parameter K value on the ability to discriminate hot and cold properties of Chinese herbs, a receiver operating characteristic (ROC) analysis was applied.
To support our finding that the DL parameter K value may reflect the medicine property change of Chinese herbs, we selected a pair of Chinese herbs that had medicine property changes before and after processing (i.e., ARP and ACB). The hot property of ARP can be changed into a cold property (i.e., ACB) after being processed. The effective components and K value of the two herbs were analyzed. The K value of ACB (cold) was lower after processing by ARP (hot). The main chemical component (β-sitosterol) of ARP and ACB was detected, and the results showed that β-sitosterol in ACB (cold) was higher after processing by ARP (hot). Then, Spearman’s correlation analysis between the β-sitosterol and K value was applied, and the results demonstrated that the K value was significantly negatively correlated with β-sitosterol. β-sitosterol is a main contributor to the cold property of ACB(Moon et al., 2007; Park et al., 2007).
K value of ACB is lower than that of ARP may be due to the effect of β-sitosterol. The result further confirmed that the DL parameter K value of S. obliquus after the addition of different Chinese herbs could reflect the difference between different properties of Chinese herbs. DL measurement of S. obliquus after addition of different properties of Chinese herbs could be a novel and promising method to study the cold and hot properties of Chinese herbs.
CONCLUSION
The nature of the properties of Chinese herbs is the key issue associated with the modernization and internationalization of TCM. There is an urgent need to obtain an objective and quantitative method to characterize the different properties of Chinese herbs. In this paper, we introduced a novel method to characterize such differences (i.e., the use of S. obliquus as an indicator organism to characterize the differences between cold and hot properties of Chinese herbs). A decoction solution of different properties of Chinese herbs was added to a solution containing S. obliquus; then, the delayed luminescence (DL) of S. obliquus after the addition of different properties of Chinese herbs was measured to obtain information on the effect of different properties of Chinese herbs on S. obliquus. Our results show that the K value is a sensitive parameter that can reflect the differences in the cold and hot properties of Chinese herbs. DL measurement of S. obliquus after the addition of different properties of Chinese herbs could be a novel and promising method to study the cold and hot properties of Chinese herbs.
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Mitochondrial abnormality is one of the main factors of tubular injury in diabetic nephropathy (DN). Formononetin (FMN), a novel isoflavonoid isolated from Astragalus membranaceus, has diverse pharmacological activities. However, the beneficial effects of FMN on renal tubular impairment and mitochondrial dysfunction in DN have yet to be studied. In this study, we performed in vivo tests in Streptozotocin (STZ) -induced diabetic rats to explore the therapeutic effects of FMN on DN. We demonstrated that FMN could ameliorate albuminuria and renal histopathology. FMN attenuated renal tubular cells apoptosis, mitochondrial fragmentation and restored expression of mitochondrial dynamics-associated proteins, such as Drp1, Fis1 and Mfn2, as well as apoptosis-related proteins, such as Bax, Bcl-2 and cleaved-caspase-3. Moreover, FMN upregulated the protein expression of Sirt1 and PGC-1α in diabetic kidneys. In vitro studies further demonstrated that FMN could inhibit high glucose-induced apoptosis of HK-2 cells. FMN also reduced the production of mitochondrial superoxide and alleviated mitochondrial membrane potential (MMP) loss. Furthermore, FMN partially restored the protein expression of Drp1, Fis1 and Mfn2, Bax, Bcl-2, cleaved-caspase-3, Sirt1 and PGC-1α in HK-2 cells exposure to high glucose. In conclusion, FMN could attenuate renal tubular injury and mitochondrial damage in DN partly by regulating Sirt1/PGC-1α pathway.
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INTRODUCTION
Diabetes mellitus is one of the most common chronic diseases in the world and brings a heavy socioeconomic burden to the whole society. According to statistics, diabetes prevalence in people aged 20–79 years old was approximately 10.5 percent (536.6 million) in 2021 and will increase to 12.2 percent (783.2 million) in 2045 (Sun et al., 2022). Diabetic nephropathy (DN) is the main cause of end-stage renal disease (ESRD) (Cheng HT. et al., 2021). In China, with the increasing incidence and prevalence of DN, the proportion of diabetic-related chronic kidney disease outnumbered those with glomerulonephritis-related chronic kidney disease (Zhang et al., 2016). Glucose and blood pressure management are still the main therapeutic strategies according to KDIGO (2020) Clinical Practice Guideline (2020). However, it has been demonstrated that these strategies cannot fully stop or reverse the progression of DN (Samsu, 2021). Thus, there is still a great demand for new effective therapies for DN.
Renal tubular damage appears to have a key role in DN, according to growing evidence (Han et al., 2021; Yang et al., 2021; Li et al., 2022), and mitochondrial abnormalities largely contribute to this process (Xiang J. et al., 2022; Liu et al., 2022). Mitochondria is in a dynamic equilibrium of fission and fusion, which is called mitochondrial dynamics, and the dynamic balance is essential for maintaining normal mitochondrial structure, number, distribution, and function (Youle and van der Bliek, 2012; Chan, 2020). Drp1 and Fis1 play critical roles in regulating mitochondrial fission (McBride et al., 2006; Osellame et al., 2016) and mitochondrial fusion is mainly modulated by Mfn1, Mfn2 and OPA1 (Cipolat et al., 2006; Frezza et al., 2006; Suen et al., 2008). Excessive mitochondrial fission is associated with mitochondrial dysfunction and production of intracellular reactive oxygen species (ROS), which can cause damage to renal tubular cells (Zhan et al., 2015). These findings imply that the disturbance of normal mitochondrial dynamics may be linked to renal function decline and renal tubular injury. Thus, improving mitochondrial homeostasis may provide a novel strategy for the treatment of DN.
Mammalian silent information regulator two homolog-1 (Sirt1) is an NAD+-dependent protein deacetylase, which has been proved to have renoprotective effects (Morigi et al., 2018). Sirt1 has been reported to play beneficial roles in DN, such as anti-inflammatory and reducing oxidative stress (Sun et al., 2021; Qiu et al., 2022). Peroxisome proliferator receptor-γ coactivator 1 (PGC-1α) is a significant downstream target of Sirt1. It is crucial for the control of mitochondrial biogenesis and function (Lee et al., 2019). And there is evidence that Sirt1/PGC-1α axis is involved in mitochondrial dynamics (Cui et al., 2021).
Traditional Chinese medicine (TCM) has a long history of treating different kidney diseases in China. Astragalus membranaceus (huang qi) is a benefiting vital energy (Yiqi) herb in TCM that is widely used to treat DN. Our previous study found that Astragaloside II, an active ingredient of Astragalus membranaceus saponins, could protect podocyte from damage in STZ-induced diabetic rats (Su et al., 2021). Formononetin (FMN), one of the major isoflavonoid constituents isolated from Astragalus membranaceus, has been reported to have antioxidant activities (Fang et al., 2020). However, the protective effects of FMN on renal tubular injury in DN are yet to be studied. The purpose of this study was to investigate the beneficial effects of FMN on renal tubular injury and mitochondrial dysfunction in DN and to provide a novel treatment strategy for DN.
MATERIALS AND METHODS
Drug Preparation
FMN (HPLC purity above 98%) was purchased from Shanghai Standard Technology Co. Ltd. (Shanghai, China). Losartan was obtained from Merck Sharp and Dohme Limited (Merck Sharp and Dohme, Australia). Streptozotocin (STZ) was purchased from Sigma-Aldrich Company (Sigma-Aldrich, United States). Both FMN and losartan were suspended in 0.5% methylcellulose solution for administration to rats. FMN was dissolved in DMSO to treat human proximal tubular epithelial cells (HK-2) exposed to high glucose. STZ was dissolved in citrate buffer (0.1 M, pH 4.5).
Animal Studies
All animal studies were conducted in line with the National Institutes of Health (NIH) ’s Guide for the Care and Use of Laboratory Animals. The experimental protocols were approved by the Animal Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. Eight-week-old male Sprague-Dawley rats weighing about 200–250 g were housed in a specific pathogen free (SPF) environment at a temperature of 18–23°C, relative humidity of 40–70%, and given standard clean diet and water. After 1 week of adaptive feeding, rats were given a single intraperitoneal injection of 55 mg/kg of STZ to induce diabetes. Rats having a blood glucose level above 16.7 mmol/L after 72 h of STZ injection were considered as diabetic rats. Rats were divided into four groups (n = 6/each group). Healthy normal rats without diabetes were considered as control (Con). Diabetic rats were randomly divided into three groups: 1) Diabetic rats induced by STZ, which received 0.5% methylcellulose solution in equal volume; 2) Diabetic rats treated with losartan (10 mg/kg/d) (Losartan); 3) Diabetic rats treated with FMN (20 mg/kg/d) (FMN). All treatments were intragastrically administrated to rats once daily for 8 weeks. Rats were placed in metabolic cages to collect 24 h urine. After 8 weeks of treatment, all rats were anesthetized with pentobarbital sodium, blood and kidneys were collected.
Urine and Blood Biochemical Parameters
Urine was collected from metabolic cages, then centrifuged at 3,500 rpm for 15 min at 4C, and urinary albumin and urinary creatinine in the urine supernatants were measured with a fully automatic biochemical analyzer (Hitachi Model 7600-120E, Japan). The urine albumin/creatinine ratio (ACR) was then used to calculate urinary albumin excretion. Blood was collected from the abdominal aorta. The blood was left to stand for more than 30 min and centrifuged at 3,500 rpm for 15 min at 4°C, and the blood glucose (GLU), alanine aminotransferase (ALT) and serum creatinine (Scr) of the blood supernatants were measured with a fully automatic biochemical analyzer (Hitachi Model 7600-120E, Japan).
Renal Histological Studies
The 4 μm sections of paraffin-embedded kidney tissues were stained with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS). The protocols were previously described (Su et al., 2021). After drying at 65°C for 30 min, sections were deparaffinized in dimethylbenzene twice for 10 min each time. Then sections were rehydrated through 100% ethanol (I), 100% ethanol (II), 95% ethanol, 90% ethanol, 80% ethanol, and deionized water, 10 min for each step. Subsequently, sections were stained with HE and PAS solutions. 20 images (×200 magnification, bars = 50 µm) were collected randomly for quantification by two blinded researchers. The percentage of mesangial matrix occupying each glomerulus was calculated. The tubular injury score was graded and scored from 0 to 3 as follows: 0, no lesion; 1, <25% of tubules injured; 2, 25–50% of tubules injured; 3, >50% of tubules injured (Cheng D. et al., 2021).
Transmission Electron Microscopy Studies
Foot processes (FP) of podocytes and the mitochondria in tubular cells of kidneys were observed by transmission electron microscopy (TEM). The protocol was described previously (Xie et al., 2020). Briefly, the renal cortex was fixed with 2% glutaraldehyde, stained with uranyl acetate and lead citrate. The number of foot processes (FP) was counted as previously described (Zhai et al., 2019).
Immunohistochemistry
Immunohistochemistry was conducted on 4 μm paraffin-embedded renal tissues. Antigens were extracted by boiling in citrate buffer after deparaffinization and rehydration. Sections were blocked for 15 min with 0.3% H2O2 and 1 h with 5% BSA. Primary antibodies of Drp1 (1:200, Abcam, United States), Mfn2 (1:250, CST, USA), Fis1 (1:200, Abcam, United States), Sirt1 (1: 200, Abcam, USA), PGC-1α (1:200, ABclonal, China) were incubated overnight at 4°C. Then the sections were incubated with the secondary antibodies (Dako, United States) for 1 h at 37°C. Finally, the sections were counterstained with diaminobenzidine and hematoxylin. A light microscope (Leica, Germany) was then used to collect photomicrographs. And all photomicrographs were analyzed by ImageJ software.
Immunofluorescence Staining and TUNEL Assay
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling (TUNEL) assay was utilized to detect the apoptosis of cells in kidneys. It was conducted on 4 μm frozen sections of kidney tissues using an Apoptosis Detection Kit (Merck, United States). Briefly, cells were fixed with 4% paraformaldehyde and washed twice with PBS for 10 min each. The sections were incubated with PBS containing 0.5% Triton X-100 at room temperature for 5 min. Then washed the sections twice with PBS and added the TUNEL detection solution. Nuclei were counterstained with DAPI. Images were collected by a fluorescence microscope (Leica, Germany).
Cell Culture
HK-2 cells were cultured in DMEM medium containing 10% fetal bovine serum at 37°C, 5% CO2. Cells were trypsinized and passaged when they grew to 70–80% confluency. Cells in logarithmic phase were divided into five groups: 1) Con, cells cultured in 5.6 mM glucose; 2) HM, cells cultured in 5.6 mM glucose +24.5 mM mannitol; 3) HG, cells cultured in 30 mM glucose; 4) FMN-L, cells cultured in 30 mM glucose +10μM FMN; 5) FMN-H, cells cultured in 30 mM glucose +20 μM FMN. Each group was treated for 48 h.
Flow Cytometry
The apoptosis of HK-2 cells was measured using the Annexin V-FITC/PI Apoptosis Detection Kit (BD, United States). Cells were trypsinized and resuspended in PBS after centrifugation. After centrifugation again, cells were resuspended in binding buffer. Cell suspensions were examined by a flow cytometer (Beckman Coulter, United States) after being incubated with Annexin V-FITC and PI in the dark.
Living Cell Imaging
The production of mitochondrial superoxide was measured using MitoSOX Red mitochondrial superoxide indicator (Invitrogen, USA, 510–580 nm). It was dissolved in DMSO, then diluted 1:1,000 with cell culture medium, and incubated with cells for about 20 min. Mitochondrial membrane potential (MMP) levels were detected by a JC-1 detection kit (Beyotime Tech, China). First, we prepared the work solution according to the instructions. Then cells were incubated with the working solution and cell culture medium for about 20 min. JC-1 can transition between J-monomers and J-aggregates depending on the mitochondrial membrane potential level. J-monomers can produce green fluorescence, and the J-aggregates can produce red fluorescence. The membrane potential was expressed by the ratio of their fluorescence. The nuclei of cells were counterstained with Hoechst 33,342 (Beyotime Tech, China). A fluorescence microscope (Leica, Germany) was used to record images and the images were analyzed by ImageJ software.
Western Blot
RIPA lysis buffer (Beyotime Tech, China) containing phosphatase and protease inhibitors was used to extract proteins from kidney tissues and cells. The tissue lysates were mixed with 5 × SDS buffer and denatured at 100 °C for 10 min. The samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-page) and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were then blocked with 5% nonfat milk in TBST for 1 h at room temperature. Primary antibodies of Bcl-2 (1:1,000, Abcam, United States), Bax (1:1,000, CST, United States), cleaved-caspase-3 (1:500, CST, United States), Drp1 (1:1,000, Abcam, United States), Mfn2 (1:1,000, CST, United States), Fis1 (1:500, Abcam, United States), Sirt1 (1:1,000, Abcam, United States), PGC-1α (1:1,000, ABclonal, China), β-actin (1:5,000, Abcam, United States) were incubated with membranes overnight at 4°C. After washing with TBST for 5–10 min, the membranes were incubated at room temperature for 1 h with HRP combined secondary antibody (Abcam, United States) and then washed with TBST for 10 min for 3 times. Finally, the proteins bands were visualized with ECL and the band intensity was measured with ImageJ software.
Statistical Analysis
GraphPad Prism eight was utilized to analyze the data (Markovics et al., 2020), and all data were expressed as means ± standard deviation (SD). One-way analysis of variance (ANOVA) was applied for differences among multiple groups. Statistical significance was defined as a p value < 0.05.
RESULTS
Effects of FMN on Physical and Biochemical Characteristics in Diabetic Rats
Compared to normal control rats, the ACR level in diabetic rats was considerably higher. However, after 4 and 8 weeks of treatment, FMN or losartan significantly decreased ACR level in diabetic rats. (Figures 1A,B). There was no significant difference in blood glucose level in the FMN or losartan treatment group when compared with the diabetic model group (Figure 1C). And there was no significant difference in the levels of alanine aminotransferase (ALT) or serum creatinine (Scr) among the groups, suggesting that FMN has no apparent toxicity to liver or kidney (Figures 1D,E). In addition, the renal index (kidney weight per body weight ratio, KW/BW) was significantly increased in diabetic rats. After 8 weeks of treatment, FMN or losartan reduced the renal index in diabetic rats (Figure 1F).
[image: Figure 1]FIGURE 1 | Effects of FMN on physical and biochemical characteristics in diabetic rats. (A) ACR levels after 4 weeks of treatment. (B) ACR levels after 8 weeks of treatment. Blood glucose (GLU) (C), alanine aminotransferase (ALT) (D), serum creatinine (Scr) (E) and renal index (KW/BW) (F) levels after 8 weeks of treatment. Results were expressed as mean ± SD (n = 6). *p < 0.05 vs. normal control rats. #p < 0.05 vs. STZ-induced diabetic rats.
Effects of FMN on Renal Morphological Changes in Diabetic Rats
Diabetic rats had notable mesangial matrix deposition, renal tubular dilatation and renal tubular vacuolar degeneration. These histopathological changes were detected by HE and PAS staining. Our results found that FMN or losartan significantly improved these pathological changes (Figures 2A–D). Furthermore, apparent podocyte loss, FP fusion, and effacement were observed by TEM in diabetic rats. These changes were partially reversed by FMN or losartan (Figures 2E,F). The above results indicated that FMN attenuated renal morphological abnormalities in diabetic rats.
[image: Figure 2]FIGURE 2 | FMN improved renal histopathology and podocyte morphological abnormalities in diabetic rats. (A,B) Renal histology evaluations were performed with HE and PAS staining (original magnification × 200, bars = 50 µm). (C,D) Semiquantitative analyses of mesangial area changes and tubular injury score. (E,F) Ultrastructure images of podocytes collected by transmission electron microscopy (TEM) (original magnification × 8,000, bars = 1 µm) and semiquantitative analysis of podocyte FP density. Results were expressed as mean ± SD. *p < 0.05 vs. normal control rats. #p < 0.05 vs. STZ-induced diabetic rats.
Effects of FMN on Renal Tubular Cells Apoptosis in the Kidneys of Diabetic Rats
As shown in Figure 3, TUNEL-positive cells were found in greater numbers in the tubular compartment in the kidneys of diabetic rats by TUNEL assay. However, FMN or losartan could significantly attenuate the renal tubular cells apoptosis in STZ-induced diabetic rats (Figure 3A). We also detected the levels of apoptosis-related proteins in the kidneys of diabetic rats by western blot. Bcl-2, which was considered as an antiapoptotic protein, was significantly reduced in diabetic rats. In addition, proapoptotic proteins like Bax and cleaved-caspase-3 (c-caspase-3) were upregulated in diabetic kidneys. These abnormalities were partially reversed by FMN treatment (Figures 3B–E).
[image: Figure 3]FIGURE 3 | FMN attenuated renal tubular cells apoptosis in diabetic rats. (A) Representative double immunofluorescence labeling, including the TUNEL assay and DAPI on frozen kidney sections (B–E) Representative images of Bcl-2, Bax and c-caspase-3 protein expression and semiquantitative analyses in different groups. Results were expressed as mean ± SD. *p < 0.05 vs. normal control rats. #p < 0.05 vs. STZ-induced diabetic rats.
Effects of FMN on Mitochondrial Morphology Changes and Dynamics-Associated Proteins Expression in Renal Tubular Cells
Changes in mitochondrial morphology and dynamics-associated proteins were detected by using TEM, immunohistochemical labeling and western blot to further investigate the beneficial effects of FMN on mitochondrial homeostasis. As shown in Figures 4A,B, the majority of mitochondria in renal tubular cells were rod-shaped or spherical in diabetic rats, with partially disintegrating cristae. After 8 weeks treatment of FMN or losartan, these changes were partly improved.
[image: Figure 4]FIGURE 4 | FMN ameliorated the mitochondrial morphology abnormalities in renal tubular cells and restored the expression of dynamics-associated proteins in diabetic rats. (A) Mitochondria morphology alterations in renal tubular cells observed by TEM (original magnification × 2,500, bars = 5 µm). T, tubules. Red asterisks, elongated cylindrical mitochondria. (B) High-magnification TEM micrographs of mitochondrial ultrastructure (original magnification × 8,000, bars = 1 µm). M, mitochondria. (C–E) Representative photographs of immunohistochemistry staining of Drp1, Fis1 and Mfn2 (original magnification ×200, bars = 50 µm). And semiquantitative analyses of immunohistochemistry of Mfn2 (F), Drp1 (G) and Fis1 (H). (I–L) Representative Western blot images of Mfn2, Drp1 and Fis1 protein expression and semiquantitative analyses. Results were showed as mean ± SD. *p < 0.05 vs. normal control rats. #p < 0.05 vs. STZ-induced diabetic rats.
As Drp1 and Fis1 are critical for mitochondrial fission, and Mfn2 regulates mitochondrial fusion, we thus investigated the protein expression of Drp1, Fis1 and Mfn2. When compared to normal control rats, the protein expression of Drp1 and Fis1 was significantly increased, while the protein expression of Mfn2 was decreased in kidneys from diabetic rats. However, FMN or losartan treatment decreased Drp1 and Fis1 expression while increased Mfn2 expression in diabetic kidneys (Figures 4C–L). These results indicated that FMN attenuated mitochondrial morphology and dynamics abnormalities in the kidneys of STZ-induced diabetic rats.
Effects of FMN on Regulating Sirt1/PGC-1α Signaling Pathway in Diabetic Rats
The expression of Sirt1 and PGC-1α related to mitochondrial dynamics was investigated by immunohistochemistry staining and western blot. The protein expression of Sirt1 and PGC-1α was significantly reduced in the kidneys of diabetic rats. However, FMN or losartan treatment restored protein expression of Sirt1 and PGC-1α in diabetic kidneys (Figures 5A–G). These data indicated that FMN might exert the renoprotective effects partly by regulating Sirt1/PGC-1α axis.
[image: Figure 5]FIGURE 5 | FMN restored the Sirt1 and PGC-1α expression in diabetic rats. (A–D) Representative photographs and semiquantitative analyses of immunohistochemistry staining of Sirt1 and PGC-1α (original magnification ×200, bars = 50 µm). (E–G) Representative Western blot images of Sirt1 and PGC-1α protein expression and semiquantitative analyses in different groups. Results were expressed as mean ± SD. *p < 0.05 vs. normal control rats. #p < 0.05 vs. STZ-induced diabetic rats.
Effects of FMN on Inhibiting Apoptosis of HK-2 Cells Subjected to HG Exposure
The apoptosis rate of HK-2 cells was significantly increased in HG group after being treated with high glucose for 48 h. However, both 10 μM FMN and 20 μM FMN could significantly reduce HK-2 cells apoptosis (Figures 6A,B). There was no significant difference between hypertonic group and normal glucose control group. Additionally, we also investigated the levels of apoptosis-related proteins in HK-2 cells. High glucose treatment could significantly decrease the expression of Bcl-2 and increase the expression of Bax and c-caspase-3 in HK-2 cells. However, FMN partially restored these changes (Figures 6C–F). These results showed that FMN could protect HK-2 cells from apoptosis under high glucose condition.
[image: Figure 6]FIGURE 6 | FMN reduced the apoptosis of HK-2 cells under HG exposure. (A,B) Representative images of flow cytometry and quantitative analysis of apoptosis rate in HK-2 cells. n = 3 (C–F) Representative images of Bcl-2, Bax and c-caspase-3 protein expression and semiquantitative analyses in different groups. Results were expressed as mean ± SD. *p < 0.05 vs. control group. #p < 0.05 vs. HG group.
Effects of FMN on Mitochondrial Superoxide Production and Mitochondrial Membrane Potential in HK-2 Cells Subjected to HG Exposure
Evidence indicates mitochondrial membrane depolarization, overproduction of ROS, and activation of mitochondrial cell death pathway occur in cells under stress (Zhan et al., 2015). To evaluate mitochondrial superoxide and MMP levels in HK-2 cells, we employed MitoSOX Red mitochondrial superoxide indicator and JC-1 staining. Normal levels of mitochondrial ROS are involved in maintaining cellular homeostasis, while excess mitochondrial ROS production can lead to cellular damage (Coughlan and Sharma, 2016). It seems HG caused mitochondrial superoxide overproduction in HK-2 cells. And this change was attenuated after FMN administration (Figures 7A,B). When intracellular mitochondrial membrane potential is high, JC-1 forms J-aggregates in the mitochondrial matrix, which can create red fluorescence. On the contrary, when the potential is low, since it cannot aggregate, JC-1 is a monomer which can emit green fluorescence. As shown in Figures 7C,D, HG could cause loss of MMP in HK-2 cells, and FMN reversed the mitochondrial membrane depolarization. The above results suggested FMN could restore the mitochondrial function in HK-2 cells exposed to HG.
[image: Figure 7]FIGURE 7 | FMN reduced mitochondrial superoxide overproduction and restored MMP levels. (A,B) Representative images and semiquantitative analysis of mitochondrial superoxide production in HK-2 cells (original magnification ×200, bars = 50 µm). (C,D) Representative images and semiquantitative analysis of MMP levels in HK-2 cells (original magnification ×200, bars = 50 µm). Results were expressed as mean ± SD. *p < 0.05 vs. control group. #p < 0.05 vs. HG group.
Effects of FMN on Mitochondrial Dynamics-Associated Proteins and Sirt1/PGC-1α Axis in HK-2 Cells Subjected to HG Exposure
We next investigated the effects of FMN on expression of mitochondrial dynamics-associated proteins. We found that the protein expression of Drp1 and Fis1 was upregulated, while Mfn2 was downregulated in HK-2 cells exposed to HG detected by western blot analysis. However, the expression of these proteins was restored by FMN treatment (Figures 8A–D). The expression of Sirt1 and PGC-1α was also detected in HK-2 cells. Western blot results showed HG significantly reduced the expression of Sirt1 and PGC-1α, while these abnormalities were partially restored by FMN treatment (Figures 8E–G). Therefore, these results demonstrated that FMN partly blocked HG-mediated mitochondrial dynamics and function abnormalities in tubular cells by regulating Sirt1/PGC-1α pathway.
[image: Figure 8]FIGURE 8 | FMN restored the expression of mitochondrial dynamics-associated proteins and Sirt1/PGC-1α. (A–D) Representative Western blot images of Mfn2, Drp1 and Fis1 protein expression and semiquantitative analyses in different groups. (E–G) Western blot analyses and semiquantitative analyses of expression of Sirt1 and PGC-1α. Results were expressed as mean ± SD. *p < 0.05 vs. control group. #p < 0.05 vs. HG group.
DISCUSSION
FMN possesses a diverse set of pharmacological effects, such as anti-oxidative stress, anti-inflammatory, regulating blood glucose and lipid profile (Li et al., 2014; Oza and Kulkarni, 2018; Aladaileh et al., 2019; Xiang K. et al., 2022). However, the beneficial effects of FMN on renal tubular injury and mitochondrial damage in DN have yet to be investigated. This study demonstrated that FMN, a novel isoflavonoid constituent from Astragalus membranaceus, partially inhibited apoptosis and mitochondrial dysfunction of renal tubular cells in DN partly through the regulation of Sirt1/PGC-1α pathway. FMN dose-dependently inhibited high glucose (HG)-induced HK-2 cells apoptosis in vitro. In vivo studies further showed that the treatment with FMN significantly ameliorated albuminuria, renal histopathology, renal tubular cells apoptosis and mitochondrial damage in STZ-induced diabetic rats. Moreover, glucose-induced apoptosis of renal tubular cells was associated with upregulation of Bax expression and downregulation of Bcl-2 expression, as well as caspase-3 activation, and these abnormalities were partially restored by FMN in vivo and in vitro. Furthermore, FMN also improved the expression of mitochondrial dynamics-associated proteins, such as Drp1, Fis1 and Mfn2. Finally, FMN increased the protein expression of Sirt1 and PGC-1α in vitro and in vivo. Taken together, FMN partially ameliorated renal tubular injury and mitochondrial damage in DN partly through the regulation of Sirt1/PGC-1α pathway. These findings might contribute to the development of a novel therapeutic strategy for the treatment of DN.
Firstly, we investigated the effects of FMN on renal function and morphological changes in diabetic rats. Several studies explored the renal protective effects of FMN in type 2 diabetes models (Oza and Kulkarni, 2019; Lv et al., 2020; Zhuang et al., 2020). Our study aimed to investigate the protective effects of FMN on renal tubular impairment and mitochondrial dysfunction in STZ-induced type 1 diabetic rats. Losartan was used as a positive control as in our previous study (Su et al., 2021). FMN significantly reduced the albuminuria at 4 and 8 weeks after STZ injection. FMN also improved renal histopathology in STZ-induced diabetic rats. Furthermore, FMN ameliorated podocyte foot process effacement in diabetic rats. These results showed that FMN delayed the progression of DN in diabetic rats by improving renal function and structure abnormalities.
Recent studies have revealed that tubular injury plays a significant role in the development of DN, which is associated with renal functional impairment (Xiao et al., 2014; Xiao et al., 2017; Ma et al., 2018). Studies showed that tubular damage markers appear prior to the onset of microalbuminuria (Bonventre, 2012; de Carvalho et al., 2016), reflecting that tubular injury leads to primary renal injury. Another study found that the reabsorption of albumin in the renal proximal tubular cells in STZ-induced diabetic rats was significantly lower than that in the control group, but no changes in eGFR occurred in diabetic rats at this time, further confirming that the tubular injury occurs early in the DN (Tojo et al., 2001). The lesions of renal tubules even could cause glomerular damage (Gilbert, 2017).
Clinical study in patients with type 1 diabetes further showed the early involvement of the tubules in albuminuria (Gibb et al., 1989). The researchers suggested that albuminuria might origin from renal tubules in DN (Comper et al., 2008). Collectively, the causative factor of renal tubular injury in DN is supported by diabetic patients and experimental models and the renal tubules are heavily involved in the pathogenesis of DN. Thus, our study focused on the protective effects of FMN on renal tubule injury.
In this study, we detected the renal tubular cells apoptosis and the levels of apoptosis-related proteins in vitro and in vivo. FMN could significantly attenuated renal tubular cells apoptosis and restored the protein levels of Bcl-2, Bax and cleaved-caspase-3. The above results demonstrated that FMN attenuated renal tubular cells apoptosis in DN.
We next investigated the mechanisms underlying the action of FMN on renal tubular cells apoptosis in diabetic rats. Mitochondrial dysfunction is a major contributor to renal tubular injury (Zhan et al., 2015). Renal tubular cells have abundant mitochondria and their function relies on oxidative phosphorylation. The mitochondria maintain cell homeostasis and fulfill the high metabolic energy needs of renal tubular cells. Therefore, tubules are sensitive to mitochondrial dysfunction (Higgins and Coughlan, 2014). Accumulating evidence indicates that excessive mitochondrial fission leads to mitochondrial fragmentation, membrane depolarization and production of mitochondrial ROS under stress (Xiao et al., 2017; Zhang et al., 2020). Normal levels of mitochondrial ROS are involved in maintaining cellular homeostasis and normal intracellular signal transduction, while excess mitochondrial ROS production can lead to cellular damage (Coughlan and Sharma, 2016). It seems HG caused mitochondrial superoxide overproduction in HK-2 cells. And FMN could reverse this change. However, the simultaneous spatiotemporal measurements of ROS generation, compartmentalization, and the relation between ROS and cellular homeostasis need to be further investigated to elucidate the role of ROS in DN. We also found that FMN could significantly alleviate mitochondrial membrane potential loss in HK-2 cells subjected to high glucose exposure. FMN also reduced mitochondrial fragmentation in renal tubular cells in diabetic rats. Furthermore, FMN restored the mitochondrial dynamics-related proteins both in vitro and in vivo. These results suggested that FMN could regulate mitochondrial dynamics to improve mitochondrial function.
Finally, we further evaluated the effects of FMN on the Sirt1/PGC-1α pathway in vitro and in vivo. Sirt1/PGC-1α pathway has been reported to regulate mitochondrial dynamics (Cui et al., 2021). Drp1 expression could be reduced by activation or overexpression of Sirt1 (Ding et al., 2018; Li et al., 2019) and overexpression of PGC-1α (Guo et al., 2015). While silencing Sirt1 and PGC-1α expression led to abnormal mitochondrial dynamics (Ding et al., 2018). Studies have shown that PGC-1α binds to Drp1 promoter (Ding et al., 2018; Lei et al., 2022). In our study, FMN restored the expression of Sirt1 and PGC-1α both in vitro and in vivo. Therefore, it is likely that FMN exerts beneficial effects on regulating mitochondrial dynamics via the modulation of Sirt1/PGC-1α pathway.
Ferroptosis is a cell death process driven by cellular metabolism and iron-dependent lipid peroxidation. It was reported that ferroptosis was involved in renal tubular cell death in DN and there were increased expression levels of acyl-CoA synthetase long-chain family member 4 (ACSL4) and decreased expression levels of glutathione peroxidase 4 (GPX4) in DN mice (Wang et al., 2020). Previous study demonstrated that peroxiredoxin six overexpression eliminated high-glucose induced ferroptosis, which was reflected in the inhibition of iron accumulation and the increased expression of SLC7A11 and GPX4 (Zhang et al., 2021). Previous study revealed that the restraint of iron availability through blocking CD71-mediated iron endocytosis damaged the differentiation and pathogenicity of TH 17 cells (Li et al., 2021). We did not examine the changes of iron death-related factors such as SLC7A11, CD71, ACSL4 and GPX4. The effects of FMN on these iron death-related factors will be further examined in our further study.
According to the previous study (Oza and Kulkarni, 2019), FMN was administered orally to the diabetic animals at the dose of 10, 20 and 40 mg/kg. In our preliminary experiments, we found that 20 mg/kg of FMN ameliorated albuminuria and did not cause apparent toxicity to the kidney. Thus, we selected this optimal drug concentration in our study.
Moreover, we used the HE and PAS staining on the serial kidney sections and also measured the levels of ALT and Scr to evaluate the safety of FMN in rats. We found that FMN did not affect the levels of ALT and Scr. FMN had no obvious toxicity to the kidney as shown in HE and PAS staining. These findings suggested that FMN did not cause apparent toxicity to livers and kidneys.
However, there are some limitations in our study. Firstly, we did not assess the effects of FMN on the normal control group and these effects will be investigated in our further study. Secondly, we only investigate the beneficial effects of FMN on renal tubular cell injury and mitochondrial dysfunction in DN animals and the protective effects of FMN on podocyte injury needs to be studied in the further study.
Taken together, our study clearly demonstrated that FMN attenuated albuminuria, renal tubular injury and mitochondrial damage in diabetic rats partly through regulating Sirt1/PGC-1α pathway. These findings might provide a potential novel therapeutic strategy for DN.
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Background: Acute kidney injury (AKI) is a common syndrome impacting about 13.3 million patients per year. Tilianin has been reported to alleviate myocardial ischemia/reperfusion (I/R) injury, while its effect on AKI is unknown; thus, this study aimed to explore if tilianin protects I/R-induced AKI and the underlying mechanisms.
Methods: The microarray dataset GSE52004 was downloaded from GEO DataSets (Gene Expression Omnibus). Differential expression analysis and gene-set enrichment analysis (GSEA) were performed by R software to identify apoptosis pathway-related genes. Then, RcisTarget was applied to identify the transcription factor (TF) related to apoptosis. The STRING database was used to construct a protein–protein interaction (PPI) network. Cytoscape software visualized PPI networks, and hub TFs were selected via cytoHubba. AutoDock was used for molecular docking of tilianin and hub gene-encoded proteins. The expression levels of hub genes were assayed and visualized by quantitative real-time PCR, Western blotting, and immunohistochemistry by establishing I/R-induced AKI mouse models.
Results: Bioinformatics analysis showed that 34 genes, including FOS, ATF4, and Gadd45g, were involved in the apoptosis pathway. In total, seven hub TFs might play important roles in tilianin-regulating apoptosis pathways. In in vivo, tilianin improved kidney function and reduced the number of TUNEL-positive renal tubular epithelial cells (RTECs) after I/R-induced AKI. Tilianin reduced the activation of the ERK pathway and then downregulated the expression of EGR1. This further ameliorated the expression of anti-apoptotic genes such as BCL2L1 and BCL2, reduced pro-apoptotic genes such as BAD, BAX, and caspase-3, and reduced the release of cytochrome c.
Conclusion: Tilianin reduced apoptosis after I/R-induced AKI by the ERK/EGR1/BCL2L1 pathway. Our findings provided novel insights for the first time into the protective effect and underlying molecular mechanisms of tilianin on I/R-induced AKI.
Keywords: tilianin, acute kidney injury, ischemia–reperfusion injury, ERK, EGR1, apoptosis
INTRODUCTION
Acute kidney injury (AKI), a common clinical syndrome, is defined as a rapid decrease in kidney function (Kellum et al., 2013; Yu and Feng, 2021; Zhong and He, 2021), with 10–15% of inpatients suffering from it, while the frequency is up to 50% in the intensive care unit (Al-Jaghbeer et al., 2018). As one of the major etiology of AKI, ischemia/reperfusion (I/R)-induced AKI develops in the context of many clinical conditions such as kidney transplantation, cardiac, and vascular surgery (Lameire et al., 2013). Patients with AKI are at an increased risk of chronic kidney disease (Mantovani and Zusi, 2020; Nikolic-Paterson et al., 2021; Xiong et al., 2021), and repeated episodes of AKI contribute to chronic kidney disease progression. Despite great progress in the understanding of the etiologies and pathological mechanisms of AKI, it remains an unmet medical need and affects 13.3 million patients annually worldwide (Mehta et al., 2015; Zuk and Bonventre, 2016).
Renal tubular epithelial cells (RTECs) are the most abundant cells in the kidney, which are densely packed with mitochondria where adenosine triphosphate (ATP) is generated (Tammaro et al., 2020; Li et al., 2021). Once the kidney is suffering from hypoxia and reoxygenation, ATP depletion with the reactive oxygen species (ROS) leads to the RTEC injury and then apoptosis (Ishimoto and Inagi, 2016; Wei et al., 2020), which results in kidney failure. Apoptosis, the key pathophysiological process in I/R-induced AKI (Linkermann et al., 2014), is triggered by either the extrinsic or the intrinsic (mitochondrial or BCL2-regulated) pathways (Bedoui et al., 2020). The imbalance of pro-apoptotic and pro-survival members of the BCL2 protein family leads to mitochondrial outer-membrane permeabilization (MOMP), which allows the consequent release of cytochrome c (Cyt C) and activates caspases (Bedoui et al., 2020; Bock and Tait, 2020). Furthermore, evidence has confirmed the implication of the Ras/Raf/ERK pathway in the induction of apoptosis, but the role of this pathway in I/R-induced AKI is still unclear.
Mounting evidence has suggested that compounds isolated and identified from natural products were considered sources of new drugs (Wang et al., 2018; Howes et al., 2020; Izzo et al., 2020; Miao et al., 2020; Newman and Cragg, 2020; Qin et al., 2020; Zubcevic, 2020; Wang et al., 2021). Tilianin (acacetin-7-glucoside), a bioactive flavonoid glycoside compound isolated from various medicinal plants, such as Agastache rugosa (Akanda et al., 2019), has a wide range of pharmacological and biological activities of inhibition of inflammation and cell apoptosis (Akanda et al., 2019; Tian et al., 2019). Studies showed that tilianin alleviates myocardial I/R-induced injury through mitochondria protection and inhibition of apoptosis (Wang et al., 2017; Zeng et al., 2018). However, whether tilianin protects kidney function of I/R-induced AKI mice is elusive. Therefore, this study aimed to 1) explore the possible protective effects on I/R-induced renal dysfunction, 2) speculate the underlying mechanisms of anti-apoptosis using bioinformatics methods, and 3) validate the predicted mechanisms using mice as an experimental model.
METHODS AND MATERIALS
Tilianin
Tilianin (Figure 1A) was purchased from MCE company (CAS: 4291-60-5, cat: HY-N2555, purity: 99.57%, MedChemExpress, NJ, United States). The molecular formula of tilianin is C₂₂H₂₂O₁₀, and the molecular weight is 446.4. Tilianin was dissolved in dimethyl sulfoxide (DMSO, cat: D8370, Solarbio, Shanghai, China) with the concentration of stock liquid at 15 mg/ml, and then corn oil was used to dilute the stock liquid in in vivo experiments.
[image: Figure 1]FIGURE 1 | Tilianin and schematic diagram of I/R-induced AKI model establishment, treatment processes, and therapy assessments. (A) Chemical structure of acacetin-7-O-beta-d-galactopyranoside (tilianin). (B) Mice in the control group were fed normally and experienced no renal vascular pedicles. (C) Mice in the sham group were subjected to laparotomy and did not suffer from AKI. Groups of I/R-induced AKI mice were fed normally or tilianin (i.g., 5 mg/kg, 10 mg/kg, and 15 mg/kg, once a day, the total for 7 days) or vehicle (i.g., 10 ml/kg, once a day, the total for 7 days).
Animals and Treatment
Male C57BL/6 mice were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd., (Jinan, China), aged 6–8 weeks, and weighing 18–20 g. All mice were housed in a temperature-controlled room (23 ± 2°C) with 50% humidity and a 12-h light/dark cycle. The mice were divided into seven groups (three per group), including a control group, a sham operation group, an ischemia–reperfusion injury (IRI) group, three IRI groups treated with three doses of tilianin: 5 mg/kg, 10 mg/kg, and 15 mg/kg, and an IRI group treated with tilianin-free DMSO and corn oil. The mice were given intragastric administration for 7 days before surgery, at a volume of 10 ml/kg weight once a day. Surgery was performed 1 h after the last administration. The IRI model was established by clamping the bilateral renal vascular for 35 min using microvascular clamps (Roboz) and then reperfusion. The sham operation group was only subjected to laparotomy. After the reperfusion of 24 h, the mice were sacrificed. The blood samples were collected to detect the concentrations of serum creatinine (Scr) and blood urine nitrogen (BUN). Meanwhile, kidney cortex tissues were also collected for histological analysis and protein analysis. The experiments performed were approved by the Experimental Animal Welfare Ethics Committee of Qingdao University (No. 202105C5742202106034); all operations performed in animal experiments were in compliance with the ethical standards of the Chinese Association of Laboratory Animal Care.
Detection of Renal Function
Scr and BUN levels were detected using Creatinine Assay Kit (C011-2-1) and Urea Assay Kit (C013-2-1) from the Nanjing Jiancheng Biological Engineering Institute. The collected blood samples were clotted at room temperature for 1 h and then centrifuged at 3,000 ×g for 15 min at 4°C to obtain serum. The serum samples were then transferred to clean tubes and immediately stored at -20°C for further detection. The samples were added to the reaction mixture and incubated at 37°C. The optical density (OD) values at 546 nm were measured at 5 and 10 min to calculate Scr concentrations. BUN was determined by applying the principle of the urease method, and BUN concentrations were calculated by measuring the OD values of the reaction mixture at 640 nm.
Hematoxylin–Eosin Staining and Histopathological Analysis
The complete kidney samples from all treated groups were fixed in 10% formalin at 4°C for 24 h and embedded in paraffin. Then, samples were cut into 3-μm-thick sections. After dewaxing with xylene and hydration with different concentrations of ethanol, the sections were stained with hematoxylin and eosin (H&E). Blind-labeled sections were observed, and H&E staining images were captured using a light microscope (DP73, Olympus, Tokyo, Japan) under the magnifications of 400×. To evaluate the extent of tubular injury accurately, every kidney section was scored based on the visible damages in the tubules, including vacuolation, loss of brush border, tubular dilation, cast formation, and cell necrosis. A score of 0 indicated that there was no damage; one indicated < 25% damage; two indicated 25%-50% damage; three indicated 50%–75% damage; and four indicated > 75% damage. A minimum of 10 high magnification fields (400×) were scored for each of the mice. The average scores of all 10 fields were assigned as the tubular injury scores of mice in different treated groups.
Terminal Deoxynucleotidyltransferase-Mediated dUTP Nick End Labeling
An In Situ Cell Death Detection Kit (Roche Applied Science, Indianapolis, IN, United States) was used for the assessment of apoptosis in renal tissues by a TUNEL assay according to the manufacturer’s instructions. TUNEL-positive cells were counted in 10 random high magnification fields (400×) of each section under a light microscope. The index of TUNEL-positive cells was obtained by calculating the ratio of TUNEL-positive nuclei to total nuclei in tubular epithelial cells.
Immunohistochemistry
Immunohistochemistry was used for the identification of p-ERK and EGR1. The protocols were described as follows: blocking buffer: 3% BSA (G5001, Servicebio); primary antibody: anti-p-ERK1/2 antibody (ab201015, Abcam) and anti-EGR1 antibody (22008-1-AP, Proteintech) incubated overnight at 4°C; secondary antibody (E-AB-1034, Elabscience Biotechnology) was incubated for 50 min at room temperature. They were then stained using a DAB Kit (G1211, Servicebio). A light microscope was used for morphology assessment. Average optical density (AOD) values of p-ERK1/2 and EGR1 were analyzed using ImageJ software. AOD = integrated density/area.
Measurement of Cyt C
Mouse Cytochrome C ELISA Kit (CSB-E08532m, Cusabio, Wuhan) was used for the detection of Cyt C. Kidney tissues were collected from different treated groups. After being homogenized in 1 × PBS, homogenates were centrifuged for 5 min at 5000 ×g, 4°C. The supernatant was removed and assayed immediately. According to the manufacturer’s instructions, the standard curve was plotted by the mean absorbance of each standard with its concentration using CurveExpert Professional software (version 1.6.5). Then, the best-fit curve was selected for interpolations.
Bioinformatics
The raw data (TAR OF CEL) of GSE52004 dataset (Affymetrix Mouse Gene 1.0 ST Array) were downloaded from GEO DataSets (Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/geo/). The AKI samples of GSM116, GSM117, GSM118, and GSM119 and sham samples of GSM120 and GSM121 were used for analysis, which were isolated from the kidneys of C57BL/6 mice. The raw data were then quality controlled and normalized by a robust multi-array averaging algorithm (Giorgi et al., 2010). Differential expression analysis was performed by the Linear Models for Microarray Analysis (Limma) package (Ritchie et al., 2015). The p-value was adjusted using the Benjamini and Hochberg method. Absolute log2FC > 1 with adjusted p-value (adj. P) < 0.05 was considered the threshold of differentially expressed genes (DEGs). Gene-set enrichment analysis (GSEA) was performed using the clusterProfiler (Yu et al., 2012) package. In brief, FDR < 0.05 with an absolute normalized enrichment score (NES)>1 was regarded as significant enrichment. RcisTarget (Aibar et al., 2022) was applied to identify enriched transcription factor (TF)-binding motifs and candidate TFs (Aibar et al., 2017). Motifs were annotated to TFs based on the pathway enrichment analysis, and those with NES ≥ 3 were retained. (Aibar et al., 2022).
We acquired protein–protein interaction (PPI) networks from the STRING database (https://www.string-db.org/) and selected the medium confidence (0.4) as the minimum required interaction score for screening the interaction among DEGs. Cytoscape software (version 3.8.0) visualized PPI networks, and cytoHubba, a plugin of Cytoscape, was used to calculate node scores of genes by the maximal clique centrality (MCC) method (Chin et al., 2014) which has a better performance on the precision of predicting essential proteins. Genes with top 50% of the scores were regarded as hub genes.
Molecular Docking
AutoDock (version 4.2.6) was used for molecular docking of tilianin and hub gene-encoded proteins (Forli et al., 2016). The PDB format files of proteins were downloaded from the RCSB Protein Data Bank (https://www1.rcsb.org/). The SDF format file of tilianin was obtained from the NCBI PubChem Compound database (https://www.ncbi.nlm.nih.gov/pccompound/), and then Open Babel GUI (O'Boyle et al., 2011) (version 2.4.1) was used to convert the SDF format file into PDB format file. After removal of solvent molecules and ligand, hydrogenation, electron, and other operations, the files of hub gene-encoded proteins set as receptors were prepared. Then, a PDBQT format file of tilianin set as the ligand was established, and molecular docking was performed subsequently. AutoDockTools (version 1.5.7) was used to analyze the results, and PyMOL (version 2.4.1) was used for visual simulation.
Quantitative Real-Time PCR (qRT-PCR)
Total RNA of kidney tissues was isolated with RNAex pro reagent (Accurate Biotechnology, Hunan), and 1 mg RNA of each sample was reversely transcribed into cDNA for detection of mRNA expression. Then, qRT-PCR was performed in a CFX96 Touch Real-Time PCR System (Bio-Rad, Hercules, CA, United States) using a SYBR ExScript qRT-PCR Kit (TaKaRa Bio) with the following conditions: at 95°C for 1 min followed by 40 cycles at 95°C for 15 s, 60°C for 15 s, and 72°C for 45 s. Primer sequences used in the experiment are shown in Table 1. β-Actin was considered as a reference gene to normalize mRNA quantity, and the 2−ΔΔCT method was used for the calculation of relative mRNA expression.
TABLE 1 | Primer subsequences used in the article.
[image: Table 1]Western Blot Analysis
Kidney tissues collected from mice were homogenized in RIPA lysis buffer (Elabscience Biotechnology, Wuhan) and PMSF protease inhibitor (Elabscience Biotechnology, Wuhan) for 30 min and then centrifuged at 15,000 ×g for 30 min at 4°C. The supernatants were transferred into clean tubes, and protein concentrations were measured using the BCA protein concentration assay kit (Elabscience Biotechnology, Wuhan). Then, 5× SDS loading buffer (P0015, Beyotime) was added to the supernatants and heated at 95°C for 15 min. Proteins equal in quality were separated in 10% SDS-PAGE and then transferred onto PVDF membranes of 0.45 μm (Millipore, Germany). The membranes were blocked with 5% skimmed milk for 1 h at room temperature and then incubated overnight with primary antibodies against β-actin (E-AB-20058, Elabscience Biotechnology), extracellular regulated MAP kinase1/2 (ERK1/2, ab184699, Abcam), phospho-ERK1/2 (p-ERK1/2, ab201015, Abcam), early growth response 1 (EGR1, 22008-1-AP, Proteintech), BCL2 apoptosis regulator (BCL2, E-AB-22004, Elabscience Biotechnology), BCL2-associated X apoptosis regulator (BAX, E-AB-10049, Elabscience Biotechnology), BCL2-like 1 (BCL2L1, E-AB-40057, Elabscience Biotechnology), BCL2-associated agonist of cell death (BAD, AF7927, Affinity), and caspase-3 (ab184787, Abcam). The membranes were incubated with secondary antibodies (goat anti-mouse IgG, E-AB-1035, Elabscience Biotechnology; goat anti-rabbit IgG, E-AB-1034, Elabscience Biotechnology) for 1 h at room temperature after being washed three times with the phosphate buffer solutions with Tween-20 (PBST) and detected using the excellent chemiluminescent substrate (ECL) detection kit (E-IR-R307, Elabscience Biotechnology). The chemiluminescence gel imaging system was used to detect the Western blot bands, and ImageJ software was used for band scanning. The ratio of the target protein to the reference protein was used to correct errors.
Statistical Analysis
All data were expressed as means ± standard deviation (SD). Statistical significance was analyzed using ANOVA followed by the Bonferroni post hoc test. A value of p < 0.05 was considered statistically significant.
RESULTS
Tilianin Improved Kidney Function of I/R-Induced AKI Mice
To investigate whether tilianin improves kidney function after AKI, we employed a mice I/R-induced AKI model and measured Scr and BUN levels as well as the renal pathological changes (Figure 1B). As a result, the IRI group exhibited elevated Scr and BUN levels compared to control groups, while tilianin reduced both of the levels in a dose-dependent manner (Figures 2A,B), as well as the KIM-1 mRNA expression, indicating that tilianin alleviates kidney injury (Figure 2C). Furthermore, HE staining showed severe tubular injuries in the IRI group (Figure 2D), but tilianin administration reduced the tubular injury score to approximately half that was observed in the IRI group. These results all suggested that tilianin protected kidney function in vivo.
[image: Figure 2]FIGURE 2 | Tilianin improved kidney function of I/R-induced AKI mice. (A,B) Quantitative analysis of Scr and BUN in different groups, as indicated. (C) Quantitative analysis of KIM-1 mRNA levels determined by qRT-PCR in different groups, as indicated. (D) H&E staining images under the magnifications of 400× showed the extent of tubular injury, and pathological score was quantified based on the standard described in “Methods and Materials.” Scale bar, 50 μm (Ⅰ: control group; Ⅱ: sham group; Ⅲ: IRI group; Ⅳ: IRI+vehicle group; Ⅴ: IRI+TIL-L group; Ⅵ: IRI+TIL-M group; Ⅶ: IRI+TIL-H group; Ⅷ: quantitative analysis of tubular injury scores). IRI: ischemia–reperfusion injury group; IRI+TIL-L: IRI mice treated with tilianin 5 mg/kg group; IRI+TIL-M: IRI mice treated with tilianin 10 mg/kg group; and IRI+TIL-H: IRI mice treated with tilianin 15 mg/kg group. n = 3 per group. All data are shown as mean ± SD. ##p < 0.01 versus control; NSP > 0.05 versus control; *p < 0.05, **p < 0.01 versus IRI.
Tilianin Reduced Apoptosis in Mice After I/R-Induced AKI
TUNEL assessment showed that the tubular injury induced by I/R raised the number of apoptosis cells in RTECs when compared with the control groups, while tilianin improved the degree of apoptosis significantly, especially in the tilianin high-dose treatment group (Figure 3). Tilianin pretreatment reduced the release of Cyt C (Figure 4A), along with the increasing expressions of anti-apoptotic genes BCL2 and BCL2L1 in both mRNA and protein levels, indicating the anti-apoptotic effect of tilianin (Figures 4B,C,G). Conversely, the expressions of pro-apoptotic genes, BAX, BAD, and executioner caspase-3, were decreased by tilianin (Figures 4D–G). Hence, tilianin has beneficial effects on I/R-induced apoptosis in the mitochondrial pathway.
[image: Figure 3]FIGURE 3 | TUNEL assessment of different treatment groups. TUNEL images of kidney sections under the magnifications of 400× showed the number of apoptotic cells in the different groups, which were stained with blue and brown. TUNEL index were proportions of TUNEL-positive nuclei to total nuclei in RTECs of mice. Scale bar, 50 μm (Ⅰ: control group; Ⅱ: sham group; Ⅲ: IRI group; Ⅳ: IRI+vehicle group; Ⅴ: IRI+TIL-L group; Ⅵ: IRI+TIL-M group; Ⅶ: IRI+TIL-H group; and Ⅷ: statistical results of the TUNEL index). n =3 per group. All data are shown as mean ± SD. ##p < 0.01 versus control; NSP > 0.05 versus control. **p < 0.01 versus IRI.
[image: Figure 4]FIGURE 4 | Tilianin reduced apoptosis in mice after I/R-Induced AKI. (A) Concentrations of Cyt C released into the cytoplasm from different groups, as indicated. (B,C) Relative mRNA levels of anti-apoptotic genes BCL2 and BCL2L1 determined by qRT-PCR in different groups, as indicated. (D–F) Relative mRNA levels of pro-apoptotic genes BAX, BAD, and caspase-3 determined by qRT-PCR in different groups, as indicated. (G) Protein expression and statistical results of apoptosis-related genes BAX, BAD, BCL2L1, BCL2, and caspase-3 in different groups, as indicated. n=3 per group. All data are shown as mean ± SD. #p < 0.05, ##p < 0.01 versus control; NSP > 0.05 versus control; *p < 0.05, **p < 0.01 versus IRI.
Bioinformatics Identified Apoptosis-Related Hub Differential Transcription Factors
To identify gene enrichment in the apoptosis pathway after I/R-induced AKI, we analyzed the GSE52004 dataset between sham and AKI groups. Differential expression analysis showed that there were 943 upregulated genes and 1,117 downregulated genes after AKI (Figure 5A). The GSEA showed that 34 genes, including FOS, ATF4, and Gadd45g, were involved in the apoptosis pathway, and most genes were upregulated after I/R-induced AKI (Figure 5B). The expressions of these genes in AKI and sham groups were presented as a heatmap (Figure 5C). TF enrichment analysis predicted 106 TFs with 162 motifs (NES ≥ 3), of which only 17 TFs were differentially expressed after I/R-induced AKI out of 106 genes (Figures 5D,E). In order to identify the genes that were at the core of transcriptional regulation, a PPI network was established for 17 TFs. Among these, 14 genes have interactions with each other (Figure 5F). Then, these genes were scored using the MCC method and ranked by Cytoscape. Finally, according to the ranking result, 7 genes were selected as hub TFs (Figure 5G).
[image: Figure 5]FIGURE 5 | Bioinformatics analysis conducted for apoptosis-related differential transcription factors. (A) Volcano plot of GSE52004 illustrated the DEGs identified by quantitative analysis. The red horizontal dashed line represents -log10 (FDR=0.05), and the two blue vertical dashed lines represented log2FC=-1 and log2FC=1, respectively. Among the DEGs, 943 upregulated genes were marked in red dots, while 1,117 downregulated genes were marked in blue dots. (B) GSEA of microarray data shows the enrichment plot of the apoptosis pathway for sets of genes in the GSE52004 dataset. NES=1.4913. (C) Heatmap showed the expression of 34 apoptosis-related genes in the GSE52004 dataset. The color of each section was proportional to the significance of changes in apoptosis (red indicated increase; blue indicated decrease). (D) Flow chart exhibits the discovery process of apoptosis-related differentially expressed TFs. (E) Venn diagram shows the intersection between DEGs and TF datasets, which meant the genes from the intersection were differentially expressed transcription factors. (F) Network of 14 differentially expressed TFs associated with apoptosis visualized by Cytoscape. The different levels of color were proportional to the significance of genes in the network. (G) Scores and rankings of 14 apoptosis-related genes calculated by the MCC method are described in “Methods and Materials” via Cytoscape. The color of the genes corresponded to the color in the network.
Tilianin Had the Potential to Regulate Apoptosis-Related Transcription Factors After I/R-Induced AKI
Given the wide range of applications and pharmacological activity of tilianin, we virtually docked tilianin with seven hub TFs by AutoDock (Figures 6A–G). As a result, the binding energy between tilianin and seven targets was low (Figure 6H), suggesting that tilianin regulates apoptosis-related TFs potentially. Considering that EGR1 gained the lowest binding energy, tilianin plays a role in the transcriptional regulation of EGR1 after I/R-induced AKI.
[image: Figure 6]FIGURE 6 | Molecular docking visualization results between tilianin and corresponding targets. Tilianin (ligand) was bound to the surface of seven hub genes (receptor) with amino acid residues of receptors. Tilianin was shown as the red stick structure, and the receptors were painted in different colors. Hydrogen bonds are shown as dotted lines, as indicated. (A) EGR1-tilianin, (B) FOS-tilianin, (C) FOSL1-tilianin, (D) JUNB-tilianin, (E) ATF3-tilianin, (F) JUND-tilianin, and (G) CEBPB-tilianin. (H) Binding energy between tilianin and targets.
The Potential of Tilianin to Regulate the Transcriptional Activation of EGR1 Was Found
We next detected the expression of EGR1 after the treatment of tilianin. The mRNA levels of EGR1 in tilianin treatment groups decreased compared with the group of AKI (Figure 7A). In addition, the protein levels of EGR1 showed the same trend (Figures 7B,C). Based on the phenomenon of EGR1 expression decline after tilianin treatment, we virtually docked tilianin with ERK and p-ERK, which showed that the binding energy was -8.51 and -8.03 between them (Figures 7D,E). Consistent with previous studies, tilianin could regulate the activity of EGR1 after I/R-induced AKI by acting on ERK pathways whose downstream target was EGR1.
[image: Figure 7]FIGURE 7 | Potential of tilianin to regulate the transcriptional activation of EGR1 was found. (A) Relative mRNA levels of EGR1 determined by qRT-PCR in different groups, as indicated. (B) Protein expression and statistical results of EGR1 in different groups, as indicated. n = 3 per group. (C) Immunohistochemistry images of EGR1 under the magnifications of 400 × show the location and quantification of EGR1 in the mouse kidney after I/R-induced AKI. Scale bar, 50 μm (Ⅰ: control group; Ⅱ: sham group;Ⅲ: IRI group; Ⅳ: IRI+vehicle group; Ⅴ: IRI+TIL-L group; Ⅵ: IRI+TIL-M group; Ⅶ: IRI+TIL-H group; and Ⅷ: statistical results of EGR1 AOD values). (D,E) Molecular docking visualization results of ERK-tilianin and p-ERK-tilianin. Tilianin is shown as the red stick structure, and the receptors are painted in different colors. Hydrogen bonds are shown as dotted lines, as indicated. All data are shown as mean ± SD. #p < 0.05, ##p < 0.01 versus control; NSP > 0.05 versus control; *p < 0.05, **p < 0.01 versus IRI.
Tilianin Attenuated Apoptosis After I/R-Induced AKI via the ERK/EGR1/BCL2L1 Pathway
To explore the mechanism of tilianin for attenuating apoptosis after I/R-induced AKI, the protein levels of ERK1/2 and p-ERK were analyzed by Western blot. As expected, the phosphorylation level of ERK1/2 was significantly increased after AKI. In contrast, pretreatment with tilianin reduced the phosphorylation level of ERK1/2 (Figures 8A,B). We found that the expression level of EGR1 was consistent with that of p-ERK, which meant the reduction of ERK1/2 phosphorylation decreased the expression of EGR1 after the pretreatment of tilianin. The pretreatment of tilianin decreased the locations of p-ERK in the nucleus (Figure 8B), and EGR1 participated in the transcriptional regulation of downstream target BCL2L1 based on the motif in the TF enrichment analysis (Supplementary Figure S1). Therefore, tilianin could attenuate apoptosis in the mitochondrial pathway via the ERK/EGR1/BCL2L1 pathway.
[image: Figure 8]FIGURE 8 | Tilianin attenuated apoptosis after I/R-induced AKI via the ERK/EGR1/BCL2L1 pathway. (A) Protein expression and statistical results of ERK1/2 in different groups, as indicated. n = 3 per group. (B) Immunohistochemistry images of p-ERK under the magnifications of 400× show the location and quantification of p-ERK in the mouse kidney after I/R-induced AKI. Scale bar, 50 μm (Ⅰ: control group; Ⅱ: sham group; Ⅲ: IRI group; Ⅳ: IRI+vehicle group; Ⅴ: IRI+TIL-L group; Ⅵ: IRI+TIL-M group; Ⅶ: IRI+TIL-H group; and Ⅷ: statistical results of p-ERK AOD values). (C) Schematic figure illustrated that once RTECs suffered from external stimulation, the ERK pathway was activated, resulting in increased phosphorylation of ERK1/2 and its translocation. Tilianin alleviated apoptosis after I/R-induced AKI via reducing the phosphorylation level of ERK1/2 and transcriptional activation of EGR1. All data are shown as mean ± SD. ##p < 0.01 versus control; NSP > 0.05 versus control or IRI; *p < 0.05, **p < 0.01 versus IRI.
DISCUSSION
Natural products have been extensively considered an important regimen for treating refractory kidney diseases (Chen et al., 2018; Miao et al., 2021; Soriano-Castell et al., 2021; Yang and Wu, 2021; Zhao et al., 2021). In this study, we found for the first time that tilianin protected mice from I/R-induced AKI, especially it inhibited cell apoptosis in the mitochondrial pathway. Mechanistically, we demonstrated the ERK/EGR1/BCL2L1 pathway mediated by tilianin using a series of bioinformatics methods for predicting and in vivo experiments for validation (Figure 8C). Microarray analysis and transcriptional enrichment analysis identified EGR1 as a hub TF regulating cell apoptosis after I/R-induced AKI. In addition, AutoDock speculated tilianin’s potential to regulate apoptosis-related hub TFs, and ERK signaling pathway was also involved in the anti-apoptotic pathway. Consistent with the results of in vivo experiments, we uncovered that tilianin inhibited cell apoptosis in a mitochondrial pathway by attenuating ERK pathway activation and downregulating the expression of EGR1. Therefore, our present study identified tilianin as a promising therapeutic agent against I/R-induced AKI.
Hypovolemia, hypotension, and heart failure are all common causes of transient ischemia, which contributed to AKI easily and explained for nearly one-third of patients requiring renal replacement therapy (Havasi and Borkan, 2011; Deng et al., 2020; Sabapathy et al., 2020). In I/R-induced AKI, proximal tubular epithelial cells were highly susceptible to injury, and apoptosis played a critical role in this process (de Ponte et al., 2021; Tonnus et al., 2021). Mitochondria are a key site for integrating pro- and anti-apoptotic proteins in renal cells. When proximal tubular epithelial cells suffered from the stress of injury, pro-apoptotic proteins, including BAX and BAD, bound to the mitochondrial membrane, and this process led to the increased membrane permeability. Cyt C was then released into the cytoplasm and activated “apoptosis executioner” caspase families, which promoted the occurrence of apoptosis. Thus, agents with the ability to inhibit the mitochondrial apoptosis pathway and protect against I/R-induced AKI appeared to be significant. In previous studies, tilianin has been proved to attenuate myocardial I/R-induced injury and mediate neuroprotection against ischemic injury (Wang et al., 2017; Jiang et al., 2019). However, no study focused on the effects of tilianin for I/R-induced AKI. Our study uncovered the nephron protection and anti-apoptotic effect of tilianin against I/R-induced AKI for the first time. Mechanically, both signal transduction pathway and TFs were focused in our study. EGR1 was an immediate early gene and was involved in growth, differentiation, apoptosis, neurite outgrowth, and wound healing (Li et al., 2019). In kidney diseases, EGR1 was observed in the proximal tubule in response to hypoxic stimuli, and silencing of EGR1 could alleviate the injury in diabetic kidney disease and protect from renal inflammation and fibrosis (Sun et al., 2014; Miyamoto et al., 2016; Hu et al., 2020). In our study, EGR1 was identified as a hub TF, and both mRNA and protein levels were observed to be upregulated in I/R-induced AKI. However, tilianin reduced its expression, and apoptosis levels were subsequently improved. TFs represent the convergence point of multiple signaling pathways in eukaryotic cells (Papavassiliou and Papavassiliou, 2016). Most often, EGR1 was rapidly activated via extracellular signal-regulated kinases (Brennan et al., 2018). AutoDock showed that tilianin had lower binding energy with ERK and p-ERK. Then, we detected the expression of ERK and p-ERK and found that tilianin decreased the phosphorylation of the ERK pathway, which resulted in declined translocation and localization of p-ERK in the nucleus. Active ERKs regulate phosphorylation of many cytoplasmic and nuclear targets, including apoptosis, autophagy, and senescence (Ramos, 2008). Yong et al. found that the activation of ERK1/2 was essential for the cisplatin-induced apoptosis of renal epithelial cells (Kim et al., 2005). Wang et al. (2016) described the protection of U0126 against hypoxia/reoxygenation-induced myocardium apoptosis and autophagy via the MEK/ERK/EGR-1 pathway. Therefore, our findings provided novel insights into the involvement of ERK pathway and EGR against I/R-induced renal cell apoptosis.
Different from previous studies, our research explored more comprehensive molecular mechanisms. Many bioinformatics methods were conducted for the speculation of the underlying molecular mechanism. From execution proteins to signal transduction pathway, the regulating pathway for tilianin against I/R-induced renal cell apoptosis in AKI was fully demonstrated. In addition, tilianin was used in in vivo experiments for the investigation of dose-dependent properties. It should be noted that ERK1/2 and EGR1 may not be the only molecules involved in tilianin-mediated renoprotection. It could not be convinced for the binding between tilianin and ERK1/2 or p-ERK. But it is believed that tilianin reduced the phosphorylation of the ERK pathway, which further decreased the effects on downstream regulations. Interestingly, active ERKs had been found to be localized to mitochondrial membranes, which provided the possibility for direct regulation of apoptosis-associated proteins. (Nowak et al., 2006; Zhuang et al., 2007). Also, tilianin still has other effects such as antioxidant and anti-inflammatory, but in this study only the anti-apoptotic effects and associated mechanisms of tilianin were described and demonstrated. The exploration for other effects of tilianin against I/R-induced AKI will be fully described in our future research study. Despite these limitations, we believed our findings provided a novel comprehension of the anti-apoptotic properties of tilianin against I/R-induced AKI.
In conclusion, our study provided novel evidence indicating that tilianin could protect mice against I/R-induced AKI by improving mitochondrial pathway apoptosis, a process by which tilianin at least partially reduces phosphorylation of the ERK pathway and further decreases the transcriptional activation of EGR1. Pro-apoptotic proteins, including BAX, BAD, and caspase-3, were downregulated, while anti-apoptotic proteins like BCL2 and BCL2L1 were upregulated. This resulted in the less release of Cyt C. Collectively, these findings suggested that tilianin might be a new potential agent for the therapy of I/R-induced AKI.
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Tripterygium glycosides tablets (TGT) are widely used for treating nephrotic syndrome (NS), but hepatotoxicity is frequently reported. The presence of underlying disease(s) can alter the disposition of drugs and affect their efficacy and toxicity. However, no studies have reported the impact of NS on the ADME profiles of TGT or its subsequent impact on the efficacy and toxicity. Thus, the efficacy and hepatotoxicity of TGT were evaluated in normal and NS rats after oral administration of TGT (10 mg/kg/day) for 4 weeks. The corresponding ADME profiles of the six key TGT components (triptolide (TPL), wilforlide A (WA), wilforgine (WFG), wilfortrine (WFT), wilfordine (WFD), and wilforine (WFR)) were also measured and compared in normal and NS rats after a single oral gavage of 10 mg/kg TGT. Canonical correlation analysis (CCA) of the severity of NS and the in vivo exposure of the six key TGT components was performed to screen the anti–NS and hepatotoxic material bases of TGT. Finally, the efficacy and hepatotoxicity of the target compounds were evaluated in vitro. The results showed that TGT decreased the NS symptoms in rats, but caused worse hepatotoxicity under the NS state. Significant differences in the ADME profiles of the six key TGT components between the normal and NS rats were as follows: higher plasma and tissue exposure, lower urinary and biliary excretion, and higher fecal excretion for NS rats. Based on CCA and in vitro verification, TPL, WA, WFG, WFT, WFD, and WFR were identified as the anti–NS material bases of TGT, whereas TPL, WFG, WFT, and WFD were recognized as the hepatotoxic material bases. In conclusion, NS significantly altered the ADME profiles of the six key TGT components detected in rats, which were related to the anti–NS and hepatotoxic effects of TGT. These results are useful for the rational clinical applications of TGT.
Keywords: tripterygium glycosides tablets, nephrotic syndrome, pharmacokinetics, tissue distribution, excretions, efficacy, hepatotoxicity
1 INTRODUCTION
Nephrotic syndrome (NS) is a refractory and complex chronic kidney disease (CKD) characterized by massive proteinuria, hypoalbuminemia, hyperlipidemia, and edema (Wang and Greenbaum, 2019). Tripterygium wilfordii Hook. F is a well–known traditional Chinese medicine (TCM) with prominent anti–inflammatory and immunosuppressive effects (Chen et al., 2013). Tripterygium glycosides tablets (TGT) formulated with only Tripterygium wilfordii Hook. F chloroform extract have been widely used for the treatment of NS in clinical settings for many years (Zhu et al., 2013; Wang et al., 2020). Nevertheless, TGT may also lead to adverse events, particularly hepatic injuries, due to its narrow therapeutic window (Peng et al., 2021; Zhang et al., 2021). These adverse events then restrict its clinical applicability.
Triptolide (TPL), wilforlide A (WA), and four sesquiterpene pyridine alkaloids, wilforgine (WFG), wilfortrine (WFT), wilfordine (WFD), and wilforine (WFR) (Figure 1), have been identified as the major bioactive components of TGT (Gao et al., 2015; Wang et al., 2018; Tong et al., 2021). To ensure the safety of this medicine, the Chinese National Medical Products Administration has released the quality control standard of TGT (WS3–B–3350–98–2011), requiring that the amount of TPL in TGT should not exceed 10 μg/tablet, while that of WA should not be less than 10 μg/tablet (Chinese Pharmacopoeia Commission, 2011). A recent study suggested that WFR could also serve as a quality marker of TGT (Gao et al., 2019). Moreover, researchers have found sesquiterpene pyridine alkaloids have inhibitory effects on the production of nitric oxide and cytokines (Duan et al., 2001; Gao et al., 2015). However, growing evidence shows that these components can also cause serious toxicity. Recently, two studies reported hepatotoxic effects associated with TPL, WFG, and WFR administration in mice (Li et al., 2015; Yuan et al., 2020). Thus, subtle changes in the disposition of these bioactive ingredients in vivo could affect both the efficacy and toxicity of TGT, due to their narrow therapeutic windows.
[image: Figure 1]FIGURE 1 | Chemical structures of the six key TGT components.
Since drugs are used to treat diseases, patients are their ultimate consumers. However, the pathological status and the severity of disease will affect the drug disposition. These effects can be explained by the altered activities and expression of typical drug transporters and cytochrome P450s (CYP450s), as well as gastrointestinal lesions caused by diseases (Evers et al., 2018; Storelli et al., 2018; Vinarov et al., 2021). Previous studies have shown that CKD affects the disposition of other TCMs (Zhao et al., 2015a; Zhao et al., 2015b). Ultimately, alterations in drug disposition converge to affect clinical outcomes. In response to these changes, clinicians must adjust dosing regimens rationally based on therapeutic drug monitoring, especially for drugs with narrow therapeutic windows. Thus, to better understand the mechanism(s) of action of TGT in the treatment of CKD and support its rational use in the clinic, it is necessary to compare the ADME profiles of the six key TGT components in healthy and CKD states. Although researchers have studied the pharmacokinetic and toxicological characteristics of some TGT components (Du et al., 2018), to our knowledge no studies have reported the detailed ADME profiles of the six key TGT components after oral TGT, or performed a comparative ADME study between healthy and CKD states.
To address these issues, we comparatively investigated the ADME profiles of the six key TGT components in normal and NS rats after oral gavage of TGT using a validated UHPLC–MS/MS method for the bioassay. The therapeutic efficacy and side effects of TGT in NS rats were also evaluated. Based on the results of canonical correlation analysis (CCA) and cell experiments, the anti–NS and hepatotoxic material bases were further confirmed. These results are useful for the rational clinical applications of TGT.
2 MATERIALS AND METHODS
2.1 Reagents and Materials
TPL (Lot: 111,567–202,005) and irbesartan (as the IS for the MS/MS determination, Lot: 100,607–201,804) reference substances (content >99%) were obtained from National Institute for Food and Drug Control (Beijing, China). WA (Lot: wkq20040901), WFG (Lot: wkq20040804), WFT (Lot: wkq20040203), WFD (Lot: wkq20040702), and WFR (Lot: wkq20040205) reference substances (content >98%) were purchased from Sichuan Weikeqi Biological Technology Co., Ltd. (Sichuan, China). Adriamycin (ADR) hydrochloride for injection (Lot: 2007E1) was provided by Shenzhen Main Luck Pharmaceuticals Inc. (Shenzhen, China). Assay kits for the measurement of proteinuria, blood albumin (ALB), total protein (TP), total triglycerides (TG), and total cholesterol (TC) were purchased from Nanjing Jiancheng Biological Engineering Institute (Nanjing, China). Lipopolysaccharide (LPS, Escherichia coli 0111: B4) was obtained from Sigma–Aldrich (St. Louis, MO, United States ). The Cell Counting Kit–8 (CCK–8) was purchased from Beyotime Institute Biotechnology (Shanghai, China). HPLC–grade methanol and acetonitrile were obtained from Tedia Company, Inc. (Fairfield, OH, United States ). Analytical grade ethyl acetate, ammonium acetate, and formic acid were supplied by Nanjing Chemical Reagent Co. Ltd. (Nanjing, China). Ultrapure water was prepared using a Millipore purification system (Millipore, MA, United States ).
TGT (Lot: 200,701, containing 10 mg Tripterygium wilfordii Hook. F chloroform extract per tablet), a commercially available TCM preparation, were purchased from Jiangsu Meitong Pharmaceutical Co. Ltd. (Jiangsu, China). Each tablet was measured as containing 5.90 μg TPL, 25.4 μg WA, 148 μg WFG, 86.0 μg WFT, 122 μg WFD, and 175 μg WFR, using our previously validated method (Su et al., 2015b). The content of TPL was less than 10 μg, while that of WA was more than 10 µg per tablet, which met the quality control standard for TGT, WS3-B-3350–98-2011 (Chinese Pharmacopoeia Commission, 2011).
2.2 UHPLC–MS/MS Conditions
A UHPLC–MS/MS system (TSQ Quantis, Thermo Scientific, San Jose, CA, United States ) equipped with an electrospray ionization interface (ESI) operating in the positive ion mode was used for analysis. Chromatographic separation was achieved on a BDS Hypersil™ C8 column (150 × 2.1 mm, 2.4 µm) with linear gradient elution at 0.5 ml/min using 10 mM ammonium acetate buffer solution and methanol containing 0.1% formic acid as the mobile phases A and B, respectively. The elution program was set as follows (A:B): 0 min (40:60) → 2 min (40:60) → 3 min (0:100) → 9 min (0:100) → 9.1 min (40:60) → 10 min (40:60). The column temperature was maintained at 40°C and the sample injection volume was 20 µl. The MS/MS conditions were optimized as follows: spray voltage of 4.5 KV; ion transfer tube temperature of 350°C; vaporizer temperature of 150°C; nitrogen sheath gas of 241 kPa; and auxiliary gas of 158 kPa. The quantification analysis was conducted under the multiple reaction monitoring (MRM) mode with the argon gas collision–induced dissociation (CID) pressure set at 0.3 Pa. The ion reactions were m/z 378.34@11eV → 361.10 for TPL, m/z 472.46@12eV → 437.30 for WA, m/z 858.35@55eV → 178.08 for WFG, m/z 874.32@24eV → 846.25 for WFT, m/z 884.37@24eV → 856.25 for WFD, m/z 868.41@55eV → 178.08 for WFR, and m/z 429.31@23eV → 207.00 for IS.
2.3 Induction and Assessment of NS Rats by Adriamycin Injection
Approximately 165 healthy male Sprague–Dawley rats (6–8 weeks, 200 ± 20 g) were obtained from Shanghai SIPPR–BK laboratory animal Co. Ltd. (Shanghai, China, SCXK (Hu) 2018–0006) and used in this study. All rats were acclimatized in the laboratory for a week and kept under specific pathogen–free conditions: 25 ± 5°C, 50 ± 20% humidity, 12/12 h light/dark cycle, with free access to food and water. All animal experiments were approved by the Animal Ethics Committee of the China Pharmaceutical University (approval number: 2021–09–007).
Since adriamycin–induced nephropathy in rats is a classical animal model of NS and the renal pathological changes are similar to those in patients with NS (Bertani et al., 1982), three types of rats (n = 42 in each type) were established: normal control rats (Con), early–stage NS rats (M1), and advanced–stage NS rats (M2). For rats, the optimal intravenous dose of adriamycin used to induce NS ranges from 1.5 to 7.5 mg/kg (Lee and Harris, 2011). The M1 rats were induced with a 4 mg/kg dose of adriamycin through tail vein injection on day 1 and an additional 2 mg/kg dose of adriamycin after 1 week (Li et al., 2019; Li et al., 2020), while the M2 rats were induced with a single 7.5 mg/kg intravenously dose of adriamycin (Guo et al., 2014; Ni et al., 2018). The Con rats were injected with an equal volume of sterile saline. At the end of the fourth week after the first adriamycin injection, 24 h urine samples from all rats were collected, and their volumes were recorded. After centrifugating the samples at 1,500 ×g for 5 min, we measured the 24 h urinary protein level to evaluate the extent of NS. Approximately 100 μL of blood from all rats was also collected in tubes without anticlotting reagents via the orbital venous plexus, and the corresponding serum samples were separated by 1,100 ×g centrifugation for 10 min at 4 °C for the analysis of blood biochemical indices (ALB, TP, TG, TC).
2.4 Dosing Strategy and Preparation of TGT Suspension
In this study, we administered oral doses of 10, 30, and 90 mg/kg/day (calculated using Tripterygium wilfordii Hook. F chloroform extract). The 10 mg/kg/day dose for rats was equivalent to the clinical maximum dose of 1.5 mg/kg/day for humans recommended by the current Chinese National Drug Standard of TGT, WS3–B–3350–98–2011 (Chinese Pharmacopoeia Commission, 2011), which was calculated by the body surface area dosage conversion factors (Nair et al., 2018) and in consistence with the other reports (Shan et al., 2016; Gao et al., 2019). The 30 and 90 mg/kg doses were selected based on a literature (Gao et al., 2019).
Since the administration volume was set at 10 ml/kg/day, the TGT suspensions of 1.0, 3.0, and 9.0 mg extract per mL were freshly prepared by mixing an accurately weighed amount of the tablets powder with 0.5% CMC–Na solution through sonication for 30 min. The suspensions were efficiently vortex–mixed to ensure uniform dispersion before oral gavage administration.
2.5 Efficacy and Toxicity of TGT
2.5.1 Study Design
Successful induction of adriamycin–induced NS in rats (M1 and M2) was confirmed based on typical NS symptoms of oliguria, massive proteinuria, hypoalbuminemia, and hyperlipidemia (Supplementary Figure S1). The rats were then divided into six groups with seven rats each: three reference groups (Con, M1, M2) and three TGT treatment groups (Con + TGT, M1+TGT, and M2+TGT). The rats in the TGT treatment groups were administered TGT (10 mg/kg) by oral gavage once daily in the morning for 4 weeks, whereas the other rats received only the vehicle (0.5% CMC–Na solution) (Figure 2). Twenty–4 hours after the last dose (8 weeks after the first adriamycin injection), approximately 100 μl of blood was collected from all rats, followed by the immediate collection of 24 h urine samples for the determination of serum biochemical indices and urinary protein, respectively. After 24 h urine collection, each rat in the three TGT treatment groups received a single TGT oral gavage dose of 10 mg/kg and was sacrificed 1 h after administration. The kidney and liver samples from all groups were immediately harvested for histopathological examination and determination of the six key TGT components.
[image: Figure 2]FIGURE 2 | The experimental scheme for evaluating the efficacy and hepatotoxicity of TGT in adriamycin-induced-NS rats.
2.5.2 Biochemical and Histopathological Analysis
Twenty–four–hour urinary protein (proteinuria) and serum biochemical indices (ALB, TP, TG, and TC) were determined using the corresponding kits according to the manufacturer’s instructions, on an Envision multimode microplate monitoring system. Kidney and liver tissue samples were fixed in 10% neutral buffered formalin, dehydrated in graded alcohol, embedded in paraffin, and sliced. The sliced 4 μm sections were subjected to routine hematoxylin and eosin (HE) staining and observed under a light microscope (Leica, Germany) for histopathological evaluation.
2.6 Pharmacokinetic Study
New sets of normal controls and two types of model rats in the three TGT treatment groups (n = 7) were included in the pharmacokinetic study of the six key TGT components. Before the experiment, all rats were fasted overnight with free access to water only. Each rat then received a single TGT oral gavage dose of 10 mg/kg. To determine the correlation between the contents of six TGT components in TGT and in vivo exposure, an additional 14 normal control rats were divided into two groups (n = 7) and given a single TGT dose of 30 or 90 mg/kg. Approximately 150 μl of blood was collected from the orbital venous plexus into heparinized tubes at 0, 0.083, 0.167, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 10, 24, 34, and 48 h after administration. The technical personnel were well–trained in performing orbital venous plexus blood draws using a technique that imparts minimal pain to animals. All rats were intragastrically administered 1 ml of water after collection time points of 0.25, 0.5, 2, 4, and 6 h, and were allowed free access to water for fluid replacement throughout the experiment. The plasma was harvested by centrifuging the blood sample at 1,100 ×g for 10 min at 4°C, and then stored at –80°C until analysis.
A 70 μL aliquot of plasma was spiked with 10 μL of IS working solution (200 ng/ml in methanol) and 1 ml of acetonitrile solution. The mixture was then vortexed for 5 min and centrifuged at 16,000 ×g at 4°C for 10 min to extract the analytes and precipitate the endogenous protein materials. Next, 900 μL of the supernatant was collected and evaporated to dryness at 40 °C using a ZLS–1 vacuum centrifugal concentrator. The residue was reconstituted with 100 μl of methanol–water solution (60:40, v/v), and a 20 μl aliquot of the resulting supernatant after centrifugation was injected into the UHPLC–MS/MS system for analysis.
2.7 Tissue Distribution Study
For the tissue distribution study, new sets of normal controls and two types of model rats were assigned to the three TGT treatment groups (n = 7). Each rat was administered a single TGT oral gavage dose of 10 mg/kg after an overnight fast. Rats were sacrificed while under urethane anesthesia, by bleeding from the abdominal aorta 1 h after oral administration of TGT. Subsequently, the tissues (heart, liver, spleen, lung, kidney, and brain) were harvested, rinsed with ice–cold saline, blotted with filter paper, and weighed. Tissue samples were homogenized in ice–cold saline at a weight/volume (w/v) ratio of 1:9 using a JXFSTPRP–24 homogenizer (Shanghai, China).
To improve the recovery of the six key TGT components in tissues, liquid–liquid extraction was used for the pretreatment of the tissue samples as follows: a 70 µl aliquot of tissue homogenate was mixed with 10 μl of IS solution (200 ng/ml in methanol) and extracted with 1 ml of ethyl acetate solution by vortex–mixing for 5 min. A procedure similar to that used for plasma samples was then used to prepare the tissue samples for UHPLC–MS/MS analysis.
2.8 Excretion Studies
For urine and feces excretion studies, new sets of normal controls and two types of model rats assigned to the three TGT treatment groups (n = 7) were housed individually in metabolic cages, and each rat received a single TGT oral gavage dose of 10 mg/kg. Urine and fecal samples were collected at time windows of 0–6, 6–12, 12–24, 24–48, and 48–72 h after administration. The urine volume was measured and recorded, and the fecal samples were dried at 40°C, weighed accurately, pulverized into powder, and then homogenized in ice–cold saline (1:9, w/v).
For the bile excretion study, new sets of normal controls and two types of model rats assigned to the three TGT treatment groups (n = 7) were anesthetized by intraperitoneal injection of urethane solution. An abdominal incision was made, and a cannula was implanted into the bile duct. The incision was then closed by suturing. Blank bile samples were collected within 1 h before drug administration, and the drug–containing bile samples were harvested at time segments of 0–1, 1–2, 2–4, 4–6, 6–9, 9–24, and 24–33 h after a single TGT oral gavage dose of 10 mg/kg. Urine, fecal, and bile samples were prepared using a similar sample preparation procedure as tissue samples.
The selectivity, linearity, accuracy, precision, recovery, matrix effects, and stability of the developed method for the quantification of the six key TGT components in rat bio–samples were validated according to the FDA guidelines for bioanalytical method validation (Food and Drug Administration, 2018). The results of the method validation are summarized in Supplementary Figure S2–Supplementary Figure S6 and Supplementary Table S1–Supplementary Table S15.
2.9 Canonical Correlation Analysis of Pathology–Pharmacokinetics
CCA is a multivariate statistical model that identifies statistical dependencies between pairs of multivariate data. Two sets of variables can be converted into multiple pairs of canonical variates using the CCA. Among the canonical variate pairs, the first pair has the highest correlation (Koide-Majima and Majima, 2021). In this study, CCA was conducted to analyze the overall correlation between the severity of NS (proteinuria, ALB, TP, TC, and TG) and the PK characteristics (C max, AUC0–t, C kidney or C liver) of the six key TGT components. Before the data mining application, the original NS data were normalized using min-max normalization to enable comparisons of these data by different units of measures. When the correlation significance level was less than 0.05, we considered the response data significant (Yu et al., 2017). In addition, the canonical loadings, which represent the correlation between an original variable and its canonical variable, contribute to determining the critical factors in each group of variables. As a rule, canonical loading with an absolute value greater than 0.3 was used to select the original variables that were thought to have a meaningful interpretation of the related canonical variables (Lambert and Durand, 1975).
2.10 Evaluation of Immunosuppressive Activity in Vitro
The mouse macrophage cell line RAW 264.7 (obtained from the Cell Bank of Chinese Academy of Sciences, Shanghai, China) was cultured in DMEM medium (Gibco, United States ) supplemented with 10% fetal bovine serum (FBS, Biological Industries, Israel) and 1% penicillin–streptomycin (P/S, Biological Industries, Israel) at 37°C in a humidified incubator with 5% CO2.
The inhibitory effects of the six target compounds (TPL, WA, WFG, WFT, WFD, and WFR) on the proliferation of LPS–stimulated RAW264.7 cells were examined by CCK8 assay. RAW 264.7 cells were seeded in 96–well plates (2×104 cells/well) for 12 h, and then co–cultured with LPS (1 μg/ml) (Dai et al., 2021) and the six target compounds at different concentrations for 24 h. The medium was then removed and 10% CCK–8 working solution was added to each well, followed by incubation for 1 h. The optical density (OD) value of each well was measured at 450 nm using a microplate reader (Thermo Fisher, United States ). Cell viability was calculated as follows: cell viability (%) = (OD sample—OD blank)/(OD control—OD blank) × 100.
2.11 Evaluation of Hepatotoxicity in Vitro
The normal human liver cell line L02 (purchased from the Cell Bank of Chinese Academy of Sciences, Shanghai, China) was cultured in RPMI 1640 medium (Gibco, United States) containing 10% FBS and 1% P/S in a 5% CO2 incubator at 37°C.
To evaluate the hepatotoxicity, the effects of the four target compounds (TPL, WFG, WFT, and WFD) on L02 cell viability were determined using a CCK8 assay. Briefly, cells were cultured overnight in a 96–well plate (6×103 cells/well), after which they were treated with TPL, WFG, WFT, and WFR in a series of concentrations for 48 h. Cell viability was determined according to the procedure described in Section 2.10.
2.12 Statistical Analysis
WinNonlin (version 7.0, Pharsight, St. Louis, MO, United States ) was used to analyze pharmacokinetic parameters. CCA was performed using SPSS Statistics 24.0 (IBM, United States ). Statistical differences between two groups were determined using GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA) via a two–tailed Student’s t–test. p < 0.05 was considered as statistical significance.
3 RESULTS
3.1 Therapeutic Efficacy of the Multiple–Dose TGT Administration on Adriamycin–Induced–NS Rats
3.1.1 Physical Parameters
As shown in Figures 3A,B, the NS model rats (M1 and M2 groups) showed significant weight loss and kidney hyperplasia compared to the normal control rats (Con group). After treatment with TGT for 4 weeks, the weight loss and kidney hyperplasia in the M1+TGT and M2+TGT groups were decreased in comparison to those in the corresponding model control groups.
[image: Figure 3]FIGURE 3 | TGT ameliorated the symptoms of NS and renal pathological injuries in adriamycin-induced-NS rats after TGT oral gavage dose of 10 mg/kg/day for 4 weeks (means ± SD, n = 7). The body weight (A), the kidney index (B), the urine volume (C), the 24-h proteinuria (D), the serum ALB (E), the serum TP (F), the serum TG (G), and the serum TC (H), *p < 0.05, **p < 0.01, ***p < 0.005 versus Con, #p < 0.05, ##p < 0.01, ###p < 0.005 versus M1 or M2. HE staining of the same field of section sample in kidney tissues (I), interstitial inflammatory infiltrate (black arrow ↗), protein casts (blue arrow [image: FX 2]), degeneration of renal tubular epithelial cells (red arrow [image: FX 3]), contraction of Bowman’s capsule (yellow arrow [image: FX 4]) (magnification: ×100).
3.1.2 Biochemical Analysis
Oliguria and proteinuria are diagnostic markers of glomerular filtration barrier dysfunction (Meyrier and Niaudet, 2018). In comparison with the corresponding control group, as shown in Figures 3C,D, the urine volumes of the NS model control rats (M1 and M2 groups) decreased significantly, while the 24 h urine protein excretion increased significantly. After treatment with TGT for 4 weeks, a significant increase in urine volume in the M2+TGT group and a remarkable decrease in urine protein excretion in the M1+TGT group were observed, indicating that TGT relieved the symptoms of oliguria and proteinuria in NS rats.
Hypoproteinemia and hyperlipidemia are also major clinical symptoms of NS (Shin et al., 2018). As shown in Figures 3E–H, the levels of serum ALB and TP declined significantly in the M1 and M2 group, whereas the serum TG and TC levels were significantly elevated. After treatment with TGT for 4 weeks, the ALB level in the M2+TGT group and the TP level in the M1+TGT group increased significantly, whereas the levels of TG and TC in the M2+TGT group decreased significantly, suggesting that TGT possessed therapeutic efficacy against hypoalbuminemia and hyperlipidemia in NS rats.
3.1.3 HE Staining
As shown in Figure 3I, there was pronounced kidney pathology characterized by interstitial inflammatory infiltrates, protein casts, degeneration of renal tubular epithelial cells, and contraction of Bowman’s capsule. These changes were observed in the NS model rats (M1 and M2 groups), particularly in group M2. After treatment with TGT for 4 weeks, the pathological damage in the M1+TGT and M2+TGT groups was lower than that in the M1 and M2 groups.
3.2 Hepatotoxicity of TGT in Normal and Adriamycin–Induced–NS Rats After the Multiple–Dose TGT Administration
The histopathological micrographs of the livers in the three reference (Con, M1, M2), and three TGT treatment (Con + TGT, M1+TGT, and M2+TGT) groups are shown in Figure 4. In the Con, M1, and M2 groups, all rats presented intact liver architecture with no significant pathology except for slight interstitial inflammatory cell infiltration in group M2. After treatment with TGT for 4 weeks, mild interstitial inflammatory cell infiltration was observed in the Con + TGT group, which became more prominent in the M1 + TGT group. In addition to extensive inflammatory cell infiltration, severe hepatocyte degeneration was observed in the M2 + TGT group. These results suggested that NS, particularly advanced–stage NS, aggravated the hepatotoxicity caused by TGT.
[image: Figure 4]FIGURE 4 | Representative pictures of HE staining of the liver tissues in the normal and two types of adriamycin-induced-NS rats assigned to three reference (Con, M1, M2), and three TGT treatment (Con + TGT, M1+TGT, and M2+TGT) groups after TGT oral gavage dose of 10 mg/kg/day for 4 weeks, inflammatory cell infiltration (black arrow ↗), degeneration of hepatocytes (blue arrow [image: FX 1]) (magnification: ×100).
3.3 Comparative Pharmacokinetic Study After the Single–Dose TGT Administration
The mean plasma concentration–time curves and pharmacokinetic parameters of the six key TGT components (TPL, WA, WFG, WFT, WFD, and WFR) in normal and two types of NS rats assigned to the three TGT treatment groups (Con + TGT, M1+TGT, and M2+TGT) after a single TGT oral gavage dose of 10 mg/kg are shown in Figure 5 and Table 1, respectively. NS significantly altered the pharmacokinetic behavior of the six key TGT components. In the M1+TGT and M2+TGT groups, particularly in the M2+TGT group, higher plasma exposure of five key TGT components (TPL, WFG, WFT, WFD, and WFR) was found in the rats, characterized by higher Cmax, larger AUCs, smaller volume of distributions (Vd), and slower clearance rates (CL) than those in the normal rats (Con + TGT), whereas the WA showed the opposite trend.
[image: Figure 5]FIGURE 5 | Plasma concentration–time profiles of the six key TGT components in the normal and two types of adriamycin-induced-NS rat after a single TGT oral gavage dose of 10 mg/kg (mean ± SD, n = 7). The normal rats, Con + TGT, black circle ●; the early-stage NS rats, M1+TGT, blue square [image: FX 5]; the advanced-stage NS rats, M2+TGT, orange triangle [image: FX 6]. TPL (A), WA (B), WFG (C), WFT (D), WFD (E), WFR (F).
TABLE 1 | Pharmacokinetic parameters of the six key TGT components in the normal and two types of adriamycin-induced-NS rats after a single TGT oral gavage dose of 10 mg/kg (n = 7).
[image: Table 1]The plasma concentration–time profiles and corresponding pharmacokinetic parameters of the six TGT components in normal rats after a single oral gavage dose of 10, 30, or 90 mg/kg TGT are illustrated in Supplementary Figure S7 and Supplementary Table S16, respectively. The in vivo exposure of the six key TGT components showed a dose–dependent trend and increased correspondingly with an increase in dose.
3.4 Comparative Tissue Distribution Study After the Single–Dose or Multiple–Dose TGT Administration
The tissue contents of the six key TGT components (TPL, WA, WFG, WFT, WFD, and WFR) in the normal and two types of NS rats assigned to the three TGT treatment groups (Con + TGT, M1+TGT, and M2+TGT) 1 h after a single TGT oral gavage dose of 10 mg/kg are shown in Figure 6. The contents of these six components were highest in the liver, followed by the kidney, spleen, lung, heart, and brain. The levels of WA, WFG, WFT, and WFD in the liver were elevated in the M1+TGT and M2+TGT groups, especially in the M2+TGT group. The renal contents of WA, WFG, and WFT in the M2+TGT group were significantly higher than those in the Con + TGT and M1+TGT groups, whereas the WFR in the M2+TGT group was significantly lower than that in the Con + TGT group.
[image: Figure 6]FIGURE 6 | Tissue distributions of the six key TGT components in the normal and two types of adriamycin-induced-NS rats 1 hour after a single TGT oral gavage dose of 10 mg/kg (mean ± SD, n = 7). Con + TGT, the normal rats; M1 + TGT, the early-stage NS rats; M2 + TGT, the advanced-stage NS rats. TPL (A), WA (B), WFG (C), WFT (D), WFD (E), WFR (F), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 versus Con + TGT or M1+TGT.
The WA, WFG, WFT, WFD, and WFR contents in the heart, spleen, lung, and brain were significantly higher in the M2+TGT group than those in the other two treatment groups. In addition, a significantly elevated TPL content in the spleen was observed in the M2+TGT group compared to that in the M1+TGT group.
Collectively, these data showed that the tissue contents of the six key TGT components in the heart, liver, spleen, lung, kidney, and brain increased in NS rats, particularly in advanced–stage NS rats after single–dose TGT administration.
Figure 7 shows the cumulative exposure of the six key TGT components in the kidney and liver in the three TGT treatment (Con + TGT, M1+TGT, and M2+TGT) groups after once daily oral gavage dosing with 10 mg/kg TGT for 4 weeks. Compared with the Con + TGT group, the cumulative exposure of TPL, WA, WFG, WFT, and WFD in the kidney, and TPL, WFG, WFT, and WFD in the liver increased significantly in the M1+TGT and M2+TGT groups, particularly in the M2+TGT group. The increased exposure of these key TGT components in the kidney and liver with the aggravation of NS status likely contributed to the anti–NS effects as well as the obvious hepatotoxicity described in Section 3.2.
[image: Figure 7]FIGURE 7 | Tissue distributions of the six key TGT components in the normal and two types of adriamycin-induced-NS rats 1 hour following the last dose after TGT oral gavage dose of 10 mg/kg/day for 4 weeks (means ± SD, n = 7). Con + TGT, the normal rats; M1 + TGT, the early-stage NS rats; M2 + TGT, the advanced-stage NS rats. Kidney (A), Liver (B), ∗p < 0.05, ∗∗p < 0.01 versus Con + TGT or M1+TGT.
3.5 Comparative Excretion Studies After the Single–Dose TGT Administration
The urine, feces, and bile excretion profiles of six key TGT components in normal and two types of NS rats assigned to the three TGT treatment groups (Con + TGT, M1+TGT, and M2+TGT) after a single TGT oral gavage dose of 10 mg/kg are illustrated in Figures 8–10. When the normal and NS rats were administered the TGT, only four key TGT components (WFG, WFT, WFD, and WFR) of six tested were detected in the urine, feces, and bile samples. By contrast, TPL and WA were not detected or were below the limit of quantitation in all three bio–samples throughout the validated concentration ranges. Therefore, metabolism is a major method of excretion for these components.
[image: Figure 8]FIGURE 8 | The cumulative urine excretion ratios of the four key TGT components in the normal and two types of adriamycin-induced-NS rats after a single TGT oral gavage dose of 10 mg/kg (mean ± SD, n = 7). The normal rats, Con + TGT, black circle ●; the early-stage NS rats, M1+TGT, blue square [image: FX 5]; the advanced-stage NS rats, M2+TGT, orange triangle [image: FX 6]. WFG (A), WFT (B), WFD (C), WFR (D), ∗p < 0.05, ∗∗p < 0.01 versus Con + TGT.
As shown in Figure 8, only a small amount of the detected TGT components (WFG, WFT, WFD, and WFR) were excreted in their original form through urine. The 72 h cumulative urine excretion ratios of the detected TGT components further decreased with the increased severity of NS in rats.
The amounts of the detected TGT components (WFG, WFT, WFD, and WFR) excreted in their original form through feces were higher than those excreted in urine. However, the 72 h cumulative feces excretion ratios of the detected TGT components further increased with the increased severity of NS in rats (Figure 9).
[image: Figure 9]FIGURE 9 | The cumulative feces excretion ratios of the four key TGT components in the normal and two types of adriamycin-induced-NS rats after a single TGT oral gavage dose of 10 mg/kg (mean ± SD, n = 7). The normal rats, Con + TGT, black circle ●; the early-stage NS rats, M1+TGT, blue square [image: FX 5]; the advanced-stage NS rats, M2+TGT, orange triangle [image: FX 6]. WFG (A), WFT (B), WFD (C), WFR (D), ∗p < 0.05, ∗∗p < 0.01 versus Con + TGT.
Only a small portion of the detected TGT components (WFG, WFT, WFD, and WFR) were excreted into the bile in their original form. In addition, the 33 h cumulative bile excretion ratios of the detected TGT components also further decreased with the increased severity of NS in rats (Figure 10).
[image: Figure 10]FIGURE 10 | The cumulative bile excretion ratios of the four key TGT components in the normal and two types of adriamycin-induced-NS rats after a single TGT oral gavage dose of 10 mg/kg (mean ± SD, n = 7). The normal rats, Con + TGT, black circle ●; the early-stage NS rats, M1+TGT, blue square [image: FX 5]; the advanced-stage NS rats, M2+TGT, orange triangle [image: FX 6]. WFG (A), WFT (B), WFD (C), WFR (D), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 versus Con + TGT.
3.6 Canonical Correlation Analysis Between the Severity of NS and in Vivo Exposure of Six Key TGT Key Components
The correlations of the first canonical variate pair between NS and Cmax, NS and AUC0–t, NS and Ckidney, and NS and Cliver were statistically significant (F = 3.105, p < 0.05; F = 2.825, p < 0.05; F = 3.859, p < 0.05; F = 2.201, p < 0.05, respectively). The first canonical correlation coefficients were 0.929, 0.933, 0.982, and 0.951, respectively, indicating that the four sets of first canonical variate pairs were positively correlated.
Subsequently, the original variables of canonical loadings with absolute values greater than 0.3 were selected as the key factors in each group of variables. As shown in Table 2, for NS and Cmax, five NS indicators (proteinuria, ALB, TP, TC, and TG) affected the peak exposure of the six TGT components in plasma (TPL, WA, WFG, WFT, WFD, WFR). For NS and AUC0–t, five NS indicators (proteinuria, ALB, TP, TC, and TG) collectively affected the total exposure of the five TGT components (WA, WFG, WFT, WFD, WFR) in plasma. For NS and Ckidney, three NS indicators (proteinuria, ALB, and TG) affected the exposure of the six TGT components (TPL, WA, WFG, WFT, WFD, and WFR) in the kidney. For NS and Cliver, five NS indicators (proteinuria, ALB, TP, TC, and TG) also affected the exposure of the four TGT components (TPL, WFG, WFT, and WFD) in the liver.
TABLE 2 | Canonical structures of the first pair of canonical variables between the severity of NS and in vivo exposure of six key TGT key components (n = 7).
[image: Table 2]3.7 Immunosuppressive Activities of the Six Target Compounds in RAW 264.7 Cells
The inhibitory effects of the six target compounds on the proliferation of LPS–stimulated RAW264.7 cells are shown in Supplementary Figure S8. The results showed that TPL (5–100 nM), WFT (50–2,500 nM), and WFD (0.25–2.5 μM) exhibited strong immune–suppressive activities (p < 0.05) in a dose–dependent manner. WA at a concentration of 5 μM, as well as WFG and WFR at a concentration of 25 μM significantly suppressed the proliferation of LPS–stimulated RAW264.7 cells.
3.8 Hepatotoxic Effects of the Four Target Compounds in L02 Cells
The half maximal inhibitory concentration (IC50) values of the four target compounds were finally calculated from the concentration–cell viability curves. As shown in Supplementary Figure S9, TPL had a low IC50 value of 26.8 nM in L02 cells, exhibiting extremely strong hepatotoxic potential. In addition, WFG, WFT, and WFD also showed potent hepatotoxicity with single–digit micromolar IC50 values of 2.6, 2.3, and 1.3 μM, respectively.
4 DISCUSSION
TGT have been prescribed for patients with CKD for more than 4 decades with sufficient clinical efficacy (Shao et al., 2021). In this study, the efficacy of TGT on the early–and advanced–stage NS rats was further confirmed (Figure 3). However, when a drug with a narrow therapeutic window is used clinically, other adverse effects can appear. Liver injuries were observed in rats after oral administration of TGT for 4 weeks (Figure 4), which is consistent with a previous report (Zhu et al., 2013). In addition, our group found that liver damage caused by TGT was further aggravated by the progression of NS in rats (Figure 4).
The pharmacokinetic behavior of the key bioactive components in TCMs has been used to predict their efficacy and potential toxicity (Zhang et al., 2018; Gopi and Balakrishnan, 2021). Previous studies on TGT pharmacokinetics have mainly focused on healthy animals, or animals with rheumatoid arthritis. Of note, the severity of rheumatoid arthritis was positively correlated with plasma exposure to WFG and WFR in rats after TGT administration (Su et al., 2015a; Lin et al., 2021; Zhao et al., 2021). Thus, it is rational to investigate the influence of NS on the key TGT components, as NS is another clinical indication for TGT.
NS can cause a gradual loss of renal function and a reduction in glomerular filtration rate, which then decreases the renal clearance of drugs (Torres et al., 2021; Politano et al., 2020). This may explain the significant decrease in urinary excretion ratios of the four detected TGT components (WFG, WFT, WFD, and WFR) that we observed in NS rats (Figure 8). Kidney disease can change not only the renal elimination but also the non–renal disposition of drugs (Lalande et al., 2014). The metabolism of key TGT components is primarily mediated by hepatic cytochrome P450 (CYP450) enzymes (Li et al., 2015). For example, CYP3A4 is predominantly involved in the metabolism of TPL (Xu et al., 2018). Researchers have found that the gene expression of some CYP450 enzyme isoforms (CYP3A4, CYP1A2, CYP2C9, et al.) and the activity of some CYP450 enzyme isoforms (CYP3A subtypes) decrease in kidney disease (Dong et al., 2020; Ladda and Goralski, 2016), leading to a reduction in drug metabolism and bile excretion in their prototypic or metabolite form. Consistent with previous reports, we found that the bile excretion ratios of the four detected key TGT components (WFG, WFG, WFD, and WFR) in their original form were significantly reduced in NS rats (Figure 10). Additionally, the decrease in the expression of some kidney uptake transporters (Oat1 and Oct2) and liver uptake transporters (Oatp1, 2, and 4) in nephropathy rats (Sun et al., 2006) may also reduce drug clearance.
Reducing both renal and non–renal elimination of key TGT components likely changes the in vivo exposure of these components. The plasma exposure of five key TGT components (TPL, WFG, WFT, WFD, and WFR) and the tissue contents of six key TGT components (TPL, WA, WFG, WFT, WFD, and WFR) in the heart, liver, spleen, lung, kidney, and brain increased significantly after single–dose TGT administration in NS rats (Figures 5, 6 and Table 1), consistent with previous reports that the plasma exposure of certain drugs increased when kidney function declined (Albrecht et al., 2017; van der Aart-van der Beek et al., 2021). Furthermore, the cumulative exposure of four key TGT components (TPL, WFG, WFT, and WFD) in the kidney and liver also increased after multi–dose TGT administration in NS rats, particularly advanced–stage NS rats (Figure 7). Drug accumulation in the target tissues could enhance therapeutic efficacy, but also result in unexpected toxicity (Pellegatti and Pagliarusco, 2011), which may account for the production of anti–NS effects and the increased hepatotoxicity of TGT with the increased severity of NS.
In this study, the NS rat model was induced with adriamycin, a routine chemotherapy agent that commonly causes gastrointestinal injuries (Kaczmarek et al., 2012). Small intestinal damage characterized by a decrease in the length and number of villi in the jejunum and ileum was also observed in NS rats (Supplementary Figure S10), which may be responsible for the increase in fecal excretion of four detected key TGT components (WFG, WFT, WFD, and WFR) in NS rats (Figure 9). Although the absorption of these four TGT components was reduced in the NS state, elimination was slowed leading to high exposure in vivo. Excessive or long–term use of TGT for the treatment of NS may still pose hazardous risks.
CCA was used to screen the TGT active components related to their anti–NS and hepatotoxic effects in this study, and the immunosuppressive activity and hepatotoxicity were verified in vitro. TPL, WA, WFG, WFT, WFD, and WFR were identified as the material bases for the treatment of NS, while TPL, WFG, WFT, and WFD were recognized as hepatotoxic material bases (Table 2, Supplementary Figure S8, Supplementary Figure S9). These results would help to better understand the mechanisms of the action of TGT.
Due to the narrow therapeutic window of TGT, unexpected tissue toxicity, particularly hepatotoxicity, need to be considered when treating NS patients. In addition, therapeutic drug monitoring of key TGT components should be included in clinical practice to reduce the risk of adverse reactions. Finally, the pharmacokinetic study of TGT in the clinic should consider the pathological status for further credible guidance information on clinical medication.
5 CONCLUSION
In summary, TGT exhibited clear therapeutic efficacy in NS rats, but aggravated hepatotoxicity under the NS state. The potential mechanism was related to the significant increase of in vivo exposure of the six key TGT components in NS rats. TPL, WA, WFG, WFT, WFD, and WFR were identified as the anti–NS material bases of TGT, whereas TPL, WFG, WFT, and WFD were recognized as hepatotoxic material bases. This work will be helpful for the rational clinical applications of TGT.
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Urolithin A (UroA) is one of the primary intestinal metabolites of ellagitannins, showing translational potential as a nutritional intervention in humans. Mounting evidence suggests that fructose consumption contributes to the progression of chronic kidney disease (CKD) that manifests in hyperuricemic nephropathy, renal inflammation, and tubulointerstitial injury. Here, we investigated the efficacy of UroA in alleviating fructose-induced hyperuricemic nephropathy in mice. Uric acid-exposed human kidney-2 (HK-2) cells were utilized for in vitro mechanism validation. Histopathological staining, immunoblotting, and transmission electron microscope were performed for the mechanistic investigations. Our results revealed that UroA ameliorated fructose-induced hyperuricemic nephropathy in mice. The histopathologic assessment showed that UroA attenuated tubular hypertrophy and dilation, glomerular basement membrane thickening, and collagen deposition in the kidney of fructose-fed mice. Mechanistically, UroA treatment impaired STING-NLRP3 activation, resulting in reduced production of proinflammatory cytokines IL-1β, IL-6, and TNF-α. Notably, UroA exhibited a scavenging effect against reactive oxygen species (ROS) and restored fructose-impaired PINK1/Parkin-mediated mitophagy in nephropathic mice. Furthermore, the inhibitory effect of UroA in STING-NLRP3 activation was impaired after Parkin gene silencing in HK-2 cells. Together, this study suggests that UroA alleviates fructose-induced hyperuricemic nephropathy by promoting Parkin-dependent mitophagy, thereby suppressing STING-NLRP3 axis-mediated inflammatory response. Thus, dietary supplementation with UroA or ellagitannins-rich foods may serve as a promising intervention to prevent CKD progression.
Keywords: urolithin A, hyperuricemic nephropathy, mitophagy, STING, NLRP3
INTRODUCTION
Chronic kidney disease (CKD) is a global public health issue defined as persistent alterations in kidney structure and function with adverse outcomes of end-stage renal disease (ESRD) and cardiovascular disease (CVD) (Jha et al., 2013). An epidemiology analysis indicates that the prevalence of CKD is estimated to be 700 million worldwide, with an increasing annual incidence and mortality (Collaboration, 2020). Intervention from the earlier stage of CKD appears imperative to slow its progression due to limited therapies and poor prognosis, indicating an urgent need to develop practical approaches for preventing CKD progression.
Hyperuricemic nephropathy is a common subtype of CKD and a clinical complication of hyperuricemia characterized by imbalanced purine metabolism and elevated serum uric acid levels (Li et al., 2020). The dietary fructose intake has been steadily increased over the past years in the form of sucrose or high-fructose corn syrup added to numerous manufactured foods like sugar-sweetened beverages, which is recognized as an independent risk factor contributing to the growing prevalence of metabolic diseases, especially in hyperuricemic nephropathy (Bomback et al., 2010; Johnson et al., 2010). Unlike glucose, excessive fructose consumption is dedicated to elevated serum uric acid concentration by stimulating purine metabolism, leading to the deposition of uric acid and crystals in the kidney to subsequently increase the risk of hyperuricemic nephropathy and even renal failure (Gersch et al., 2007; Srivastava et al., 2018). Mitophagy is a specific mitochondrial quality control mechanism that pertains to maintaining cellular homeostasis by selectively eliminating damaged mitochondria. Renal injury and metabolic stress in CKD are closely linked to mitochondrial dysfunction (Tang et al., 2021). During canonical PINK1/Parkin-mediated mitophagy, PINK1 is rapidly accumulated on the outer mitochondrial membrane (OMM) and recruits Parkin from the cytoplasm onto damaged mitochondria for initiating the autophagic degradation of these dysfunctional mitochondria (Matsuda et al., 2010). It has been documented that mitochondrial damage-induced mitochondrial DNA (mtDNA) leakage onto cytosol can bind with cyclic-GMP-AMP synthase (cGAS) to catalyze the synthesis of cyclic GMP-AMP (cGAMP) and subsequently promote the activation of the stimulator of interferon gene (STING), a crucial factor contributing to renal inflammation, injury, and fibrosis (Chung et al., 2019). As an essential molecule for cellular innate immune and inflammatory response, STING stimulates the activation of NOD-like receptor protein 3 (NLRP3) and promotes the release of mature inflammatory cytokines (Li et al., 2019). Further, STING exhibits proinflammatory effects in kidney diseases and is considered a promising interventional target of CKD (Gaidt et al., 2017; Maekawa et al., 2019). Thus, inhibiting STING-NLRP3 axis-mediated inflammation by promoting mitophagy may be a perspective strategy to delay CKD progression.
Ellagitannins are a family of polyphenols present in fruits and nuts exhibiting promising efficacy against metabolic disorders (Kiss and Piwowarski, 2018). As the major intestinal metabolite of ellagitannins, urolithin A (UroA) is quickly gathering attention due to similar or higher intrinsic biological effects to those of the parent compounds, such as anti-inflammatory activities and pro-autophagic effects (D'Amico et al., 2021; Hasheminezhad et al., 2022). In particular, UroA is acknowledged as a mitophagy inducer for health protection (Ryu et al., 2016; Andreux et al., 2019). It is unknown whether UroA-mediated mitophagy contributes to its efficacy in hyperuricemia-related nephropathy. In this study, the therapeutic effect of UroA was investigated in a fructose-induced hyperuricemic nephropathy mouse model. Our results demonstrate that UroA ameliorates hyperuricemic nephropathy by impairing STING-NLRP3 axis-mediated inflammatory response via Parkin-dependent mitophagy.
REAGENTS AND METHODS
Reagents
Urolithin A (UroA, purity ≥97%) was bought from Sigma-Aldrich. Fructose (purity ≥99%) was purchased from Aladdin biological technology Co., Ltd (Shanghai, China). Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were bought from Gibco (Grand Island, NY, USA). ELISA Kits of IL-1β, IL-6, and TNF-α were purchased from Ruixin Biotechnology Co., Ltd (Quanzhou, China). All other reagents were of analytical grade.
Mouse Monitoring
Female C57BL/6 mice (weight 18–20 g) were purchased from the Center of Experimental Animal of Hubei Province (Wuhan, Hubei, China), randomly ranged into four groups (n = 8). The wild-type (WT) group had free access to plain water; fructose-fed groups were given 30% fructose water freely for 8 weeks (Yang et al., 2015). Meanwhile, the administration groups were intragastrically administered with a gavage of UroA (50 or 100 mg/kg) once daily (Chen et al., 2020). All mice were euthanized at the end of animal experiments to collect kidney tissues and serum for further investigations. All involved animals were managed humanely according to protocols approved by the Institutional Animal Care and Use Committee of Hubei University of Chinese Medicine (HUCMS202106003).
Cell Culture
Human proximal tubule cell lines HK-2 were purchased from the Shanghai Institute of Biochemistry and Cell Biology (China), maintained in DMEM, along with 10% FBS and 1% penicillin-streptomycin at 37°C and 5% CO2. Uric acid was used to induce a hyperuricemic nephropathy cell model followed by treatment with different concentrations of UroA (0, 10, 20, 40 μM) and harvesting for further assessment after 24 h. Parkin-siRNA (GenePharma, Suzhou, China) and transfection reagent were incubated in DMEM for 20 min at room temperature to perform transfection in HK-2 cells. The Parkin-siRNA sequence (5′ to 3’) was as follows: sense: GGA​UCA​GCA​GAG​CAU​UGU​UTT; antisense: AAC​AAU​GCU​CUG​CUG​AUC​CTT. All in vitro experiments were repeated at least three times.
Measurement of the Biochemical Index and Inflammatory Factor
Urine was collected before the mice were sacrificed to determine urine protein. The blood sample was centrifuged at 3,000 rpm/min to obtain serum. Serum creatinine (Cr) and blood urea nitrogen (BUN) detections were performed to evaluate kidney function following protocols. For reactive oxygen species (ROS) detection, HK-2 cells and kidney tissues were stained with a 2′, 7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence probe using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The oxidative indices were measured in kidney tissues to assess renal oxidant injury, including glutathione peroxidase (GSH-Px), total superoxide dismutase (T-SOD), and malondialdehyde (MDA). ELISA Kits of IL-6, IL-1β, and TNF-α were utilized to quantity inflammatory cytokine concentration in both serum and kidney tissues according to the manufacturer’s instructions.
Hematoxylin-Eosin (H&E), Masson’s Trichrome Staining, and Periodic Acid-Schiff Staining
Kidney tissues were collected and fixed in 10% paraformaldehyde for more than 24 h, embedded in paraffin, and cut into 5 μm sections. For kidney histopathological examination, sections were dewaxed with xylene, rehydrated with ethanol at decreasing concentrations, and then stained with H&E, Masson, and PAS dyes, respectively. These sections were then observed and pictured under a microscope (Olympus IX 73 DP80, Tokyo, Japan).
Real-Time Quantitative Polymerase Chain Reaction
Total RNA was extracted using a TRIzol™ Reagent from kidney tissue homogenate and then converted into complementary DNA (cDNA) using a ReverTra Ace real-time PCR-RT kit. The RT-qPCR assay was subsequently performed using FastStart universal SYBR Green Master Mix (Roche, Basel, Switzerland) on an RT-qPCR thermal cycler (ABI StepOne, NY, USA) as previously described (Liu et al., 2021). The RT-qPCR amplification program was as follows (95°C × 5 min, 40 cycles of 95°C × 15 s and 60°C × 30 s) in a 10 µl reaction mixture. GAPDH was taken as an internal control for quantitative analysis. The identified primers are listed in Supplementary Table S1.
Mitochondrial DNA Copy Number Assay
Total DNA was extracted from HK-2 cells using a mammalian genomic DNA extraction kit (Beyotime Biotechnology). NADH dehydrogenase subunit 1 (ND1) gene encoded by mtDNA and GAPDH encoded by nuclear DNA (nDNA) were determined by RT-qPCR analysis as described previously (Du et al., 2020). The mtDNA/nDNA ratio was used to assess the relative mtDNA copy number. The primers are listed in Supplementary Table S1.
Western Blotting and Immunofluorescence
Western blot was performed to determine protein expression of kidney tissues and HK-2 cells. Briefly, cytosolic proteins were extracted by M-PER™ Mammalian Protein extraction Reagent (Thermo Scientific, USA) from kidney tissues or HK-2 cells, and the protein concentrations were then determined using a BCA kit. The extracted proteins were separated using SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto PVDF membranes at semi-dry conditions. After blocking skim milk, the blots were incubated with primary antibodies (Supplementary Table S2) overnight and subsequently bound with corresponding second antibodies for 1 h. The immunoblotting of target proteins was visualized with ECL reagents and captured with a chemiluminescence imager (G: BOX Chemi XRQ; Syngene, Cambridge, UK). For immunofluorescent analysis, kidney paraffin sections were heated at 60°C for 45 min, then dewaxed and rehydrated using a series of washing solutions to perform antigen retrieval in boiling sodium citrate buffer. Cell climbing slides were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.3% Triton x-100/PBS for 15 min at room temperature. Prepared kidney tissue sections and fixed cell climbing slices were incubated with primary antibodies overnight at 4°C. After that, slides were washed three times with PBS, incubated with DAPI and FITC-conjugated second antibodies for 1.5 h at 37°C, and ultimately observed under a fluorescent microscope (Olympus IX 73 DP80, Tokyo, Japan).
Transmission Electron Microscope Analysis
Kidney tissues were wholly immersed in an electron microscope fixative solution. Subsequently, the skinny slices were collected, fixated, dehydrated, infiltrated, embedded, stained, and observed by TEM (JEM1400, JEOL Ltd., Tokyo, Japan).
Statistical Analysis
Statistical analysis was realized by Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA). All data were expressed as Mean ± S.D. values. Two-tailed unpaired t-test and ANOVA were implemented between two groups and among three or more groups, respectively. p < 0.05 means statistical significance.
RESULTS
Urolithin A (UroA) Ameliorates Fructose-Induced Hyperuricemic Nephropathy in Mice
Long-term fructose consumption is associated with hyperuricemia, a significant risk factor for chronic kidney disease (CKD) (Gersch et al., 2007). To illustrate the efficacy of UroA improving fructose-induced hyperuricemic nephropathy, UroA intervention (50 or 100 mg/kg) was administrated by gavage to fructose-fed mice for 8 weeks (Figure 1A). Morphologically, kidneys showed mildly swelling in fructose-fed mice while tending to normal after UroA treatment (Figure 1B). Histopathological examination revealed tubular hypertrophy and dilation, glomerular basement membrane thickening, and collagen deposition in the nephropathic mice after 8 weeks of fructose consumption, markedly alleviated by UroA treatment (Figure 1C). Increasing serum uric acid, creatinine (Cr), blood urea nitrogen (BUN), and urinary protein levels are often observed in patients with hyperuricemia-related renal diseases (Sato et al., 2019). Similarly, the content of serum uric acid, Cr, BUN, and urinary protein were markedly higher in fructose-fed mice than that in the WT group but significantly reduced in UroA-treated cohorts (Figures 1D–F). Additionally, the elevation of CKD biomarker kidney injury molecule-1 (KIM-1) in fructose-fed mice was effectively reduced by UroA treatment at both serum content and mRNA level (Supplementary Figure S1). Altogether, these results suggest that UroA effectively ameliorates fructose-induced hyperuricemic nephropathy.
[image: Figure 1]FIGURE 1 | Urolithin A (UroA) ameliorates fructose-induced hyperuricemic nephropathic in mice. (A) Study design. (B) Kidney macroscopic appearance. (C) Hematoxylin-eosin (H&E), Periodic Acid-Schiff (PAS), and Masson’s trichrome staining of kidney tissues from the wild-type (WT) or fructose-fed mice with intragastric administration of either vehicle or UroA, respectively (Scale bar: 20 μm). Fructose-fed mice showed obvious pathological changes in kidney tissues, including tubular hypertrophy and dilation (black arrow), glomerular basement membrane thickening (green arrow), and collagen deposition (yellow arrow). (D–G) Fructose-fed mice exhibited a decline in serum uric acid (D), creatinine (Gr) (E), blood urea nitrogen (BUN) (F), and urine protein (G) after receiving UroA treatment for 8 weeks. Mean ± S.D., n = 8. ###p < 0.001 versus the WT group; *p < 0.05, **p < 0.01, ***p < 0.001 versus the fructose group. UroA-L and UroA-H represent intragastric administration of urolithin A at low (50 mg/kg/day) and high (100 mg/kg/day) doses, respectively.
Urolithin A (UroA) Attenuates Renal Oxidative Stress in Fructose-Induced Urate Nephropathic Mice
In this study, reactive oxygen species (ROS) production was prominently elevated in the kidney of fructose-fed nephropathic mice compared with that in mice of WT group, and it was strikingly suppressed by UroA treatment (Figure 2A). MDA, T-SOD, and GSH-Px are common indicators of oxidative stress. The renal content of MDA was increased along with decreased T-SOD and GSH-Px activity in fructose-fed mice versus controls. In contrast, UroA significantly decreased the MDA level and enhanced T-SOD and GSH-Px activity in fructose-induced nephropathic mice (Figures 2B–D). These findings demonstrate that UroA can attenuate renal oxidative stress in urate nephropathy.
[image: Figure 2]FIGURE 2 | Urolithin A (UroA) attenuates renal oxidative stress in fructose-induced urate nephropathic mice. (A) ROS level in renal tissues measured by 2′, 7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) staining. (B–D) MDA content and T-SOD/GSH-Px antioxidant enzyme activity in kidney tissues from the wild-type (WT) or fructose-fed mice with intragastric administration of either vehicle or UroA, respectively. Mean ± S.D., n = 8. ##p < 0.01, ###p < 0.001 versus the WT group; *p < 0.05, **p < 0.01, ***p < 0.001 versus the fructose group. UroA-L and UroA-H represent intragastric administration of urolithin A at low (50 mg/kg/day) and high (100 mg/kg/day) doses, respectively. Prot. is the abbreviation of protein.
Urolithin A (UroA) Impairs STING-NLRP3 Axis Mediated Renal Inflammatory Response in vivo
NLRP3 inflammasome is a multi-protein complex composed of NLRP3, apoptosis-associated speck-like protein (ASC), and cysteine aspartate-specific proteases-1 (caspase-1) that serves as a pivotal component on regulating the inflammatory response in CKD development. The cGAS-STING signaling is associated with NLRP3 inflammasome activation (Chung et al., 2019). Here, we investigated the inhibitory effect of UroA on the STING-NLRP3-mediated renal inflammation against fructose-induced hyperuricemic nephropathy. It is intriguing to find that UroA suppressed the renal protein expressions of cGAS and STING in mice (Figures 3A,B). ELISA assay showed that the levels of inflammatory cytokines in both kidney tissue and serum, including IL-1β, IL-6, and TNF-α, were decreased after UroA treatment (Figures 3C–E, Supplementary Figure S2). Meanwhile, the mRNA and protein levels of IL-1β, IL-6, and TNF-α were decreased by UroA administration (Figures 3F–H). In addition, UroA down-regulated the renal protein expressions of NLRP3, ASC, and Caspase-1 p20 in mice (Figures 3G,H). To further insight into the expressions of STING and NLRP3 in the kidney, we performed immunofluorescence, which showed that STING and NLRP3 were activation in the kidney of fructose feeding mice and effectively reduced by UroA administration (Figures 3I–K). These data suggest that UroA effectively alleviates renal inflammatory response and suppresses the STING-NLRP3 axis in nephropathic mice.
[image: Figure 3]FIGURE 3 | Urolithin A (UroA) impairs STING-NLRP3 axis mediated renal inflammatory response in vivo. (A,B) Representative immunoblot images of cGAS and STING protein expression in kidneys (A) and densitometric analysis (B). (C–E) The level of IL-1β (C), IL-6 (D), and TNF-α (E) in kidney tissues were detected by commercial enzyme-linked immunosorbent assays (ELISA). (F) Histograms show RT-qPCR quantification of IL-1β, IL-6, and TNF-α mRNA expression in the kidney tissues from the wild-type (WT) or fructose-fed mice with intragastric administration of either vehicle or UroA, respectively. The representative immunoblots of NLRP3, ASC, Caspase-1 p20, IL-1β, IL-6, and TNF-α were shown in (G). (H) Histograms show the protein expression of NLRP3, ASC, Caspase-1 p20, IL-1β, IL-6, and TNF-α quantified through the western blotting optical analysis shown in (G). β-actin was used as an internal reference. (I) Representative images of immunofluorescence staining of STING and NLRP3 of kidney tissue sections. Original magnification: ×400; Scale bar: 20 μm. (J,K) Densitometric analysis of STING (J) and NLRP3 (K). Mean ± S.D., n = 8 for RT-qPCR quantification analysis and n = 5 for kidney protein expression analysis. ##p < 0.01, ###p < 0.001 versus the WT group; *p < 0.05, **p < 0.01, ***p < 0.001 versus the fructose group. UroA-L and UroA-H represent intragastric administration of urolithin A at low (50 mg/kg/day) and high (100 mg/kg/day) doses, respectively. Prot.: protein.
Urolithin A (UroA) Promotes Renal PINK1/Parkin-Mediated Mitophagy in Fructose-Fed Mice
As a quality control mechanism for the clearance of damaged mitochondria, mitophagy has been reported to participate in the development of diverse metabolic diseases, including nephropathy (Livingston et al., 2019). In this study, the protein expressions of PINK1, Parkin, and LC3 II were increased by contrast with the decreased of p62 in the kidneys of UroA-treated mice (Figures 4A,B). To further investigate the localization of PINK1/Parkin-mediated mitophagy in the kidneys, we next examined the colocalization of Parkin and translocase of outer mitochondrial membrane 20 (TOMM20), a critical mitochondrial membrane protein as a biomarker of mitochondria. Colocalizations were decreased in the kidneys of fructose-fed mice but were more co-localized after UroA administration (Supplementary Figure S3). According to the mitophagy pathways, damaged mitochondria were transported to lysosomes for degradation via LC3 binding. Thus, we further explored the renal colocalization of LC3, TOMM20, and lysosomal-associated membrane protein 1 (LAMP1), three markers of the mitophagy process. It resulted in fewer TOMM20 puncta but more LC3, LAMP1 puncta, and more colocalizations of these three mitophagy markers in the kidneys of UroA-treated mice compared with that in the fructose-fed mice (Figures 4C–F), indicating the occurrence of mitophagy process. Furthermore, transmission electron microscopy (TEM) assessment showed that mitochondria in renal tubular epithelial cells were swollen, and the ridge structure almost disappeared, with no obvious mitophagy observed in nephropathic mice. Of note, UroA administration restored the impaired renal mitophagy in fructose-fed mice (Figure 4G). Altogether, our data indicate that UroA facilitates PINK1/Parkin-mediated mitophagy in the kidneys of nephropathic mice.
[image: Figure 4]FIGURE 4 | Urolithin A (UroA) promotes renal PINK1/Parkin-mediated mitophagy in fructose-fed mice. (A,B) Representative immunoblots of PINK1, Parkin, p62, and LC3 I/II protein levels in mouse kidneys (A) and densitometric analysis (B). β-actin was used as an internal reference. (C) Representative images of immunofluorescence staining of LC3, LAMP1, and TOMM20 of kidney tissue sections (Red, LC3; Purple, LAMP1; Green, TOMM20). Original magnification: ×400; Scale bar: 20 μm. (D–F) Densitometric analysis of LC3 (D), LAMP1 (E), and TOMM20 (F). (G) Representative transmission electron microscopy (TEM) images in the kidney tissues from the wild-type (WT) or fructose-fed mice with intragastric administration of either vehicle or UroA, respectively. N: nucleus; M: mitochondria; autolysosomes (red arrow). Mean ± S.D., n = 5. #p < 0.05, ###p < 0.001 versus the WT group; *p < 0.05, **p < 0.01, ***p < 0.001 versus the fructose group. UroA-L and UroA-H represent intragastric administration of urolithin A at low (50 mg/kg/day) and high (100 mg/kg/day) doses, respectively.
Urolithin A (UroA) Inhibits STING-NLRP3 Activation by Promoting Parkin-Dependent Mitophagy in vitro
Next, a uric acid (UA)-induced hyperuricemic HK-2 cell model was established for mechanism validation in the efficacy of UroA on ameliorating hyperuricemic nephropathy. Firstly, the ROS level was examined to show that the ROS level was increased in UA-induced cells while it was markedly decreased after UroA intervention (Figure 5A). Since the leakage of mitochondrial DNA (mtDNA) is a significant inducer of activating STING signal, we next determined the mtDNA/nuclear DNA (mtDNA/nDNA) ratio, and it downregulated after UroA intervention (Figure 5B). Western blotting analysis revealed that UroA intervention reduced the protein expression of cGAS, STING, NLRP3, Caspase-1 p20, and IL-1β (Figures 5C,D). Immunofluorescence assay showed that the expression of STING and NLRP3 in UA-induced HK-2 cells was restrained by UroA treatment (Figures 5E–G). Moreover, UroA up-regulated the protein expression of PINK1, Parkin, and LC3 II, and reduced the expression of p62 (Figures 5H,I). We further elucidate the correlation between Parkin-mediated mitophagy and STING-NLRP3 signaling. The results demonstrated that UroA-mediated suppression of STING-NLRP3 cascade was counteracted in Parkin-silenced HK-2 cells (Figures 5J,K). Overall, it indicates that UroA inhibits STING-NLRP3 mediated inflammatory activation by promoting Parkin-dependent mitophagy.
[image: Figure 5]FIGURE 5 | Urolithin A (UroA) inhibits STING-NLRP3 activation by promoting Parkin-dependent mitophagy in vitro. (A) Representative immunofluorescence blots of ROS levels in the MOCK or uric acid (UA)-induced HK-2 cells with the administration of UroA (0–40 μM), respectively. (B) Mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) ratio in uric acid-induced HK-2 cells with the administration of UroA. (C,D) Representative immunoblots of cGAS, STING, NLRP3, Caspase-1 p20, and IL-1β in HK-2 cells (C) and densitometric analysis (D). (E–G) Representative blots of STING and NLRP3 immunofluorescence in HK-2 cells (E) and fluorescence intensity analysis (F,G). (H,I) Representative immunoblots of PINK1, Parkin, p62, and LC3 I/II protein levels in HK-2 cells (H) and densitometric analysis (I). (J,K) Representative immunoblots of Parkin, LC3 I/II, STING, NLRP3, Caspase-1 p20, and IL-1β in the uric acid (UA)-induced HK-2 cells after parkin silencing (J) and densitometric analysis (K). β-actin was used as an internal reference. Mean ± S.D., n = 5. ##p < 0.01, ###p < 0.001 versus the MOCK group; *p < 0.05, **p < 0.01, ***p < 0.001 versus the UA treated group; △△p < 0.01, △△△p < 0.001 versus the UA and UroA co-processing group.
DISCUSSION
The kidney is an essential hub regulating circulating uric acid since it excretes about 70% of total body uric acid (Lipkowitz, 2012). As the final metabolic production of purine metabolism, excessive uric acid accumulates when the balance between synthesis and excretion is disrupted, leading to hyperuricemia and urate crystal deposition in the kidney, which further facilitates renal oxidative stress and inflammatory response in hyperuricemic nephropathy (Kang and Nakagawa, 2005). A chronic fructose diet is a risk factor for hyperuricemic nephropathy. Urolithin A (UroA) is one of the major natural intestinal metabolites of ellagitannins found in pomegranates, berries, nuts, etc., with various pharmacological potentials (Cheng et al., 2021; Zhang et al., 2022). However, the beneficial effect of UroA against hyperuricemic nephropathy and the underlying mechanism needs further investigation. In this study, we investigated the ameliorative effect of UroA in fructose-induced hyperuricemic nephropathy. Our results revealed that the serum uric acid level and renal function indicators (Cr, BUN, and urine protein) were increased in fructose-fed mice, along with apparent renal injury (tubular hypertrophy and dilation, glomerular basement membrane thickening, and collagen deposition). Significantly, these abnormities were improved after UroA treatment. Mechanistically, UroA inhibited the activation of STING-NLRP3 signaling by promoting PINK1/Parkin-mediated mitophagy. To the best of our knowledge, this study is the first to demonstrate the efficacy of UroA in fructose-induced hyperuricemic nephropathy, and the underlying mechanism may refer to the inhibition of STING-NLRP3 activation and restoration of PINK1/Parkin-mediated mitophagy.
It is also believed that the kidney behaves as a mitochondrial-enriched and metabolically active organ to be a significant consumer of molecule oxygen in the body. The deposition of uric acid and urinary crystals generated by fructose overloading can stimulate excess ROS production, which triggers mitochondrial stress and aberrant tubular inflammation leading to renal injury (Cristóbal-García et al., 2015; Srivastava et al., 2018). Our data revealed that UroA reduced renal ROS and MDA levels accompanied by the elevations of anti-oxidant enzyme activity (t-SOD and GSH-px), which contributes to its anti-oxidant effect in fructose-fed mice. PINK1/Parkin-mediated mitophagy has been indicated as a crucial player in various pathophysiological processes by selective elimination of damaged mitochondria. In detail, PINK1 proteolysis is suppressed when the subset of mitochondria is damaged, allowing the deposition of PINK1 on the outer mitochondrial membrane (OMM) as the prerequisite for recruitment of E3 ubiquitin ligase Parkin (Chen and Dorn, 2013). Subsequently, Parkin ubiquitylates mitochondrial substrates to mediate the formation of polyubiquitin chains, which are further identified by the ubiquitin-binding adaptor p62 (also known as sequestosome 1, SQSTM1) to initiate mitophagy via LC3 binding, thereby contributing to the degradation of damaged mitochondria cargo in lysosomes (Geisler et al., 2010; Nguyen et al., 2016). Notably, cellular mitophagy is widely identified in CKD progression as a protective mechanism validated in fructose-induced renal injury (Gu et al., 2021; Ding et al., 2022), indicating that the enhancement of mitophagy that maintains mitochondrial homeostasis can serve as a potential strategy for ameliorating CKD. Mechanistically, we found that UroA increased the protein expressions of PINK1, Parkin, and LC3II to promote mitophagy in fructose-induced nephropathic mice and uric acid-induced in vitro experiments. As a selective form of autophagy, the process of mitophagy also mainly consists of three sequential steps, including autophagosome formation, transportation to the lysosomes, and degradation in the lysosomes. LC3, TOMM20, and LAMP1 are chosen as the selective markers for the above three steps, respectively. Hence, we subsequently determined the presence and colocalization to mark the occurrence of mitophagy. Complete results of colocalization revealed that UroA facilitated the transportation of LC3 into mitochondria and afterward fusion with the lysosome, thus promoting cellular mitophagy. All data suggests that UroA is capable of promoting PINK1/Parkin-mediated mitophagy in CKD development.
STING is a crucial regulator of innate immune and inflammatory response, and its activation involved in the process of renal injury (Allison, 2019; Chung et al., 2019). Cyclic GMP-AMP synthase (cGAS) is a cytosolic DNA sensor involved in the development of multiple diseases by binding mtDNA (leakage by mitochondrial injury) directly and catalyzing the production of cyclic GMP-AMP (cGAMP) to activate STING signaling and build the linkage between mitophagy and STING-mediated inflammation (Sun et al., 2013; Willemsen et al., 2021). Considering the interaction between mtDNA and STING activation, we evaluated whether UroA affected the mtDNA/nDNA ratio in uric acid-induced HK-2 cells. Our data suggested that UroA reduced the relative level of mtDNA copy numbers. Moreover, the dysregulated STING signaling recruits TANK-binding kinase 1 (TBK1) to activate the pivotal inflammatory sensor NLRP3 that contributes to the active transformation of proinflammatory cytokines (e.g., IL-1β, IL-18, and MCP-1) (Gaidt et al., 2017; Fischer et al., 2021). Thus, we further investigated whether UroA inhibited STING-NLRP3 axis-mediated inflammatory response. In this study, UroA significantly suppressed the renal protein expressions of STING-NLRP3 signaling and the release of inflammatory factors (IL-1β, IL-6, TNF-α) in fructose-fed mice. There have been reports that STING is presumably activated in macrophages (Luo et al., 2018). Interestingly, we observed STING activation in kidneys of hyperuricemic nephropathy mice, which was decreased after UroA intervention. With that, we further validated the underlying mechanism of UroA in attenuating hyperuricemic nephropathy in uric acid-induced HK-2 cells, and similar results were reconfirmed in vitro. Recent studies suggest that PINK1/Parkin-mediated mitophagy attenuates renal inflammatory injury by inhibiting cGAS-STING signaling activation (Sliter et al., 2018; Chung et al., 2019). Similarly, our data showed that the inhibitory effect of UroA in STING-NLRP3 activation was impaired after silencing Parkin in HK-2 cells, indicating that UroA may abolish STING-NLRP3 axis-mediated inflammation by retriggering Parkin-dependent mitophagy. Additionally, our data also revealed that UroA repressed the expression of fibrotic markers (TGF-β and α-SMA), demonstrating that UroA could be beneficial for improving renal fibrosis (Supplementary Figure S4) in CKD progression.
In summary, our study demonstrates the ameliorative effect of UroA in fructose-induced hyperuricemic nephropathy. In vivo and in vitro data suggest that UroA can mitigate STING-NLRP3 axis-mediated inflammatory response by promoting Parkin-dependent mitophagy. Therefore, dietary supplementation with UroA or ellagitannins-rich foods might serve as a promising approach to delaying CKD progression.
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Background: Urolithiasis or kidney stones is a common and frequently occurring renal disease; calcium oxalate (CaOx) crystals are responsible for 80% of urolithiasis cases. Phyllanthus niruri L. (PN) has been used to treat urolithiasis. This study aimed to determine the potential protective effects and molecular mechanism of PN on calcium oxalate-induced renal injury.
Methods: Microarray data sets were generated from the calcium oxalate-induced renal injury model of HK-2 cells and potential disease-related targets were identified. Network pharmacology was employed to identify drug-related targets of PN and construct the active ingredient-target network. Finally, the putative therapeutic targets and active ingredients of PN were verified in vitro and in vivo.
Results: A total of 20 active ingredients in PN, 2,428 drug-related targets, and 127 disease-related targets were identified. According to network pharmacology analysis, HMGCS1, SQLE, and SCD were identified as predicted therapeutic target and ellagic acid (EA) was identified as the active ingredient by molecular docking analysis. The increased expression of SQLE, SCD, and HMGCS1 due to calcium oxalate-induced renal injury in HK-2 cells was found to be significantly inhibited by EA. Immunohistochemical in mice also showed that the levels of SQLE, SCD, and HMGCS1 were remarkably restored after EA treatment.
Conclusion: EA is the active ingredient in PN responsible for its protective effects against CaOx-induced renal injury. SQLE, SCD, and HMGCS1 are putative therapeutic targets of EA.
Keywords: Phyllanthus niruri L., calcium oxalate-induced renal injury, network pharmacology, ellagic acid, lipid nephrotoxicity
1 INTRODUCTION
Phyllanthus niruri L. (PN) belongs to Phyllanthus Linn., Subgen. Phyllanthus, Sect. Phyllanthus and the species Phyllanthus niruri. It is distributed in China, India, Indochina Peninsula, Malay Archipelago, and tropical America (China Plants Database, http://db.kib.ac.cn/CNFlora/HierarchicalSearch.aspx). Since the 1940s, the chemical constituents of PN have been systematically studied, and the plant has been reported to contain a variety of beneficial ingredients (Krishnamurti and Seshadri, 1946). Pharmacological studies have shown that it has anti-cancer, anti-inflammatory, anti-oxidation, anti-fungal, anti-virus, and other activities. PN as a diuretic is widely used in clinical medicine, as a traditional treatment in Brazil (Kaur et al., 2017; Kieley et al., 2008). In addition, A.H.Campos et al. (Freitas et al., 2002) and J.L.Nishiura et al. (Nishiura et al., 2004) have shown via experimental and clinical studies, respectively, that PN can treat kidney stones.
Urolithiasis or kidney stones is a common and frequently occurring disease worldwide. It is mainly characterized by back pain, abdominal pain, hematuria, nausea, and vomiting. It can cause serious urinary tract infection, acute renal function declines, urinary tract obstruction, and other adverse consequences. The prevalence of urolithiasis in China is 7.54%, and the recurrence rate is 50% 5–10 years after the first treatment (Wang et al., 2017). Stone formation in urolithiasis occurs due to the accumulation of human metabolites, therefore, some patients are closely related to metabolic factors. Metabolic abnormalities, such as hypercalciuria, hyperoxaluria, and hyperuricemia, occur in a high proportion of patients with kidney stones (Abu-Ghanem et al., 2016). Calcium oxalate (CaOx) crystals are implicated in 80% of urolithiasis cases (Evan, 2010; Khan et al., 2016).
Renal tubular epithelial cells are the primary targets of CaOx-induced renal injury. CaOx crystals interact with renal tubular epithelial cells, resulting in cellular injury that becomes the attachment site of crystals (Scheid et al., 2004). The damage of renal tubular epithelial cells leads to further crystallization, crystal retention, and development of stone (Khan, 2004). It is worth noting that during this process, renal tubular cells undergo some adaptive changes to prevent subsequent harm. This reaction is termed acquired renal cytoresistance, which is characterized by the accumulation of cholesterol in cells (Oner and Cirrik, 2009). Cholesterol accumulation increases plasma membrane stability and protects cells from further toxic damage (Zager et al., 1999). However, if left unchecked, these initially beneficial effects may increase the risk of kidney stones (Taguchi et al., 2020; Wang et al., 2022) and progressive renal injury (Kim et al., 2009; Zager et al., 2011). In addition, it is reported that renal tubular cell injury is mediated by lipid accumulation associated with changes in gene expression related to cholesterol transport and synthesis (Kim et al., 2020). In this study, we investigated the mechanisms by which PN manifests its protective effects against CaOx-induced renal injury for a better understanding of its protective properties, especially those related to lipid nephrotoxicity.
2 MATERIALS AND METHODS
2.1 Cell Culture and Treatment
Human renal tubular epithelial HK-2 cells were purchased from American Type Culture Collection (ATCC; Manassas, United States). The cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Hyclone, United States), containing 10% fetal bovine serum (Gibco, United States), 100 U/mL penicillin, and 100 U/mL streptomycin (Sangon, China). Cells were cultured at 37°C and 5% CO2. The cells were divided into the following three groups: 1) cells in the sodium oxalate (NaOx; Su Yi Chemical Reagent Co., Ltd., Shanghai, China) group were incubated in DMEM/F12 at a concentration of 1 mM (NaOx group) for 12 or 24 h, 2) cells in the Ellagic acid (NaOx + EA group) were incubated in DMEM/F12 for 12 or 24 h, 3) cells in the PBS were incubated in DMEM/F12 (Ctrl group). The EA concentration was selected based on the results of a Cell Counting Kit 8 (CCK8) assay (Beyotime, China). EA was purchased from Source Leaf Creature (Shanghai, China).
2.2 Microarray Analysis
The duration (24 h) and concentration (1 mM) of NaOx exposure of the cell model were set based on the results of a previous study (Huang et al., 2005). Microarray analysis was performed using Affymetrix HTA 2.0 Transcriptome Arrays.
2.3 Network Pharmacology
The active ingredients in PN were determined from available data reported in the literature and the potential drug-related targets were determined from the STITCH database (confidence score > 0.15, http://stitch.embl.de/) and PharmMapper Server (The top 100 pharmacophore candidates, http://www.lilab-ecust.cn/pharmmapper/). The disease-related targets were screened from microarray analysis and the conditions were set as FC ≥ 2 and p value < 0.05 or FC ≤ 0.5 and p value < 0.05. Next, the targets of PN active ingredients were mapped to disease-related targets to obtain the predicted therapeutic targets. The active ingredient-target network was constructed using Cytoscape (version 3.8.0) to comprehensively understand the complex interactions between PN, its active ingredients, and their therapeutic targets. The main active ingredients and their putative therapeutic targets were determined.
2.4 Molecular Docking
Molecular docking was performed using AutoDock Vina (version 1.1.2, US) (Trott and Olson, 2010). The simplified molecular input line entry system (SMILES) structure of EA (ingredient CID: 5,281,855) was obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The interactions between EA and its putative therapeutic targets were predicted by AutoDock Vina. The docking scores (to predict binding affinity) and the EA-protein complexes were extracted from AutoDock Vina. Ligand-protein interactions were analyzed using LigPlus (version 2.24, UK) (Laskowski and Swindells, 2011) software and two-dimensional figures were obtained. Then, the PyMoL (version 4.5.0, https://www.schrodinger.com/pymol) is used to make three-dimensional figures.
2.5 Animals
Male C57BL/6 mice aged 6 weeks were (Changzhou Cavens Lab Animal Co., Ltd. Jiangsu, China) maintained in a special pathogen-free (SPF) animal house at 25°C with 12 h of light per day and free access to water and food. All animal procedures are approved by the Laboratory Animal Ethics Committee of Naval Medical University. The mice (n = 18) were randomly divided into the following three groups: control group (Con; n = 6), glyoxylate-induced CaOx group (Gly; n = 6), and EA treatment group (Gly + EA; n = 6). The Gly and Gly + EA group mice were subjected to intraperitoneal injection of glyoxylate (80 mg/kg; UDChem Technology Co., Ltd. Shanghai, China) once daily for 7 days and the Con group was treated with the same volume of saline. The Gly + EA group was intragastrically administrated once daily with EA (20 mg/kg) for 7 days. On the eighth day, all mice were sacrificed; their left kidney tissues were collected and fixed in 10% formaldehyde, embedded in paraffin, cut into 4 μm sections, subjected to hematoxylin and eosin (HE) staining and immunohistochemical analysis; after the right kidney was homogenized, the relative calcium content of total protein, GPx activities, and MDA content were determined by calcium assay kit, GPx, and MDA detection kits, respectively. (Jiancheng, Nanjing, China). The blood was collected and centrifuged to extract the serum for serum creatinine detection.
2.6 Western Blot
Total protein was isolated from HK-2 cells. The HK-2 cell proteins samples were incubated with anti-GAPDH (1:1,000, Proteintech), anti-β-actin (1:1,000, Proteintech), anti-SCD (1:1,000, Proteintech), anti-SQLE (1:1,000, Proteintect), anti-HMGCS1(1:1,000, Proteintech) and anti-p53 (1:1,000, Proteintech) overnight. The secondary antibodies (Licor, United States) were incubated at room temperature for 2 h. The intensity of the immunofluorescent signals was detected using the Odyssey fluorescence imaging system (GENE, United States).
2.7 Histology, Immunohistochemistry (IHC) and Immunofluorescence
Mouse kidneys were fixed in 10% formalin, embedded in paraffin, cut into 4 μm-thick sagittal sections, and stained with HE. Treated HK-2 cells were fixed with 4% paraformaldehyde, permeabilized with 1% Triton X-100, and then blocked with BSA. Both HK-2 cells and kidney tissue sections were incubated overnight with anti-SCD (1:1,000, Proteintech), anti-SQLE (1:1,000, Proteintech), and anti-HMGCS1 (1:1,000, Proteintech) antibodies. The cell nuclei were stained with DAPI after incubating with Alexa Fluor 488 (1:100) for 1 h in the dark. The fluorescence intensity of the HK-2 cells was observed under a confocal microscope. Representative IHC images of kidney sections (200x magnification) were selected and semiquantitative analysis of images using ImageJ software (version 1.6.0, US) are displayed.
2.8 Statistical Analysis
The experimental data are expressed as (mean ± standard error). The SPSS (version 19.0, US) software was used for statistical data analysis. Graphs were made using GraphPad Prism (version 9.0, US). The independent t-test and one-way ANOVA analysis were used for analyzing the difference between experimental groups. A difference of p < 0.05 between the groups was considered statistically significant.
3 RESULTS
3.1 Network Pharmacology Analyses
3.1.1 Active Ingredient Screening
The active ingredients in PN were determined from literature (Bagalkotkar et al., 2006; Li et al., 2007; Kaur et al., 2017; Jantan et al., 2019). The active ingredients that were discussed in at least 75% of the literature were shortlisted for our analysis. As described in Table 1 active ingredients of PN were considered for our analysis.
TABLE 1 | List of the 20 active ingredients of Phyllanthus niruri L.
[image: Table 1]3.1.2 The Active Ingredient-Predicted Therapeutic Target Network Analysis
The STITCH database and PharmMapper Serve were used together to screen the targets of 20 active ingredients of PN. Totally, 1,688 and 781 potential targets were retrieved from the above two databases, respectively (Supplementary Tables S1,2). After removing the repetitive targets, the total amount of obtained potential drug-related targets reduced to 2,428 (Figure 1A). In order to probe the potential disease-related targets, we performed transcription profiling on affymetrix microarray HTA 2.0. Figure Figure1B shows the differential expression of the 127 targets (Supplementary Table S3).
[image: Figure 1]FIGURE 1 | Hub ingredients and targets screening (A) An ingredient-target network and nodes represent ingredients (red) and targets form STITCH (blue), Pharmmapper (green) or both (orange) (B) Heatmap of potential disease-related targets on microarray analysis between HK-2 cells cultured with (NaOx group) or without (Ctrl group) NaOx (C) Venn diagram showing the overlap of diease-related (Oxalate-induced renal injury related) targets (blue) and drug-related (Phyllanthus niruri. L related) targets (green) (D) The active ingredient-predicted therapeutic target network.
At the intersection of potential drug-related targets and disease-related targets were 14 potential therapeutic targets, as shown by the venn diagram (Figure 1C). Inputting this information, an active ingredient-predicted therapeutic target network was visualized using Cytoscape. As shown in Figures 1A,D total of 23 relationships (edges) between 20 nodes were identified. Degree of active ingredients analyzed by NetworkAnalyzer tool in Cytoscape (Supplementary Table S4), and the top two hub active ingredients, quercetin, and EA were identified. Of interest is that EA has important antioxidant, anti-inflammatory, and anti-apoptotic effects, and has been shown to improve kidney histology and decrease kidney injury biomarker levels (Liu et al., 2020; Neamatallah et al., 2020). In addition, the hub targets corresponding to EA were SQLE, HMGCS1, SCD, HMGB2, and FLNA. Of these, SQLE, HMGCS1, and SCD are related to lipid metabolism and cholesterol synthesis (Brown and Goldstein, 1997; Samuel et al., 2014).
3.1.3 Molecular Modeling and Ligand Docking
Next, the binding affinities between EA and the three therapeutic targets, SQLE, SCD, and HMGCS1, were evaluated using the AutoDock Vina software. Molecular docking programs use scoring functions to evaluate the binding energy of predicting ligand-receptor complexes. As shown in Table 2, the scores of the binding energies of EA with SCD, SQLE, and HMGCS1 are −10.6 kcal/mol, −9.8 kcal/mol, and −7.6 kcal/mol, respectively. The two-dimensional and three-dimensional molecular docking diagrams of the three therapeutic targets with EA and its original ligands are shown in Figure 2 and Table 2. All of them have low docked binding energy, which is considered desirable.
TABLE 2 | The AutoDock Score of putative targets with ellagic acid and the amino acid residue of targets via hydrogen bonds and hydrophobic contact.
[image: Table 2][image: Figure 2]FIGURE 2 | Molecular docking. Three-dimensional (left) and two-dimensional (right) ligand interaction diagrams of ellagic acid and the original ligands of HMGCS1 (A), SCD (B), and SQLE (C).
3.2 SQLE, HMGCS1 and SCD Expression in the Model of Oxalate Renal Injury
In order to further explore the expression characteristics of SQLE, HMGCS1 and SCD in oxalate renal injury models, we initially screened for potential SQLE, HMGCS1 and SCD by determining transcripts in three data sets (GSE36446, GSE186676, and GSE192703). The GSE datasets were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The results showed that SQLE was up-regulated in mice model of glyoxylate (Gly)-induced oxalate renal injury; SQLE and HMGCS1 were up-regulated in HEK293 T cells model of calcium oxalate monohydrate (COM)-induced oxalate renal injury; SQLE, HMGCS1and SCD were up-regulated in rats model of hydroxy-l-proline (HLP)-induced oxalate renal injury (Figure 3A). At the same time, our HK-2 cell model experiment in vitro verified that the expressions of SQLE, SCD, and HMGCS1 increased with the increasing time of NaOx stimulation (Figures 3B,C, Supplementary Table S5). The same trend showed that SCD, HMGCS1 and SQLE were up-regulated in oxalate-induced renal injury.
[image: Figure 3]FIGURE 3 | The changing trend of SQLE, HMGCS1, and SCD in oxalate-induced renal injury models (A) The Heatmap of SQLE, HMGCS1and SCD were shown in three GSE databases (B) Expression of SQLE, HMGCS1 and SCD protein was detected by Western blot in the sodium oxalate group (NaOx) at 0, 12, and 24 h (C) Western blot displayed as column charts after quantification.
3.3 Ellagic Acid Protects HK-2 Cells Against Oxalate-Induced Injury by Reducing the Expression of SQLE, HMGCS1, and SCD
The cytotoxic effect of EA was investigated using HK-2 cells with CCK8 assay. As shown in Figure 4A, we chose a concentration of 20 µM of EA for the experiments (Supplementary Table S6). Furthermore, The cellular viability of HK-2 cells was inhibited after NaOx stimulation, but restored after treatment with EA (Figure 4B, Supplementary Table S7). The western blot analysis showed that EA treatment downregulated NaOx-induced injury elevation of SQLE, HMGCS1, and SCD (Figure 4C). As shown in Figure 4D, the fluorescence intensity of SQLE, HMGCS1, and SCD in the NaOx group was higher than that in the ctrl group, and the fluorescence intensity decreased after EA treatment.
[image: Figure 4]FIGURE 4 | Ellagic acid protects NaOx-induced injury in cells and reduces the expression of SQLE, HMGCS1, and SCD (A) The cytotoxicity of ellagic acid on HK-2 cells determined by the CCK8 assay (B) The cytotoxicity of ellagic acid on NaOx treated HK-2 cells determined by the CCK8 assay (C) The expression of SQLE, HMGCS1, and SCD by Western blot in the control group (Ctrl), sodium oxalate group (NaOx), and ellagic acid treatment group (NaOx + EA) (D) Cells were analyzed by immunocytochemistry (100X) in the control group (Ctrl), sodium oxalate group (NaOx), and ellagic acid treatment group (NaOx + EA).
3.4 Ellagic Acid Protects Calcium Oxalate-Induced Renal Injury in Mice by Reducing the Expression of SQLE, HMGCS1, and SCD
As shown in Figures 5A,B, EA protects CaOx-induced renal injury in mice. In the HE staining of kidney sections, compared with the Con group, interstitial cell infiltration in Gly mice was significantly more severe. After EA intervention, the injury of renal tubules was gradually alleviated. Serum creatinine level was significantly decreased after EA intervention (Supplementary Table S8). In addition, the oxidative stress in mice kidney was evaluated by determining glutathione peroxidase (GPx) activities and malondialdehyde (MDA) content. As shown in Figure 5C, MDA content in the Gly mice increased significantly compared with that in the Con mice, and GPx activities in Gly mice decreased significantly compared with those in the Con mice. All changes after EA intervention can be called back. From the total calcium content in the kidney of different groups of mice (Figure 5C), it can be seen that EA intervention can significantly reduce the total calcium content of Gly mice. The IHC result was shown in Figure 5D, the expression of SCD HMGCS1 and SQLE in the Gly group was considerable increased compared with that in the Con group. After EA treatment, the expression of these indicators decreased. This finding was further confirmed by IHC semiquantitative analysis.
[image: Figure 5]FIGURE 5 | Ellagic acid protects calcium oxalate-induced renal injury in mice and reduces the expression of SQLE, HMGCS1, and SCD (A) Representative light microscopy images of hematoxylin and eosin staining of kidneys from the control group (Con), glyoxylate-induced CaOx group (Gly), and ellagic acid treatment group (Gly + EA) (magnification, ×200; scale bar = 50 μm) (B) Serum creatinine level in control group (Con), glyoxylate-induced CaOx group (Gly), and ellagic acid treatment group (Gly + EA) (C) The GPx activities, MDA, and total calcium content in control group (Con), glyoxylate-induced CaOx group (Gly), and ellagic acid treatment group (Gly + EA) (D) Expression of SCD, HMGCS1, and SQLE were analyzed by immunohistochemistry (IHC) (left) Representative light microscopy images of IHC staining of kidney of mice (magnification, ×200; scale bar = 50 μm (up) and 25 μm (down)); (right) Semi-quantitative score of SCD, HMGCS1, and SQLE.
3.5 Ellagic Acid Protects HK-2 Cells Against Oxalate-Induced Injury by Reducing the Expression of p53
We used the PROMO database to predict the common transcription factors of SCD, SQLE, HMGCS1, which also included p53 (Supplementary Figure S1). As shown in Figure 6A, in our HK-2 cell model experiment in vitro, the western blot analysis showed that the expressions of p53 increased with the increasing time of NaOx stimulation. The change can be reversed by the addition of EA (Figure 6B). In addition, the results of molecular docking show that the two-dimensional and three-dimensional molecular docking diagrams of p53 with EA (Figure 6C). The score of the binding energies is -6.5 kcal/mol.
[image: Figure 6]FIGURE 6 | Ellagic acid reduces the expression of p53 (A) Expression of p53 protein was detected by western blot in the sodium oxalate group (NaOx) at 0, 12, and 24 h (B) Expression of p53 protein was detected by Western blot in the ellagic acid treatment group (NaOx + EA) at 0, 12, and 24 h (C) Two-dimensional (left) and three-dimensional (right) ligand interaction diagrams of ellagic acid and the original ligands of p53.
4 DISCUSSION
Natural herbal medicines are typical multi-component, multitarget, and multi-pathway agents; they contain active ingredients which are responsible for their pharmacological activity. Our study aimed to identify the key active ingredients of PN, which has several medicinal properties, and their putative therapeutic targets based on network pharmacology.
Network pharmacology is a promising approach for the study of traditional Chinese medicine (TCM). In recent years, with the popularization of network pharmacology, an integrated approach of network pharmacology and multi-omics has become an important tool for analyzing the mechanisms of action of TCM. Transcriptomics has been widely applied with network pharmacology analysis to characterize the molecular mechanisms underlying therapeutic effects. In this study, we employed network pharmacology and transcriptomics to analyze the mechanism of PN in the treatment of CaOx-induced renal injury and enabled the identification of the active ingredient (EA) in PN and its core targets (HMGCS1, SQLE, and SCD). Moreover, the experimental results were consistent with the results of network pharmacology mining, increasing the reliability of network pharmacology network prediction.
3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1) is a metabolic enzyme involved in the formation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), an important substrate in mevalonate pathway (Gruenbacher and Thurnher, 2015). The mevalonate pathway is an enzymatic cascade responsible for synthesizing cholesterol (Thurnher et al., 2013). Squalene epoxidase (SQLE) is one of the rate-limiting enzymes in the biosynthesis of cholesterol. SQLE can further affect the synthesis of cholesterol in mevalonate pathway by affecting the catalysis of squalene (Yu et al., 2020). Stearoyl-CoA desaturase (SCD) is an important regulatory enzyme of de novo lipogenesis, which catalyzes the biosynthesis of unsaturated fatty acids (Dobrzyn and Ntambi, 2004). Lipid has two-sided. An appropriate increase can produce a protective effect and an excessive increase can cause oxidative damage, lead to tissue lipid peroxidation, and finally cause lipotoxicity. Lipid homeostasis is crucial to prevent lipotoxicity. Our in vivo and in vitro experiments showed that SQLE, SCD and HMGCS1 increased significantly in the CaOx-induced renal injury models, suggesting the existence of lipid nephrotoxicity and progressive renal injury.
In addition, more and more evidence supports the lipid metabolism mediated by p53 tumor suppressor. The studies of Lacroix M et al. (Lacroix et al., 2021) suggest the importance of p53-SCD axis in lipid metabolism. The effect of p53 on Mevalonate Pathway was also suggested in the study of Freed-Pastor WA et al. (Freed-Pastor et al., 2012). The results of molecular docking not only suggested that EA might interact with SCD, SQLE, HMGCS1 protein directly, but also suggested that p53 transcription factor might regulate the above three targets. The results of immunoblotting imply the regulatory effect. Therefore, we speculate that EA may not only directly bind to SCD, SQLE, HMGCS1 and inhibit its expression, but also indirectly affect p53 and further affect the three downstream proteins.
In CaOx-induce renal injury, crystals precipitate in renal tubules and interact with renal tubular epithelial cells to induce oxidative stress and inflammation (Khan et al., 2021). Excessive oxidative stress and inflammation will not only increase the deposition and retention of oxalate crystals in tubular cells, but also lead to the development of fibrosis (Khan, 2014). Epithelial mesenchymal transition (EMT) is an important initial link of renal interstitial fibrosis and plays an important role in the repair of renal tissue injury (Kalluri and Neilson, 2003). In renal crystal induced renal injury, EMT occurs in renal tubular epithelial cells in the early stage of renal stone formation or crystal induced renal injury, and then triggers the process of renal fibrosis (Hu et al., 2015). Sun Y et al. (Sun et al., 2020) confirmed that the increase of renal cholesterol caused by abnormal cholesterol metabolism will increase oxidative stress injury. Kong YL et al. (Kong et al., 2020) confirmed that the excessive accumulation of cholesterol in cells may stimulate the increase of NLRP3 and induce inflammatory response. In addition, Accumulation of cholesterol can activate PI3K-Akt signaling pathway (Yue et al., 2014). Activated PI3K-Akt signaling pathway will aggravate renal inflammation and oxidative stress injury (Ang et al., 2015). Si YC et al. (Si et al., 2021) confirmed that inhibiting the activation of PI3K-Akt signaling pathway in oxalate crystallization mouse model can reduce crystalline kidney injury and inhibit the occurrence and development of EMT. In conclusion, we can speculate that abnormal cholesterol metabolism leads to the accumulation of cholesterol, which may increase the damage of oxidative stress, inflammation and fibrosis in the kidney.
EA is an active natural polyphenol ingredient with antibacterial, anti-inflammatory, hepatoprotective, anti-obesity, and anti-tumor effects (Chen et al., 2018). Furthermore, several studies have shown that EA can modulate lipid metabolism, which inhibits lipid accumulation by suppressing early adipogenic events and cell cycle arrest (Okla et al., 2015; Woo et al., 2015). Therefore, synthesize our experimental verification results, the possible mechanism diagram of EA regulating lipid metabolism in CaOx-induced renal injury was shown in Figure 7. Considering the molecular docking results, we speculate that EA may reduce the transformation of cholesterol in damaged HK-2 cells and protect cells in CaOx-induced renal injury by inhibiting the activities of HMGCS1, SCD, and SQLE.
[image: Figure 7]FIGURE 7 | Diagram of the putative regulatory mechanisms of the ellagic acid.
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Traditional Chinese medicine (TCM) is an important complementary and alternative branch of chronic kidney disease (CKD) therapy. Jian-Pi-Yi-Shen formula (JPYSF) is a TCM formula used for treating CKD with good efficacy. However, the underlying mechanisms of JPYSF in treating CKD remain to be elucidated. The purpose of the present study was to investigate the renoprotective effect and potential mechanism of JPYSF in treating CKD. CKD rat model was induced by feeding a diet containing 0.75% w/w adenine for 4 weeks. JPYSF was given by gavage every day, starting from the 3rd week of the adenine-containing diet and continuing for 4 weeks at the dose of 10.89 g/kg. Renal injury was evaluated by serum creatinine (Scr), blood urea nitrogen (BUN), histopathology, and fibrotic markers expression. Serum levels of tryptophan metabolites were detected by ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). Aryl hydrocarbon receptor (AHR) signaling was tested by Western blot analysis. The results found that JPYSF treatment significantly lowered Scr and BUN levels, improved renal pathological injury, and down-regulated fibrotic markers expression in CKD rats. Furthermore, JPYSF significantly reduced the levels of 10 tryptophan metabolites in the serum of CKD rats and restored the level of tryptophan. Additionally, the kidney expression of AHR signaling was enhanced in CKD rats and was further suppressed in JPYSF treated rats. These results suggested that JPYSF protected against adenine-induced CKD via modulating tryptophan metabolism and AHR activation.
Keywords: chronic kidney disease, traditional Chinese medicine, Jian-Pi-Yi-Shen formula, tryptophan metabolism, aryl hydrocarbon receptor
INTRODUCTION
Chronic kidney disease (CKD) is a progressive disease characterized by structural and functional changes to the kidney due to various causes (Kalantar-Zadeh et al., 2021). The global burden of CKD is growing rapidly. In 2017, 697.5 million cases of all-stage CKD were recorded, for a global prevalence of 9.1%, which resulted in 1.2 million deaths (Bikbov et al., 2020). Traditional Chinese medicine (TCM) is an important complementary and alternative branch of CKD therapy and is being used by a great amount of the world’s population (Li and Wang, 2005). Jian-Pi-Yi-Shen Formula (JPYSF) contains 8 Chinese medicinal herbs and has been used in clinical treatment of CKD for decades with good efficacy. Our previous studies found that JPYSF could delay CKD progression in both 5/6 nephrectomy and adenine-induced CKD rat models (Liu et al., 2018; Lu et al., 2018; Liu et al., 2020; Liu et al., 2021a; Liu et al., 2021b). However, the mechanism of its efficacy remains to be further elucidated.
CKD is characterized by the accumulation of uremic toxins, which contribute to the pathogenesis of some of the systemic complications in CKD patients (Walker et al., 2020). Among uremic toxins, those derived from tryptophan metabolism are particularly of importance because they are associated with cardiovascular toxicity and are the ligands of the aryl hydrocarbon receptor (AHR) (Brito et al., 2017). Emerging evidence implicated that the AHR signaling pathway was activated both in CKD patients and in animal models of CKD (Dou et al., 2018; Ren et al., 2021). The AHR is a ligand-activated nuclear transcription factor that belongs to the basic helix-loop-helix protein superfamily. Physiologically, AHR is located in the cytoplasm and dimerizes with heat shock protein 90, X-associated protein 2, and co-chaperone p23 to form an inactive protein complex (Hankinson, 1995). After ligand binding, the protein complex undergoes a conformational change to expose the nuclear localization sequence of AHR. Then, the AHR-ligand protein complex translocates into the nucleus to act as a transcription factor. In the nucleus, AHR binds to aryl hydrocarbon receptor nuclear translocator (ARNT) to promote transcription of a wide variety of genes, such as cytochrome P450 (CYP) family, AHR repressor, et al. (Wright et al., 2017; Kou and Dai, 2021). In the present study, we aimed to investigate the effects of JPYSF on tryptophan metabolism and AHR signaling activation in adenine-induced CKD rat model.
MATERIALS AND METHODS
JPYSF Extract and Antibodies
JPYSF consists of 8 herbs, namely Astragalus mongholicus Bunge [Fabaceae] (30 g), Atractylodes macrocephala Koidz. [Asteraceae] (10 g), Dioscorea oppositifolia L. [Dioscoreaceae] (30 g), Cistanche deserticola Ma [Orobanchaceae] (10 g), Wurfbainia vera (Blackw.) Skornick. & A.D. Poulsen [Zingiberaceae] (10 g), Salvia miltiorrhiza Bunge [Lamiaceae] (15 g), Rheum palmatum L. [Polygonaceae] (10 g), and Glycyrrhiza uralensis Fisch. ex DC. [Fabaceae] (6 g). The plant names were validated using http://mpns.kew.org/mpns-portal/?_ga=1.111763972.1427522246.1459077346. The preparation and quality control of JPYSF extract have been described in detail in our previous studies (Liu et al., 2018; Wang F. et al., 2020). The multiple reaction monitoring (MRM) chromatograms of 9 main compounds present in JPYSF extract were shown in Supplementary Figure S1. The primary antibodies used in the present study included rabbit anti-fibronectin (FN), rabbit anti-type IV collagen (Col-IV), rabbit anti-CYP1B1 (abcam, Cambridge, MA, United States), mouse anti-α-smooth muscle actin (α-SMA), mouse anti-β-actin (Sigma-Aldrich, St Louis, MO, United States), rabbit anti-AHR, rabbit anti-CYP1A2, mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Proteintech, Wuhan, China), rabbit anti-ARNT (Cell Signaling Technology, Beverly, MA, United States), and rabbit anti-CYP1A1 (Bioss, Beijing, China). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Cell Signaling Technology (Beverly, MA, United States).
Animals and Treatment
Healthy male Sprague-Dawley (SD) rats (6–8 weeks, 150–180 g) were provided by Guangdong Medical Laboratory Animal Center (Foshan, China). All rats were acclimated for one week with free access to food and water. A total of 18 rats were randomly divided into three groups: the control group (n = 6); the CKD group (n = 6); and the JPYSF treatment group (CKD + JPYSF, n = 6). CKD was induced by feeding a diet containing 0.75% adenine for 4 weeks as our previous reported (Liu et al., 2019). Rats in the CKD + JPYSF group were given 10.89 g/kg JPYSF per day by gavage for 4 weeks starting from the 3rd week of the adenine-containing diet. Rats in the control and CKD groups were gavaged with equal amounts of double-distilled water. At the end of experiment, rats were euthanized and blood and kidney samples were collected rapidly for further analysis. The above animal experimental protocol was approved by the Experimental Animal Ethics Committee of Guangzhou University of Chinese Medicine.
Renal Function Indexes
The evaluation of serum creatinine (Scr) and blood urea nitrogen (BUN) were measured by Creatinine Serum Detection Kit and Blood Urea Nitrogen Detection Kit (StressMarq Biosciences, British Columbia, Canada), respectively.
Pathology
Paraffin-embedded kidney tissues were cut into 4 µm sections. After deparaffinization and rehydration, kidney sections were stained with periodic acid-Schiff (PAS) and Masson’s trichrome, respectively. Then, representative pictures were captured by using Axio Imager M2 microscope and ZEN 2.6 software (Carl Zeiss, Jena, Germany). Tubular injury was scored according to the atrophy and shedding of tubular epithelial cells and tubular dilation in PAS staining. The scoring rules were as follows: 0 = no tubular injury; 1 = < 10%; 2 = 10%–25%; 3 = 26%–50%; 4 = 51%–75%; and 5 = > 75% tubular injury (Cortes et al., 2018). Quantitative analysis of tubulointerstitial fibrosis in Masson staining was performed using ImageJ software (NIH, Bethesda, MD, United States).
Western Blotting
Frozen kidney cortexes were pulverized in liquid nitrogen and homogenized in RIPA lysis buffer (Cell Signaling Technology, Beverly, MA, United States) containing a protease inhibitor cocktail. Equal amounts of proteins were separated on 7% or 10% SDS-PAGE gels and then transferred to nitrocellulose membranes (Millipore, Billerica, MA, United States). The membranes were blocked with 5% skim milk for 1 h at room temperature and incubated with primary antibodies overnight at 4°C. The next day the blots were incubated with the secondary antibodies for 1 h at room temperature and then were visualized and quantified by ChemiDoc MP imaging system and Image Lab software version 5.1 (Bio-Rad Laboratories, Hercules, CA, United States).
Immunohistochemistry
Paraffin-embedded kidney tissues were cut into 6 μm sections. After dewaxing and antigen repair, the slides were incubated with 3% hydrogen peroxide for 10 min and were blocked with 10% goat serum for 1 h at room temperature. Then, the primary antibodies were added to the sections and incubated overnight at 4°C. The following day, the sections were treated with the corresponding rabbit or mouse SignalStain Boost Detection Reagent (Cell Signaling Technology) for 30 min and then developed with SignalStain diaminobenzidine (DAB) substrate (Cell Signaling Technology) to produce a brown product. The integrated optical density (IOD) values of the positively stained areas were measured using ImageJ software (NIH, Bethesda, MD, United States). Two microscopic fields (×200) of each rat and three rats in each group were measured in a blinded manner.
Metabolites Extraction
Serum samples were obtained from fully clotted blood by centrifugation at 2,000 rpm for 10 min. A 100 μl aliquot of each individual sample was precisely transferred to an Eppendorf tube. After the addition of 400 μl of extract solution (methanol:acetonitrile = 1:1, precooled at −40°C, containing 0.1% formic acid and isotopically-labelled internal standard mixture), the samples were vortexed for 30 s and sonicated for 5 min in the ice-water bath, followed by subsiding at −40°C for 1 h. After centrifugation (15 min, 12,000 rpm, and 4°C), a 400 μl aliquot of the supernatant was transferred to an Eppendorf tube. Then the supernatant was evaporated to dryness under a gentle stream of nitrogen and was reconstituted in 100 μl water containing 0.1% formic acid. After centrifugation (15 min, 12,000 rpm, and 4°C), the clear supernatant was subjected to UHPLC-MS/MS analysis.
Standard Solution Preparation
A total of 28 tryptophan metabolites were quantified in the present study (Supplementary Table S1). Stock solutions were individually prepared by dissolving or diluting each standard substance to give a final concentration of 1 mmol/L. An aliquot of each of the stock solutions was transferred to an Eppendorf tube form a mixed working standard solution. A series of calibration standard solutions were then prepared by stepwise dilution of this mixed standard solution (containing isotopically-labelled internal standard mixture in identical concentrations with the samples).
UHPLC-MS/MS Analysis
The UHPLC separation was carried out using an EXIONLC System (Sciex), equipped with a Waters ACQUITY UPLC HSS T3 column (100 × 2.1 mm, 1.8 μm, Waters). The mobile phase A was 0.1% formic acid in water, and the mobile phase B was 0.1% formic acid in acetonitrile. The column temperature was set at 40°C. The auto-sampler temperature was set at 4°C and the injection volume was 5 μl. A SCIEX 6500 QTRAP + triple quadrupole mass spectrometer (Sciex) equipped with an IonDrive Turbo V electrospray ionization (ESI) interface was applied for assay development. Typical ion source parameters were: Curtain Gas = 40 psi, IonSpray Voltage = ±4500 V, temperature = 500°C, Ion Source Gas 1 = 30 psi, Ion Source Gas 2 = 30 psi. The multiple reaction monitoring (MRM) parameters for each of the targeted analytes were optimized using flow injection analysis, by injecting the standard solutions of the individual analytes into the API source of the mass spectrometer. Several most sensitive transitions were used in the MRM scan mode to optimize the collision energy for each Q1/Q3 pair (Supplementary Table S2). Among the optimized MRM transitions per analyte, the Q1/Q3 pairs that showed the highest sensitivity and selectivity were selected as ‘quantifier’ for quantitative monitoring. The additional transitions acted as ‘qualifier’ for the purpose of verifying the identity of the target analytes. SCIEX Analyst Work Station software (Version 1.6.3) and Sciex MultiQuant software (Version 3.0.3) were employed for MRM data acquisition and processing.
Calibration Curves
Calibration solutions were subjected to UHPLC-MS/MS analysis using the methods described above. In calibration curves, y is the ratio of peak areas for analyte/IS, and x is the ratio of concentration for analyte/IS. Least squares method was used for the regression fitting. 1/x weighting was applied in the curve fitting since it provided highest accuracy and correlation coefficient (R2). The level was excluded from the calibration if the accuracy of calibration was not within 80%–120%.
Limit of Detection and Limit of Quantitation
The calibration standard solution was diluted stepwise, with a dilution factor of 2. These standard solutions were subjected to UHPLC-MS/MS analysis. The signal-to-noise ratios (S/N) were used to determine the lower limits of detection (LLODs) and lower limits of quantitation (LLOQs). The LLODs and LLOQs were defined as the analyte concentrations that led to peaks with signal-to-noise ratios (S/N) of 3 and 10, respectively, according to the US FDA guideline for bioanalytical method validation.
Precision and Accuracy
The precision of the quantitation was measured as the relative standard deviation (RSD), determined by injecting analytical replicates of a QC sample. The accuracy of quantitation was measured as the analytical recovery of the QC sample determined. The percent recovery was calculated as [(mean observed concentration)/(spiked concentration)] × 100%.
Statistical Analysis
Data in the study were expressed as the mean ± standard error of the mean (SEM). One-way ANOVA followed by Tukey’s post hoc test or Student’s t-test was applied for calculating statistical differences. The statistical analyses and graphs were performed by using GraphPad Prism 9 Software (La Jolla, CA, United States). p < 0.05 was considered statistically significant differences.
RESULTS
JPYSF Improved Renal Function and Pathological Injury in CKD Rats
Compared with the control group, the levels of Scr (2.60 ± 0.37 mg/dl vs. 0.58 ± 0.04 mg/dl, p < 0.001) and BUN (50.79 ± 4.49 mg/dl vs. 16.51 ± 2.47 mg/dl, p < 0.001) were significantly increased in CKD rats (Figures 1A,B). JPYSF treatment remarkably reduced the levels of Scr and BUN in CKD rats. In PAS staining, CKD rats showed shedding of renal tubular epithelial cells and tubular dilation. Masson staining showed obvious collagen deposition in the tubulointerstitium of CKD rats. These pathological injuries were ameliorated by JPYSF treatment (Figure 1C). In addition, administration of JPYSF had no apparent effect on liver function as evaluated by serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) (Supplementary Figure S2). These results indicated that JPYSF could protect against adenine-induced CKD without side effect on liver function.
[image: Figure 1]FIGURE 1 | Effects of JPYSF on renal function and pathological injury in adenine-induced CKD rats. (A) Serum creatinine levels. (B) Blood urea nitrogen levels. (C) Representative PAS and Masson staining images and quantitative analysis of tubular injury and fibrosis. All images are shown at identical magnification, ×200, scale bar = 50 μm. Values are expressed as mean ± SEM, n = 6 rats per group (*p < 0.05, **p < 0.01, and ***p < 0.001 between the indicated two groups).
JPYSF Alleviated Renal Fibrosis in CKD Rats
FN, Col-IV, and α-SMA are indicators of renal fibrosis. In Western blot analysis, the expression of these three indicators in the kidneys of CKD rats was significantly increased (p < 0.001), and could be reversed by JPYSF treatment (p < 0.05) (Figures 2A–D). Further results from immunohistochemistry showed that JPYSF reduced the elevated expression of Col-IV and α-SMA in the kidneys of CKD rats (p < 0.001, Figures 2E–G). These data suggested that JPYSF attenuated renal fibrosis in adenine-induced CKD.
[image: Figure 2]FIGURE 2 | Effects of JPYSF on renal fibrosis in adenine-induced CKD rats. (A) Representative Western blot images of FN, Col-IV, and α-SMA expression in the kidneys of rats. (B–D) Densitometric analysis of FN, Col-IV, and α-SMA normalized to β-actin or GAPDH content (n = 6). (E) Representative immunohistochemistry images of Col-IV and α-SMA expression in the kidneys of rats. All images are shown at identical magnification, ×200, scale bar = 50 μm. (F,G) Quantitative analysis of positive staining areas for Col-IV and α-SMA (n = 3). Values are expressed as mean ± SEM (*p < 0.05, **p < 0.01, and ***p < 0.001 between the indicated two groups).
Accuracy of the UHPLC-MS/MS Method
As shown in Supplementary Table S3, the LLODs ranged from 0.01 to 312.50 nmol/L, and the LLOQs ranged from 0.02 to 625.00 nmol/L for the targeted metabolites. Correlation coefficients (R2) of regression fitting were above 0.9961 for all the analytes, indicating a good quantitative relationship between the MS responses and the analyte concentrations, which was satisfying for targeted metabolomics analysis. Supplementary Table S4 lists the analytical recoveries and RSDs of the QC samples. The recoveries determined were 86.05%–106.62% for all the analytes, with all RSDs below 12.32%. These analysis metrics indicated that the method allowed accurate quantitation of the targeted metabolites in the biological sample in the concentration range described as above.
Comparison of Metabolic Profiles Between Groups
To compare the differences in metabolic profiles between groups, principal component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis (OPLS-DA) were performed. The PCA score plots showed clear separation when comparing the control group with the CKD group, but not complete separation when comparing the CKD group with the CKD + JPYSF group (Figures 3A,B). In the more reliable OPLS-DA model, the score plots could all be divided into two distinct clusters in the above two sets of comparisons (Figures 3C,D). These results suggested that metabolic profiles were altered in the CKD model and could be modulated by JPYSF treatment.
[image: Figure 3]FIGURE 3 | The score scatter plots of PCA and OPLS-DA model. (A) PCA score plot of the control group versus the CKD group. (B) PCA score plot of the CKD group versus the CKD + JPYSF group. (C) OPLS-DA score plot of the control group versus the CKD group. (D) OPLS-DA score plot of the CKD group versus the CKD + JPYSF group. The red circle represents the control group, the blue square represents the CKD group, and the purple diamond represents the CKD + JPYSF group.
Comparison of the Changing Trends of Tryptophan Metabolites Between Groups
A total of 28 metabolites of tryptophan were detected in this study. The changes in the content of each metabolite in the comparison of the control group with the CKD group and the comparison of the CKD group with the CKD + JPYSF group were summarized in Figures 4A,B. Compared with the control group, the levels of 16 metabolites were significantly increased and the levels of 4 metabolites were significantly decreased in the serum of rats in the CKD group (Figure 4C). These 16 up-regulated tryptophan metabolites had good diagnostic value for CKD with area under the curve (AUC) at 0.833–1.000 in receiver operating characteristic (ROC) analysis (Supplementary Figure S3). Administration of JPYSF treatment significantly down-regulated 11 metabolites and up-regulated 4 metabolites contents in CKD rats (Figure 4D). These results indicated that JPYSF could regulate tryptophan metabolism in CKD rats.
[image: Figure 4]FIGURE 4 | Differences in tryptophan metabolites content in different groups. (A) Heatmap analysis between the control group and the CKD group. (B) Heatmap analysis between the CKD group and the CKD + JPYSF group. In the heatmap, red represents increase and blue represents decrease. (C) Volcano plot analysis of the CKD group compared with the control group. (D) Volcano plot analysis of the CKD + JPYSF group compared with the CKD group. In the volcano plot, red represents significant up-regulation, green represents significant down-regulation, and grey represents insignificant difference.
Identification of Tryptophan Metabolites Modulated by JPYSF in CKD Rats
It was found that JPYSF could significantly restore the levels of 11 tryptophan metabolites by comparing the data of the three groups. Among these metabolites, 3-hydroxyanthranilic acid (3-HAA), 3-hydroxykynurenine (3-HK), 5-hydroxyindoleacetic acid (5-HIAA), anthranilic acid (AA), indole-3-acetyl-alanine (IAA-Ala), indole-3-acetyl-aspartate (IAA-Asp), 3-indoleglyoxylic acid (IGA), indoxylsulfate (IS), kynurenic acid (KYNA), and skatole were significantly elevated in the CKD group and were significantly down-regulated by JPYSF treatment. The level of L-tryptophan (Trp) was decreased in the CKD group and could be restored by JPYSF (p < 0.05, Figure 5).
[image: Figure 5]FIGURE 5 | Effects of JPYSF on 11 tryptophan metabolites in adenine-induced CKD rats. Values are expressed as mean ± SEM, n = 6 rats per group (*p < 0.05, **p < 0.01, and ***p < 0.001 between the indicated two groups).
JPYSF Suppressed AHR Signaling Activation in CKD Rats
Tryptophan metabolites are important endogenous AHR ligands in CKD (Brito et al., 2017). We further examined the activation of AHR signaling in the kidneys of CKD rats with or with JPYSF. As shown in Figure 6, the expression of AHR and ARNT were significantly increased in the kidneys of CKD rats, which was suppressed by JPYSF treatment (p < 0.001). The downstream proteins of AHR signaling, CYP1A2 and CYP1B1, were significantly up-regulated in the CKD group. JPYSF could down-regulate CYP1B1 expression in CKD rats (p < 0.05, Figure 6). These results suggested that AHR signaling was activated in the kidney of CKD rat and could be partially restored by JPYSF treatment.
[image: Figure 6]FIGURE 6 | Effects of JPYSF on AHR signaling in adenine-induced CKD rats. (A) Representative Western blot images of AHR, ARNT, CYP1A1, CYP1A2, and CYP1B1 expression in the kidneys of rats. (B–F) Densitometric analysis of AHR, ARNT, CYP1A1, CYP1A2, and CYP1B1 normalized to GAPDH content. Values are expressed as mean ± SEM, n = 6 rats per group (*p < 0.05, **p < 0.01, and ***p < 0.001 between the indicated two groups, ns means not significant).
DISCUSSION
In the present study, we investigated the effects of JPYSF on tryptophan metabolism and AHR signaling activation in adenine-induced CKD rat model. The results showed that JPYSF alleviated adenine-induced kidney dysfunction and renal fibrosis. JPYSF could modulate tryptophan metabolism, reduce the levels of tryptophan-derived uremic toxins, and inhibit AHR signaling activation. These results provided insights into the molecular mechanism of JPYSF in adenine-induced CKD.
Tryptophan (Trp) is an essential amino acid and plays a crucial role in protein biosynthesis and diverse metabolic functions (Kałużna-Czaplińska et al., 2019). There are three metabolic pathways for tryptophan: 1) The kynurenine pathway metabolizes 95% of tryptophan. This pathway is started by the rate-limiting enzymes tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO) that catalyze the production of kynurenine from tryptophan. Then, various metabolites are derived from kynurenine, such as 3-HAA, 3-HK, KYNA, AA, and quinolinic acid (QA) (Fatokun et al., 2013). It has been reported that the serum level of Trp was decreased whereas metabolites of the kynurenine pathway were increased in CKD patients (Saito et al., 2000; Pawlak et al., 2001). Similar with this, our results also showed a decreased level of Trp and increased levels of 3-HAA, 3-HK, AA, and KYNA in the serum of adenine-induced CKD rat. Importantly, JPYSF treatment significantly reduced the levels of kynurenine metabolites and restored Trp content in CKD rat, which reflected its regulatory effect on the kynurenine pathway. 2) The serotonin pathway that leads to melatonin. 3) The indolic pathway that leads to the indolic uremic toxins. In this pathway, tryptophan is converted to indole by the gut microbiota and absorbed into the blood circulation (Aronov et al., 2011). In the liver, indoles are metabolized to IS and indoxyl-β-D glucuronide (IDG) (Meyer and Hostetter, 2012). IS, IAA, and IDG are commonly accumulated in patients with CKD (Duranton et al., 2012). In the present study, JPYSF markedly lowered the elevated levels of IS, IAA-Ala, IAA-Asp, and IGA in CKD rats, suggesting an inhibitory effect on the indolic pathway.
The AHR is a ligand-activated transcription factor that was originally discovered to mediate the toxicity 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Poland and Knutson, 1982). In recent years, however, it has become apparent that AHR is activated not only by exogenous toxins but also by endogenous ligands (Safe et al., 2020). Patients with CKD are exposed to uremic toxins, especially those derived from tryptophan metabolism. Dou et al. reported that compared to sera from healthy controls, sera from CKD patients displayed a strong AHR-activating potential; strongly correlated with estimated glomerular filtration rate (eGFR) and with the IS concentration. In mice with 5/6 nephrectomy, there was also an increased serum AHR-activating potential and could be enhanced by IS injection (Dou et al., 2018). AHR transactivating activity was higher in patients with pre-dialysis CKD stage IV or V than in patients undergoing dialysis, which may be related to the concentration of uremic toxins (Kim et al., 2020). The mechanisms of AHR affecting CKD are thought to be related to the crosstalk between AHR signal and rennin angiotensin aldosterone system, transforming growth factor-β1 (TGF-β1) pathway, and nuclear factor kappa B (NF-κB) pathway (Curran and Kopp, 2022). Therefore, AHR signaling may be a pharmacological target in CKD (Mo et al., 2020). Wang et al. identified novel poricoic acids from Poria cocos and found that they attenuated renal fibrosis through the modulation of AHR signaling pathway in TGF-β1-induced cultured human kidney proximal tubular epithelial cells and mice with unilateral ureteral obstruction (Wang M. et al., 2020). Fisetin, a bioactive flavonol, was reported to improve hyperuricemia-induced CKD via regulating gut microbiota-mediated tryptophan metabolism and AHR activation (Ren et al., 2021). In our study, JPYSF was found to suppress the activation of AHR signaling in the kidney of CKD rat. However, the specific compounds targeting AHR signaling in JPYSF require further investigation.
Based on the theory of traditional Chinese medicine, “deficiency in Ben and excess in Biao” is the basic pathogenesis of CKD. “Deficiency in Ben” is mainly due to deficiency of the spleen and kidney, and “excess in Biao” mainly refers to blood stasis, water-dampness and toxins. In JPYSF, Huang-qi, Bai-zhu, Shan-yao, and Rou-cong-rong nourish the spleen and kidney; Dan-shen activates blood circulation, Dou-kou removes dampness, and Da-huang clears toxins. Therefore, the combination of these herbs hits the core pathogenesis of CKD and exerts therapeutic effect. Tryptophan metabolites are one of the sources of uremic toxins in CKD patients. Our data suggested that JPYSF reduced serum tryptophan metabolite levels in CKD rats. This provides an experimental basis for the application of traditional Chinese medicine formula in the treatment of CKD.
CONCLUSION
In conclusion, our data demonstrated that JPYSF treatment alleviated renal dysfunction and fibrosis in rat of adenine-induced CKD. This therapeutic effect may be related to the regulation of tryptophan metabolism and inhibition of AHR signaling activation.
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The nephrotoxicity of Fructus Psoraleae, an effective traditional Chinese medicine for vitiligo treatment, has been reported. As one of the main toxic components in Fructus Psoraleae, bavachin (BV) was considered to be related to Fructus Psoraleae-caused adverse outcomes, but the direct evidence and molecular mechanism underlying BV-induced nephrotoxicity are not well elucidated. Therefore, this study was designed to confirm whether BV would cause toxic effects on the kidney and explore the possible mode of action. Our results demonstrated that days’ treatment with 0.5 μM BV indeed caused obvious renal fibrosis in the zebrafish kidney. The obvious E- to N-cadherin switch and the expressions of proteins promoting epithelial–mesenchymal transition (EMT) were observed in BV-treated human renal tubular epithelial and zebrafish kidneys. In addition, elevated reactive oxygen species (ROS) levels and Bip/eIF2α/CHOP-mediated endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) were caused by BV, both of which could be reversed by ROS scavenger N-acetyl-L-cysteine (NAC). Also, blocking ER stress-caused cytoplasmic Ca2+ overload with 4-PBA notably alleviated BV-induced alterations in key molecular events related to EMT and renal fibrosis. Furthermore, of the natural compounds subjected to screening, ginsenoside Rb1 significantly downregulated BV-induced ER stress by inhibiting ROS generation and following the activation of Bip/eIF2α/CHOP signaling in HK2 cells. Subsequently, BV-triggered EMT and renal fibrosis were both ameliorated by ginsenoside Rb1. In summary, our findings suggested that BV-induced ROS promoted the appearance of EMT and renal fibrosis mainly via Bip/eIF2α/CHOP-mediated ER stress. This ER stress-related toxic pathway might be a potential intervention target for BV-caused renal fibrosis, and ginsenoside Rb1 would be a promising drug against BV- or Fructus Psoraleae-induced nephrotoxicity.
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1 INTRODUCTION
Traditional Chinese medicine (TCM), effective alternative therapy for various diseases, has been widely used in China and other Asian countries for thousands of years (X. Liu et al., 2019). However, the complex components and unclear potential toxicity of TCM seriously hindered their clinical application (R. Liu et al., 2020; Zhong, Menon, Deng, Chen, & He, 2015). In recent years, several studies have demonstrated that some TCM could lead to chronic kidney disease (CKD) and renal fibrosis, which has been considered the final pathway for the development of CKD and was characterized by tubular epithelial–mesenchymal transition (EMT), interstitial myofibroblast activation, excessive extracellular matrix deposition, and fibrotic tissue remodeling.
Fructus Psoraleae (Buguzhi), the dry and mature fruit of plant Cullen corylifolium (L.) Medik. (Fabaceae) (syn. of Psoralea corylifolia L.), is a well-known TCM for external as well as internal treatment of various diseases, for instance, alopecia, inflammation, leukoderma, leprosy, psoriasis, and eczema from ancient times (Alam, Khan, & Asad, 2018). Regardless of its rich pharmacological activities, the adverse effects of Fructus Psoraleae have also been reported in recent years. For instance, Fructus Psoraleae decoction caused hepatotoxicity and nephrotoxicity in rats after 7 days of administration (A. Li et al., 2016). In vitro studies showed that Fructus Psoraleae could induce toxicity to human renal tubular epithelial cells by damaging cell membrane, inducing cell apoptosis, inhibiting intracellular DNA synthesis, blocking cell mitosis, and inhibiting cell proliferation (F. Jiang, Zhou, Wang, & Zhang, 2010). But the exact toxic component and molecular mechanism underlying Fructus Psoraleae-induced nephrotoxicity were not fully understood. Bakuchiol, as the main constituent of Fructus Psoraleae, was found to have a toxic effect on mouse liver and kidney at high doses (Hu et al., 2018; Z. J. Li et al., 2017; Y. Zhang, Liu, Wu, & Wang, 1981). However, our previous study demonstrated that bavachin (BV), another newly discovered toxic substance in Fructus Psoraleae, could cause obvious hepatotoxicity at very low doses, implying BV might be one of the main toxic components of Fructus Psoraleae-induced nephrotoxicity (Y. Yang et al., 2018).
EMT refers to the switching of cells from an epithelial state to a mesenchymal fibroblast state, accompanied by decreased intercellular adhesion and increased motility. There are three different subtypes of EMT, including type I EMT, type II EMT, and type III EMT. Type II EMT associated with fibrosis has commonly been considered the main fibrogenic process in renal fibrosis. More than 30% of the novel fibroblasts originate from local EMT (X. Liu et al., 2019). Furthermore, recent studies have identified EMT as a key determinant of the progression from adaptive to maladaptive repair in renal fibrosis (Lovisa et al., 2015; Qi et al., 2021). In general, the initiation of EMT aims to prevent epithelial stress response, but overactivated EMT significantly affects renal tubular epithelial cells uptake and secretion functions, induces G2 cell cycle arrest, and impairs tissue repair (Lovisa et al., 2015). Furthermore, EMT could cause interstitial fibrosis, inflammation, and immune recruitment by altering the epithelial secretome profile (Vincent & Fuxe, 2017; Wang et al., 2020). But so far, no direct evidence has focused on the relationship between BV and EMT.
Mechanistically, excessive oxidative stress and/or inflammatory reaction-induced EMT have been supposed to play critical roles in TCM-induced renal fibrosis (Cybulsky, 2017; Ji et al., 2019; Zhou et al., 2020a). Usually, the endoplasmic reticulum senses cellular stress and subsequently restores cellular homeostasis by triggering the ER stress and downstream unfolded protein response (UPR) (Cybulsky, 2017). In our previous study, we confirmed that BV-triggered ER stress participated in Fructus Psoraleae-induced hepatotoxicity (Yang et al., 2021). The latest articles showed that enhanced ER stress promoted EMT in human lens and lung epithelial cells (D. Liu et al., 2018; Zhou et al., 2020b). Also, there was crosstalk between the UPR and EMT under some conditions (Zhao, Zhang, Sun, & Brasier, 2021). Hence, we speculated that BV-triggered ER stress might contribute to Fructus Psoraleae-induced nephrotoxicity via EMT-mediated renal fibrosis.
In this present study, we first confirmed whether repeated BV treatment could induce renal fibrosis, ER stress, and EMT in vivo and in vitro and elucidated the possible molecular mechanism involved in BV-induced renal fibrosis, aiming to provide a specific intervention target for Fructus Psoraleae-caused nephrotoxicity.
2 MATERIALS AND METHODS
2.1 Cell Culture and Treatments
Human proximal tubular epithelial cell line (HK2) cells were cultured in DMEM medium (Thermo Fisher Scientific, Waltham, MA, United States) supplemented with 10% fetal bovine serum (FBS, Sijiqing), 100 U/mL penicillin, and 100 μg/ml streptomycin (FG101-01, Transgene, China) and maintained in an incubator with 5% CO2 at 37°C. Cells were passaged at 80% confluence using 0.25% trypsin-EDTA, and the medium was renewed every 2 days.
2.2 Protein Extraction and Western Blot
Equal amounts of protein from HK2 cells were loaded onto SDS-PAGE gels. After electrophoresis and transference, membranes were blocked with 5% nonfat dry milk in TBS-T and incubated overnight at 4°C with different primary antibodies. Subsequently, membranes were incubated with a secondary antibody anti-mouse IgG (CST, 1:3,000) or anti-rabbit IgG (CST, 1:3,000). Protein bands were detected by LAS-300 after treatment with enhanced chemiluminescence (ECL) according to the manufacturer’s instructions (WBKLS0500, Millipore). Band intensity of each protein was quantified using ImageJ software. Results were normalized to GAPDH for total proteins to control. Information for all indicated antibodies used in our study can be found in Table 1.
TABLE 1 | Information for all indicated antibodies used in western blots assay.
[image: Table 1]2.3 Detection of the Level of Cytoplasmic Calcium (Ca2+)
Cytosolic calcium ions (Ca2+) in cells were monitored using Fluo 4-AM (F312, Dojindo, Japan). The cells were seeded in glass culture dishes at a density of 2.0 × 104/ml. After 24 h treatment with BV (20 μM) with or without NAC (5 mM) or ginsenoside Rb1 (40 μM), cells were stained with 1 μM Fluo 4-AM for 10 min according to the manufacturer’s instructions. The extra dye was discarded by a three-time wash with HBSS. The concentration of cytoplasmic Ca2+ was detected by living cell imaging. The excitation and emission wavelengths were 494 nm and 516 nm respectively.
2.3 Detection of the Level of Cytoplasmic Reactive Oxygen Species
Cytosolic ROS in cells were detected using MitoSOX (M36008, Invitrogen, America). The cells were seeded in glass culture dishes at a density of 2.0 × 104/ml. After 24 h treatment with BV (20 μM) with or without NAC (5 mM) or ginsenoside Rb1 (40 μM), cells were stained with 5 μM MitoSOX for 20 min according to the manufacturer’s instructions. The extra dye was discarded by a three-time wash with PBS. The final image was captured by living cell imaging.
2.4 Drug Screening
A total of 6 compounds, including ginsenoside Rb1, ginsenoside Re, ferulic acid, digitoflavone, salidroside, and liquiritin, were dissolved in DMSO or distilled water at 100 mM, 100 mM, 1 M, 1 mM, 100 mM, and 50 mM, respectively. Drugs were then diluted in DMEM (Life Technologies, Thermo Fisher Scientific) supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin (PS; Life Technologies, Thermo Fisher Scientific) to the final concentration. HK2 cells treated with drugs were then incubated at 37°C and 5% CO2 in a humidified incubator in 96-well plates for final concentrations of 40 μM, 10 μM, 500 μM, 1 μM, 100 μM, and 50 μM, respectively, in a final volume of 100 μl DMEM for 24 h. Cytosolic calcium ions (Ca2+) in cells were detected as mentioned before.
2.5 Zebrafish Husbandry and Treatments
A 21-day exposure of DMSO (0.5 μM), bavachin (0.5 μM), and ginsenoside Rb1 (2 μM) with bavachin (0.5 μM) on adult zebrafish was performed, each containing 10 fish in triplicates with the solutions being renewed daily. The body length and wet weight of all living individuals were measured at the beginning and end of the test. The fish were fed daily with dry food (equivalent to 3% of body weight, Porpoise Aquarium Co., Ltd.). All experiments involving animals were approved by the Ethics Committee of the Beijing Institute of Radiation Medicine (approval no. IACUC-DWZX-2022–602).
2.6 Histological Studies
Fixed kidney tissues of zebrafish were embedded in paraffin and cut into 5 µm sections. Masson’s trichrome staining was performed to detect connective tissue according to the manufacturer’s instructions. Blue coloration was indicative of collagen deposition in Masson’s trichrome.
2.7 In Situ Hybridization
In situ hybridization was carried out according to Barth and Wilson (Barth & Wilson, 1995). After exposure to 0.5 μM BV media for 21 days, the fish kidney tissues were fixed with in situ hybrid fixative solution (Servicebio) overnight at room temperature. Sections for in situ hybridization were harvested and treated with 10 μg/ml proteinase K (sigma) in PBS at 37°C for 30 min. After a 5 min fixation with 4% paraformaldehyde (PFA) and 2 × 5 min rinses with PBS, sections were incubated with hybridization buffer (Hyb [−] and Hyb [+]) containing 2 μl probes each milliliter at 43°C for 1 h and 12 h, respectively. Following hybridization, sections were washed with 2x SSC, 1x SSC, 0.5x SSC, and 0.1x SSC sequentially and incubated with MAB for 15 min each step. Then, sections were incubated with 1:3,000 diluted anti-DIG antibody at 37°C for 4 h followed by blocking with a blocking buffer containing 2% blocking reagent (Roche, Germany) for 30 min at room temperature. 1x PBS, PTW, and NTMT buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl, pH 9.5) were needed to wash sections, respectively, for 5 min twice, 5 min twice, 10 min twice. The color reaction was carried out with incubation in BM-purple substrate at room temperature for 30 min. The last 5 min-wash with PBS was needed before 30 min-fixation with 4% PFA.
2.8 Statistical Analysis
All values are expressed as means ± SEM and analyzed using the GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA). One-way ANOVA, followed by Tukey’s test and two-way ANOVA, was employed to analyze significance when comparing multiple independent groups. In each experiment, N represents the number of independent experiments (in vitro) and the number of zebrafish (in vivo). The data were considered statistically significant at p < 0.05.
3 RESULTS
3.1 Long-Term Treatment With a Low Dose of Bavachin-Induced Renal Fibrosis in Zebrafish
In order to determine the dose that did not induce any acute toxicity, we determined the LC50 value of BV (6.012 μM) through acute toxicity experiments (Figure 1B). Next, to evaluate the toxic effects of BV on kidneys, zebrafish were repeatedly treated with 0.5 μM of BV for 21 days and repeated treatment with BV did not alter the body weight and condition factor of zebrafish (Figure 1C). Then, the zebrafish renal tissue was determined morphologically by Masson trichrome staining, demonstrating that massive collagen deposition was observed in renal tubulointerstitium and the tubular compartment and diffusely expanded among whole samples, while no fibrotic lesion was found in solvent-treated zebrafish kidneys (Figure 1D). Moreover, the result of in situ hybridization showed that the transcription level of epithelial marker AQP1 decreased significantly after 21-day BV administration (Figure 1E), but the content of N-cadherin, one of the markers of EMT, dramatically increased, indicating the possible occurrence of E- to N-cadherin switch in zebrafish renal tubular epithelium. Taken together, these results indicate that long-term treatment with BV could induce the loss of normal tissue structure in the renal tubular epithelium and obvious renal fibrosis in zebrafish.
[image: Figure 1]FIGURE 1 | Long-term treatment with a low dose of BV-induced renal fibrosis in zebrafish. (A) Chemical structure of BV. (B) LC50 of BV on zebrafish after 4 days of treatment was calculated. (C) Body weight and condition factor of zebrafish after 21 days BV treatment (n = 30). (D) Masson trichrome staining of zebrafish kidney treated with solvent or BV, respectively. (E) The contents of N-cadherin and AQP1 in zebrafish kidneys were detected by in situ hybridization. ns means no significant difference. **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the control groups.
3.2 Bavachin Caused Perturbations in Fibrosis and Epithelial–Mesenchymal Transition-Relevant Signaling Pathways In Vitro
Furthermore, we investigated the molecular mechanisms underlying BV-induced nephrotoxicity in vitro. First, we exposed HK2 cells to various concentrations (0–200 μM) of BV for 24 h to determine the cytotoxicity of BV on human renal tubular epithelial cells. As shown in Figure 2A, cell viability was reduced significantly by BV in a dose-dependent manner. It was found that 25 μM of BV decreased HK2 cell viability to 82.10 ± 2.43%. We then detected the expressions of fibrosis-associated proteins in HK2 cells by western blot assay. As shown in Figure 2B, BV obviously increased the expressions of TGFβ1, Smad3, α-SMA, Notch1, NICD, c-Myc, and Hes1 in a dose-dependent manner. Then, we assessed the contents of EMT-related proteins in HK2 cells after 24 h treatment with BV and found a remarkable E-to N-cadherin switch in BV-treated renal tubular epithelial cells (Figure 2C). Compared to the control group, BV dose-dependently upregulated the contents of vimentin, ZEB1, and slug, but reduced claudin-1 and ZO-1 expression in HK2 cells. In addition, BV treatment caused the loss of specific functional proteins, including ATP1A1, AQP1, and SLC22A6, in human renal tubule epithelia (Figure 2C).
[image: Figure 2]FIGURE 2 | BV caused perturbations in ER stress-, fibrosis- and EMT-relevant signaling pathways in vitro. (A) Cell viability of HK2 cells after 24 h BV treatment was detected by CCK-8 assay. The expressions of indicated proteins involved in fibrosis (B) and EMT (C) in HK2 cells were measured using western blot. (D) The expressions of ER stress and UPR-associated proteins in BV-treated cells. (E) The intracellular concentration of Ca2+ was demonstrated using Fluo 4-AM (scale bar: 100 μm). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control groups.
3.3 Bavachin Activated Endoplasmic Reticulum Stress Following Cellular Ca2+ Overloading via Elevating Reactive Oxygen Species
Given that ER stress played a crucial role in BV-induced hepatotoxicity, we next explored whether ER stress existed in BV-treated human renal tubular epithelial cells. As shown in Figure 2D, compared with the control group, the expressions of Bip, p-perk, p-eIF2α, ATF-4, IRE1α, and CHOP were markedly increased in a dose-dependent manner, but that of XBP1s was obviously decreased in the BV-treated groups. Also, there were no significant changes in ATF6 content among the BV-treated groups and the control group (Figure 2D). Moreover, the HK2 cells were stained with Fluo-4 AM to show the change in intracellular Ca2+ content after BV treatment. Our data showed obvious enhancement in cytoplasmic Ca2+ loading in the BV-treated group (20 μM) (Figure 2E). Furthermore, BV increased the intracellular ROS levels in HK2 cells, and cotreatment with NAC (5 mM), a scavenger of ROS, alleviated BV-elevated intracellular ROS (Figure 3A). Also, cotreatment with NAC significantly reversed BV-increased the expressions of Bip, ATF4, p-eIF2α, and CHOP (Figure 3B) and restored cytoplasmic Ca2+ concentration (Figure 3C). These results showed that BV could induce an increase in ROS and Bip/eIF2α/CHOP signaling pathway-mediated ER stress, which eventually caused Ca2+ release from the ER and Ca2+ overloading in the cytoplasm.
[image: Figure 3]FIGURE 3 | Elevating ROS contributed to BV-triggered ER stress and EMT. (A) Intracellular ROS levels in HK2 cells induced by BV with or without NAC treatment (scale bar: 100 μm). After NAC treatment, ER stress- (B), EMT- (D) related proteins, and cellular Ca2+ concentration (C) were detected with western blot and Fluo 4-AM, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control groups. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the BV-treated groups.
3.4 Inhibition of Reactive Oxygen Species–Mediated Endoplasmic Reticulum Stress Reversed Bavachin-Triggered Epithelial–Mesenchymal Transition and Profibrotic Signaling
To elucidate the possible role of ER stress in BV-triggered EMT and fibrosis, we detected the expressions of ER stress-related proteins after 24 h BV treatment with/without 4-PBA (an inhibitor of ER stress, 2 mM). Obviously, 4-PBA cotreatment indeed inhibited the activation of ER stress (Figure 4A) and also prevented BV-induced E- to N-cadherin switch and the proteins involved in pro-EMT or renal fibrosis, while restoring the expressions of AQP1, ATP1A1, and SLC22A6 in human renal tubule epithelia (Figure 4B). As a specific agonist of ER stress, TM alone also enhanced Bip/eIF2α/CHOP pathway-mediated ER stress and promoted the expressions of the indicated proteins associated with EMT and fibrosis (Figures 4D–F). Interestingly, NAC cotreatment also decreased the levels of pro-EMT (N-Cadherin, Vimentin) (Figure 3D) and fibrosis-related signaling (TGFβ1, Smad3, and α-SMA) (Figure 4G) in BV-treated HK2 cells. Like 4-PBA, NAC could preserve the structural markers of the renal tubular epithelium (AQP1, ATP1A1, and SLC22A6) in BV-treated HK2 cells (Figure 3D). Altogether, these results verified that ROS-activated ER stress participated in BV-induced EMT and renal fibrosis.
[image: Figure 4]FIGURE 4 | Inhibition of ROS-mediated ER stress reversed BV-triggered EMT and profibrotic signaling. After 24 h BV treatment with/without 4-PBA co-treatment, the expressions of ER stress (A), EMT (B), and fibrosis-related (C) proteins were examined by western blot. (D–F)The expressions of indicated proteins in TM-treated HK2 cells. (G) BV-induced profibrotic signaling in NAC cotreated HK2 cells was detected. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control groups. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the BV-treated groups.
3.5 Ginsenoside Rb1 Alleviated Bavachin-Induced Epithelial–Mesenchymal Transition and Renal Fibrosis by Downregulating Reactive Oxygen Species–Mediated Endoplasmic Reticulum Stress
Since ROS-mediated ER stress contributed to BV-induced EMT and renal fibrosis, we next performed high throughput screening (HTS) to find potential drugs antagonizing BV-generated nephrotoxicity using fluorescence calcium, which would indicate the activation of BV-triggered ER stress. Ginsenoside Rb1, ginsenoside Re, ferulic acid, digitoflavone, salidroside, and liquiritin were subjected to HTS. The results preliminarily demonstrated that ginsenoside Rb1, ginsenoside Re, and ferulic acid could ameliorate BV-elevated cytoplasmic Ca2+ overloading in HK2 cells (Figure 5A). Also, ginsenoside Rb1 (40 μM) could reduce the levels of ROS in both normal and BV-treated cells (Figure 5B). In the subsequent experiment, only cotreatment with ginsenoside Rb1 could reduce BV-upregulated expressions of Bip, following ATF4, p-eIF2α, and CHOP (Figure 5C). In vitro experiments showed that elevated TGFβ1/Smad3 signaling, as well as the molecules involved in the progress of BV-triggered EMT, were partly abrogated by ginsenoside Rb1 (Figures 5D,E). In addition, cotreatment with ginsenoside Rb1 completely restored the structural markers of the renal tubular epithelium (AQP1, ATP1A1, and SLC22A6) in BV-treated HK2 cells (Figure 5D). Furthermore, ginsenoside Rb1 significantly alleviated BV-induced tubule fibrosis in zebrafish kidneys (Figure 5F). Hence, our data confirmed a protective role of ginsenoside Rb1 in the BV-caused EMT and renal fibrosis via inhibiting ROS-mediated ER stress.
[image: Figure 5]FIGURE 5 | Ginsenoside Rb1 alleviated BV-induced EMT and renal fibrosis by downregulating ROS-mediated ER stress. (A) Screening for the drug inhibiting intracellular Ca2+ release. (B) After ginsenoside Rb1 cotreatment, the ROS levels in each group were detected (scale bar: 100 μm). The indicated proteins participating in ER stress (C), EMT (D), and fibrosis (E) in HK2 cells cotreated BV with/without ginsenoside Rb1. (F) Masson trichrome staining of zebrafish kidney cotreated BV with/without ginsenoside Rb1. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control groups. #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. the BV-treated groups.
4 DISCUSSION
Since thousands of years ago, Fructus Psoraleae has been widely used clinically for various disease therapy, for instance, spermatorrhea, vitiligo, and lumbago. Recently, increasing studies have reported Fructus Psoraleae could cause obvious toxic effects on the liver and kidney (Nam et al., 2005; Y. Zhang et al., 1981). But compared with hepatotoxicity, little research focused on Fructus Psoraleae-induced nephrotoxicity and its underlying mechanism. In addition, our previous studies found that being one of the most important components, BV could induce evident adverse outcomes at a very low dose and was presumed to be relevant to Fructus Psoraleae-induced nephrotoxicity (Jia-yan et al., 2021; Y. Yang et al., 2018). In this study, we first confirmed that long-term treatment with BV could induce apparent EMT and renal fibrosis in zebrafish kidneys. Mechanistically, BV treatment led to ROS generation and the activation of the Bip/eIF2α/CHOP signaling pathway and subsequently caused ER stress, UPR, and cytoplasmic Ca2+ overloading, both of which in turn regulated the expressions of classical signals involved in EMT and fibrosis, ultimately resulting in renal fibrosis in renal tubular epithelial cells. Furthermore, for the first time, ginsenoside Rb1 was verified to function as a protective agent against BV-induced EMT and renal fibrosis in vivo and in vitro through inhibiting ROS generation and Bip/eIF2α/CHOP toxicity pathway and following Ca2+ overload.
Renal fibrosis is considered the common final pathway of almost all nephropathies and is characterized by oxidative/inflammatory responses, fibroblast activation, excessive deposition of extracellular matrix, and fibrotic tissue remodeling (Nastase, Zeng-Brouwers, Wygrecka, & Schaefer, 2018). Of a wide range of insults, several Chinese herbs had been reported in relevant to drug-induced nephropathy, including Aristolochiae manshuriensis Kom. and Fructus Psoraleae (B. Yang et al., 2018). Different from the former, the exact toxic component and toxicity model of action involved in Fructus Psoraleae-induced renal injuries were not entirely elucidated. Consistent with previous studies and our earliest hypothesis, this study first identified that repeated treatment with low-dose of BV, one of the main toxic ingredients in Fructus Psoraleae, caused significant renal interstitial and tubular epithelial deposition of collagen fibers in zebrafish kidneys. The latest evidence showed that adverse effects on tubular epithelial cells acted as a driving force that initiated and promoted interstitial injuries and consequent fibrosis upon exposure and response to various insults (H. Li et al., 2019). Generally, AQP1, one of the water channel aquaporin isoforms highly expressed in the renal tubular epithelium, participates in the maintenance of body water and sodium homeostasis (J. Li et al., 2018; Su J. et al., 2020). N-cadherin, the adhesion marker of mesenchymal cells, expresses in fibrous, nervous, and musculoskeletal tissues, but does not largely exist in the epithelium (Noronha et al., 2021). Interestingly, our results presented an obvious reduction of AQP1 expression in the renal tubular epithelial cells of BV-treated zebrafish, indicating that long-term BV treatment induced an ongoing loss of normal structure-specific properties of tubular epithelium. Also, enhanced N-cadherin content was closely related to the acquisition of mesenchymal properties in the renal tubular epithelium, namely, EMT. Therefore, low-dose of BV-induced renal fibrosis could be EMT-dependent.
Moreover, in vitro results showed that cellular expressions of cadherins were dramatically disturbed in BV-treated HK2 cells. Apart from the enhancement of N-cadherin, the expression of E-cadherin, which regulated epithelial tissue integrity, was substantially inhibited by BV. This phenomenon was usually called E- to N-cadherin switch and is considered as the hallmark of EMT. Altered cadherin expression is accompanied by the suppression of epithelial tight junctions or zonula occludens-related proteins (ZO1 and Claudin1) and the increases in E-cadherin–related transcriptional repressors (ZEB1 and slug), together with confirmed BV-triggered EMT in human renal tubular epithelium. Mechanistically, many upstream signaling pathways, including TGF-β, Wnt, and Notch1, were well-documented to regulate the developmental EMT and renal fibrosis (Edeling, Ragi, Huang, Pavenstadt, & Susztak, 2016; J.; Su W. et al., 2020). Except for the Wnt/β-catenin signal, BV indeed dose-dependently upregulated canonical TGFβ1/Smad 3 and Notch1/NICD signaling pathways. Meanwhile, significant fibroblast activation in BV-treated tubular epithelium was evidenced by increasing the expressions of α-SMA and vimentin, both of which formed bundles of stress fibers and filament. However, BV caused distinct depletions in several tubular epithelial cells’ specific transporters, including AQP1, SLC22A6, and ATP1A1 (known as the Na+/K+-ATPase pump). Hence, we further demonstrated that BV treatment could promote EMT and fibroblast-like properties’ acquisition in renal tubular epithelial cells through TGFβ1 and Notch1-mediated fibrotic signaling responses, all of which eventually caused renal fibrosis.
Oxidative responses always conduce to toxic effects induced by xenobiotics, including BV. Our previous work reported that BV caused ROS generation and finally promoted obvious cytotoxicity in vivo and in vitro (Y. Yang et al., 2018). Notably, ROS could increase the expression of slug, which was the transcriptional repressor of E-cadherin, by increasing the phosphorylation of extracellular signal-regulated kinase (ERK) (Z. Zhang et al., 2020), then downregulated cellular E-cadherin content, and changed the epithelial architecture via relegating cell-cell adhesion (Noronha et al., 2021). Also, overwhelming ROS-induced oxidative damages could activate HIF-1α and NF-κB, both of which drove the occurrence and progression of EMT following fibrosis (Gloire & Piette, 2009). In addition, ER, an elegant organelle that controls protein synthesis, folding, and trafficking, was reported to be vulnerable to excessive ROS (Zeeshan, Lee, Kim, & Chae, 2016). Oxidative stress or damage caused disruption of ER function and resulted in the accumulation of newly synthesized misfolded protein in the ER, known as ER stress. Subsequently, enhanced ER chaperone (Bip) binding to misfolded proteins could lead to the release of ER stress sensors, including IRE1α, PERK, and ATF6, and activate the following UPR to restore homeostasis via ER-associated degradation (ERAD) system (Cybulsky, 2017). Overt ER stress and following UPR were confirmed to play a critical role in BV-induced hepatotoxicity. But unlike unselective activation of the three classical ER stress sensors in BV-treated hepatocytes, only the Bip/PERK/eIF2a/ATF4 signaling pathway mediated BV-induced ER stress and UPR in HK2 cells. Furthermore, as the executors of ER stress-initiated mitochondrial apoptosis, CHOP and Ca2+ signaling could cause a profibrotic microenvironment by promoting apoptosis (Song, Gou, & Zhang, 2016; Zhong et al., 2021). Also, elevated Bip expression had been found to participate in EMT-associated metastasis (Kopp, Larburu, Durairaj, Adams, & Ali, 2019). Not surprisingly, when we reduced the levels of ROS and cytoplasmic Ca2+, BV-induced EMT and profibrotic signaling were alleviated, respectively. Altogether, ROS-induced ER stress could be the key modulator of BV-caused EMT and renal fibrosis.
Ginseng, one of the favorable natural medicines which have a long history of clinical use in east Asia for thousands of years, has been found to possess antioxidative, anti-inflammation, and anti-fibrosis properities (Mancuso & Santangelo, 2017). As one of the main effective ingredients in ginseng, ginsenoside Rb1 has shown excellent therapeutic effects on nervous and cardiovascular system diseases (Lin et al., 2022). In terms of pharmacological mechanisms, ginsenoside Rb1 limited ROS generation by suppressing the activity of NADH dehydrogenase (L. Jiang et al., 2021). On the other hand, ginsenoside Rb1 had been verified to target multiple pathways, including Nrf2/ARE, STAT3, and TGFβ1/Smad3 signaling pathways, to regulate redox balance, inhibit apoptosis, and attenuate cardiac fibrosis (Zheng et al., 2017; Wu, Huang, Bell, & Yu, 2018; Peng et al., 2021). Like the aforementioned efficacy, ginsenoside Rb1 not only inhibited BV-induced ROS generation but also decreased overactivated ER stress following UPR and cytoplasmic Ca2+ release. In particular, BV-caused sustained activation of EMT progress and renal fibrosis were significantly ameliorated by ginsenoside Rb1 after long-term combination administration. Hence, ginsenoside Rb1 was proposed to be a valuable ingredient in the therapy of BV-caused renal fibrosis.
5 CONCLUSION
In summary, this study first confirmed that low dose of BV could cause obvious EMT-related renal fibrosis in vivo and in vitro, which was associated with the activation of the TGFβ1/Smad3 and Notch1/NICD signaling pathway. During this progress, elevated ER stress and cytoplasmic Ca2+ overload, both of which were evoked by the ROS-triggered Bip/eIF2a/CHOP signaling pathway, play critical roles in BV-induced renal fibrosis (Figure 6). Furthermore, we discovered for the first time that ginsenoside Rb1 exerted an outstanding effect against BV-induced renal fibrosis via suppressing ROS-triggered ER stress following EMT. Hence, this research helped to understand the nephrotoxicity caused by low-dose of BV and its toxic model of action and provided evidence that ER stress could be an alternative target and ginsenoside Rb1 could be a promising natural ingredient for the treatment of BV- or Fructus Psoraleae-induced renal fibrosis.
[image: Figure 6]FIGURE 6 | Schematic representation of the potential molecular mechanism underlying BV-induced renal fibrosis.
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Chronic kidney disease (CKD) is a common and progressive disease that has become a major public health problem on a global scale. Renal fibrosis is a common feature in the pathogenesis of CKD, which is mainly related to the excessive accumulation and deposition of extracellular matrix caused by various inflammatory factors. No ideal treatment has yet been established. In recent years, based on the traditional Chinese medicine (TCM) theory of CKD and its molecular mechanism, clinical evidence or experimental studies have confirmed that a variety of Chinese materia medica (CMM) and their effective components can delay the progress of CKD. TCM believes that the pathogenesis of CKD is the deficiency in the root and excess in the branch, and the deficiency and excess are always accompanied by the disease. The strategies of TCM in treating CKD are mainly based on invigorating Qi, tonifying the kidneys, promoting blood circulation, removing stasis, eliminating heat and dampness, removing turbidity, and eliminating edema, and these effects are multitargeted and multifunctional. This review attempts to summarize the theories and treatment strategies of TCM in the treatment of CKD and presents the efficacy and mechanisms of several CMMs supported by clinical evidence or experimental studies. In addition, the relationship between the macroscopic of TCM and the microscopic of modern medicine and the problems faced in further research were also discussed.
Keywords: chronic kidney disease, renal fibrosis, traditional Chinese medicine, Chinese materia medica, reinforcing deficiency and purging excess, intervention mechanism
INTRODUCTION
In recent years, research on the mechanism and intervention strategies of chronic kidney disease (CKD) has become a hot spot in the nephrology field. CKD is defined by the Kidney Disease Outcomes Quality Initiative in terms of either kidney damage or decreased glomerular filtration rate (GFR, <60 ml/min per 1.73 m2) with or without evidence of kidney damage, for three or more months, regardless of the cause (National Kidney Foundation, 2002; Steven and Levin, 2013). It is characterized by increased inflammatory cell infiltration, tubular atrophy, tubulointerstitial fibrosis, and glomerulosclerosis, finally leading to some forms of end-stage renal disease (ESRD) or renal failure (Boor et al., 2010). However, in ESRD, the survival of patients depends on the renal replacement therapy or dialysis because of lack of kidney donors. The global burden of CKD study in 2017 showed that the global prevalence of CKD has exceeded 9%, accounting for 18.97% of CKD patients worldwide living in China (GBD Chronic Kidney Disease Collaboration, 2020). In 2017, CKD resulted in 1.2 million deaths, and the number has been projected to rise to 2.2 million (best-case scenario) and up to 4.0 million (worst-case scenario) by 2040 (Foreman et al., 2018). Therefore, CKD has become a major public health problem on a global scale. Delaying or preventing the progress of CKD has become an important challenge facing the clinical medicine community and the health departments of various countries.
Current therapy for CKD includes angiotensin-converting enzyme inhibitors and angiotensin-receptor blockers, which act by decreasing proteinuria, lowering blood pressure, and thus retarding CKD progression (Levey and Coresh, 2012; Ruggenenti et al., 2012). However, the treatments are not sufficient for all patients and long-term medication may lead to a number of adverse effects such as hyperkalemia and acute kidney injury (Kidney Disease Outcomes Quality Initiative (K/DOQI), 2004). As an important branch of complementary and alternative medicine, traditional Chinese medicine (TCM) has been proved to protect people’s health for thousands of years. Preclinical studies or clinical trials have shown that Chinese materia medica (CMM), a form of TCM treatment, is promising in treating CKD, especially in the aspects of reducing proteinuria and adverse effects of western drugs, and reduces ESRD risk by 60% (Wojcikowski et al., 2006; Lin et al., 2015). As a large number of people use herbs for medicinal purposes, the safety of CMM has been questioned. The most well-known adverse effect is nephropathy induced by aristolochic acid, which resulted in ESRD and urothelial malignancy. The mechanism of nephrotoxicity induced by aristolochic acid has been clarified as mainly related to the induction of tubular cell apoptosis, the formation of aristolochic acid-DNA adducts, and the inhibition of mitochondrial ATP synthesis (Nortier and Vanherweghem, 2007; Han et al., 2019). Some studies suggest that nephrotoxic effects may be caused by incorrect use of CMMs or toxic CMMs or potentially toxic CMMs (Jha et al., 2013; Jha and Rathi, 2018). It is important to point out that the use of CMMs by physicians practicing TCM is based on the theory of TCM and they prescribe formulas on the basis of syndrome differentiation and treatment approach (Li L. et al., 2019). According to the ancient compatibility rule of “Jun-Chen-Zuo-Shi” (“monarch-minister-assistant-courier”), making a prescription with two or more CMMs can increase the medicinal effects and restrain the CMM’s toxic properties (Wei and Zheng, 2008). Therefore, the syndrome differentiation and treatment approach and compatibility theory ensure the efficacy and safety of CMMs.
To date, the pathophysiological mechanism of CKD has been reviewed in some studies (Chen et al., 2018; Lv et al., 2018; Rinschen and Saez-Rodriguez, 2021). Some evidence has shown that single CMM and CMM formulas possess a range of important pharmacological properties in improving CKD. In this review, we attempt to discuss the current knowledge of TCM for the treatment of CKD and its possible interventional mechanisms.
UNDERSTANDING OF CKD IN TCM
The advantages of TCM in the treatment of CKD are mainly reflected in the overall concept and syndrome differentiation. The concept of organs in TCM is different from that in modern medicine. As recorded in the “Yellow Emperor’s Canon of Internal Medicine,” the kidney is the place of true Yin and true Yang and the base of hiding and the place for storing the essence. In the TCM theory, the essence transforms Qi (the vital energy) and produces Blood (the body circulation) (Tu X. et al., 2013). Therefore, abnormalities of the kidney are believed to cause the disorder of the body. TCM classifies CKD into the categories of “edema,” “retention of urine,” and “kidney fatigue.” As CKD is characterized by severe proteinuria, the lesions are mainly in the spleen and kidneys. Proteinuria is the pathological product of human essence substance flowing down and leakage of the essence. A basic substance that constitutes the human body and sustains life activities is similar to “vital essence” in TCM, which emphasizes that these essences should be stored in the human body and should not be released. Damage to the kidney leads to a loss of vital substances, resulting in the deficiency of Qi and Yang. Furthermore, the kidney is called the viscera of water, and it is responsible for the body fluid. If the water is stagnant, dampness and heat will occur (Ding et al., 2014). Moreover, with the damage to the kidney essence, Qi cannot consolidate the Blood, resulting in unfavorable blood circulation and blood stasis (anticoagulation) formation (Li X. et al., 2019a).
Besides, the vital substances stored in the kidneys depend on the transportation and distribution of the spleen. The disorder of spleen transport is usually caused by improper diet, deficiency of endowment, and excessive fatigue, which lead to spleen Qi deficiency. Furthermore, with the development of spleen Qi deficiency, the development of disease, the decline of fire in the vital gate, and the loss of warm spleen, it will further lead to the deficiency of spleen Yang. The spleen cannot warm the grain and liquid, and then the transport of liquid and water is abnormal, which leads to water dampness. As mentioned in “Plain Questions,” with Yin and Yang in relative balance, the spirit can be cured. Thus, TCM believes that “spleen-kidney deficiency” is an internal condition; blood stasis, internal dampness, and heat are inextricably linked to the patient’s viscera (Shi and Shen, 1982; Nie, 2008; Wu and Ma, 2011; Su et al., 2013). The treatment principle for CKD is reinforcing deficiency and purging excess, and simultaneous treatment of the branch and the root to achieve “Yin and Yang in relative balance” (stabilization status).
The pathogen of CKD is mainly manifested as blood stasis, dampness heat (hygropyrexia), and turbid toxin (retained hazardous substances). Blood stasis syndrome is one of the most common CM syndromes among patients with primary glomerular disease (Li et al., 2009). “Blood stasis” in TCM covers glomerulosclerosis, an increase of the extraglomerular matrix, thickening of the basement membrane, adhesion of balloon, microthrombosis in the glomerulus, collapse or stenosis of the capillary lumen, compression and occlusion of vascular loops, and tubulointerstitial fibrosis and atrophy (Wu and Ma, 2011; Guo et al., 2019). TCM has the viewpoint that by removing excessive patterns of stagnated blood, the Blood and Qi can be invigorated, and then they promote blood circulation. This condition is suitable for promoting blood circulation and removing blood stasis, invigorating Qi to reduce swelling.
When the spleen and kidneys are deficient, water dampness is endogenous. Pathogenic dampness resides in the body, leading to heat from Yang, or heat from dietary intake, and eventually pathogenic dampness changes to heat from dampness. As the famous medical scientist Lingtai Xu inferred, there must be heat when there is dampness. In microscopic differentiation of syndromes, dampness heat in renal pathology often shows swelling of endothelial cells, formation of microthrombus, narrowing of the capillary lumen, and release of inflammatory mediators (Shen, 2008; Yu et al., 2016). The theory of lipid toxicity and abnormal hemodynamics can also refer to the syndrome differentiation of dampness heat. If the dampness heat is not treated, the mediating center function of the spleen and stomach will be further affected, the metabolites produced in the body will accumulate in the body, and the biological activity of many metabolites can further lead to the clinical uremic syndrome. These solutes are called uremic toxins, which are equivalent to the category of turbid toxin in TCM (Guo et al., 2019). Turbid toxin acts on the human body and leads to turbidities of cells, tissues, and organs, including hypertrophy, hyperplasia, atrophy, metaplasia, and canceration in modern pathology, as well as changes in inflammation, degeneration, apoptosis, and necrosis (Wang and Zhang, 2003; Wang Z. et al., 2010). The relationship between dampness heat and turbid toxin can be summarized as follows: dampness is the source of turbidity, turbidity is the further step of dampness, heat is the gradual toxin, and the toxin is the extreme of heat. It is important to promote the excretion or removal of dampness heat and turbid toxin in CKD, using methods such as the method of clearing heat, dispelling dampness, and removing turbidity.
TCM FOR TREATING CKD
According to the long-term clinical practice, different CMMs have different pharmacological effects and are endowed with different TCM efficacies. Previous studies have shown that in patients with CKD stage 3 with different TCM syndrome patterns, four different therapies including invigorating Qi and Blood, promoting blood flow, expelling wind-evil (a kind of exogenous pathogenic factors), and clearing heat and dissipating dampness (regulating the immune system and promoting urination) significantly improved the glomerular filtration rate and decreased proteinuria (Wang YJ. et al., 2012). This reflects the basic principle that TCM adopts different treatment strategies for different syndromes (Figure 1). Here, we summarize the strategies and mechanisms of TCM against CKD from different forms of medication, such as single CMM or CMM extracts, CMM pairs, and CMM formula.
[image: Figure 1]FIGURE 1 | The corresponding relationship between the pathogenesis of the TCM theory and the modern medicine theory. (A) Characteristics of TCM pathogenesis in the process of chronic kidney disease. In the early stage of CKD, although the spleen and kidneys are insufficient, the vital Qi can still resist exogenous pathogens, and the pathogenesis is characterized by pathogenic excess (such as dampness heat and blood stasis). However, as the disease progresses to the middle stage, the vital Qi cannot overcome the pathogenic factors, various pathological products are formed, and its pathogenesis characteristics change into a mixture of deficiency and excess. When the disease progresses to the terminal stage, the vital Qi is exhausted, and the pathogenesis is characterized by a deficiency of vital Qi (leading to the accumulation of liquid and turbid toxin). In different stages of nephropathy, the priority of the deficiency and the excess are different. Deficiency and excess are cause and effect of each other, which leads to the continuous progress of CKD. (B) Cognition and treatment strategy of CKD in the TCM theory. On the left are the modern medical characteristics and the main pathological process of CKD. On the right is the treatment strategy of TCM using CMM, and the representative CMMs corresponding to each pathogenesis are listed.
Single CMM or CMM Extracts
The difference between TCM and modern medicine is that it has the significant property of being multicomponent. Single CMM is a unit that contains the least amount of components in TCM, and the pharmacodynamic material basis has been studied most deeply. With the continuous progress of research, the mechanism of single CMM or CMM extracts for CKD is gradually been clarified.
Astragali Radix for Invigorating Qi
Astragali Radix (AR, Huangqi) is derived from the dry roots of Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao or Astragalus membranaceus (Fisch.) Bge. In the clinical practice of TCM, AR is mainly used to invigorate Qi, manifested in two aspects, supplementing the Defense-Qi (which has the physiological functions of defending exogenous pathogenic factors, warming and nourishing the whole body) and replenishing the Middle-Qi (which is the function motivity of spleen and stomach) (Chen Z. et al., 2020). Therefore, as recorded in “Compendium of Materia Medica,” AR is known as the key CMM of tonics. The chemical studies of its ingredients are relatively clear, mainly including triterpenoid saponins (mostly cycloartane-type), flavonoids, and polysaccharides (Su et al., 2021).
The effects of AR on the reduction of proteinuria and serum creatinine have been studied in patients. After treatment with AR injection in 30 patients with chronic glomerulonephritis, the content of urine protein decreased obviously from 2328 ± 3157 to 1017 ± 765 mg/24 h (Shi et al., 2002). The effect of AR on reducing total cholesterol, triglyceride, and low-density lipoprotein (LDL) and increasing plasma total protein and albumin has also been confirmed in patients with CKD (Zhang et al., 2005). In addition to small clinical trials, a systematic review of 66 studies involving 4,785 diabetic kidney disease participants also demonstrated the benefits of AR injection or preparation in reducing albuminuria, proteinuria, and serum creatinine levels (Zhang L. et al., 2019). Furthermore, AR-containing preparations are effective in improving eGFR in patients with mild to moderate CKD (Yoshino et al., 2022).
In recent years, the immunomodulatory effect of AR has been gradually developed (Wang YP. et al., 2002; Chen Z. et al., 2020). A previous study has shown that AR significantly downregulated CD4 and upregulated CD8 in patients with chronic glomerulonephritis, suggesting that it has a regulatory effect on cellular immunology (Shi et al., 2002). Several pieces of evidence have accumulated showing the potential of AR in reducing water retention (Ma et al., 1996; Wang H. Y. et al., 2002). The therapeutic effect of AR on nephrotic syndrome (NS) may be demonstrated by reducing the expressions of arginine vasopressin (AVP) mRNA, AVP V2 receptor mRNA, and AVP-dependent aquaporin-2 (AQP2) mRNA, thereby eliminating edema. In addition, AR has the effect of ameliorating the blunted renal response to the atrial natriuretic peptide (Ma et al., 1999). It suggested that AR is different from diuretics in the treatment of edema. AR protects against oxidative stress-induced damage in proximal tubular epithelial cells via antiapoptotic and antiinflammatory mechanisms (Shahzad et al., 2016). It was demonstrated by the downregulation of pro-apoptotic Bax and upregulation of Bcl-XL, a decrease in nuclear factor kappa B (NF-κB, p65, p50), a decrease in tumor necrosis factor (TNF)-α, and an increase in transforming growth factor (TGF) β1.
As the main active ingredient of AR, astragaloside significantly improved the state of oxidative stress in podocytes cultured with adriamycin (ADR) and suppressed the cytoskeletal rearrangement, improving the migration ability of podocytes via upregulating the expression of matrix metalloproteinase 2 (MMP-2) and MMP-9 (Sai et al., 2018). The most studied astragaloside IV can inhibit high glucose-induced cell apoptosis through increasing hepatocyte growth factor production via its specific receptor c-met and inhibiting the phospho-p38 mitogen-activated protein kinase (MAPK) signal pathway (Mou et al., 2008; Wang Q. et al., 2014). Calycosin is another component of AR that can inhibit the phosphorylation of IKBα and NF-κB p65 in db/db mice and cultured mouse tubular epithelial cells (Zhang YY. et al., 2019).
Rhei Radix et Rhizoma and Abelmoschi Corolla for Eliminating Heat and Dampness
Rhei Radix et Rhizoma (RRR, Dahuang), the dried roots and rhizomes of Rheum palmatum L., Rheum tanguticum Maxim. Ex Balf., or Rheum officinale Baill, is widely used as a laxative for many years. Pharmacological studies have confirmed its multiple activities, such as antibacterial, purgative, antifibrosis, regulating gastrointestinal, antiinflammatory, and antitumor activities (Xiang et al., 2020). In a systemic review of 18 randomized or quasirandomized trials including 1,322 patients with CKD, RRR showed significant positive effects on relieving symptoms, lowering serum creatinine, and adjusting disturbance of lipid metabolism (Li et al., 2004). In addition, in a prospective clinical trial of 151 patients with chronic renal failure (CRF), the frequency of end-stage renal failure in the RRR group was 52% lower than that in the ACE inhibitor group. Besides, a slope of progression as the progressive rate of decline in renal function was found to be more horizontal in the RRR-treated group (Li, 1996).
As shown by Zhang et al., treatment with the extracts of RRR reversed the abnormalities of the urinary metabolites in adenine-induced CKD animals and reduced the expression of histopathological inflammatory markers such as collagen (Col) I, Col III, and pro-fibrosis marker TGF-β1 (Zhang et al., 2015). Research on network pharmacology suggested that RRR could target multiple targets involved in the accumulation of extracellular matrix (ECM), the release of inflammatory factors, the balance of coagulation, and fibrinolysis, which showed a synergistic therapeutic effect (Xiang et al., 2015). Regarding the mechanism of RRR against renal fibrosis, some studies have shown that its nephroprotective effect was to reduce the expressions of TGF-β1, TGF-β receptor I (TGF-β RI), TGF-β RII, Smad2, p-Smad2, Smad3, p-Smad3, and Smad4, meanwhile increasing Smad7 (Zhang ZH. et al., 2018). In addition to improving renal fibrosis, RRR could also improve the intestinal barrier function in 5/6 nephrectomy (5/6Nx) rats by regulating systemic inflammation, intestinal barrier markers, and toll-like receptor 4-myeloid differential protein-88-NF-κB inflammatory response (Ji et al., 2020).
Rhein is the main active component of RRR. Recent studies have shown that in adenine mice or unilateral ureteral obstruction (UUO) mice, rhein effectively recovered Klotho promoter hypermethylation via reversing aberrant DNA methyltransferases expression, thus upregulating the expression of Klotho protein (Zhang et al., 2016; Zhang et al., 2017). Besides, the renal protective mechanism of rhein was also related to the activation of the sirtuin 3-forkhead box O3α signaling pathway to exert antioxidant capacity and the regulation of AMP-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) signaling pathways to inhibit autophagy (Tu et al., 2017; Wu et al., 2020).
Abelmoschi Corolla (AC, Huangshukui), the flower of Abelmoschus manihot (L.) Medic., a single medicament of TCM for eliminating heat and dampness, has been widely used for the treatment of CKD in China. As a modern preparation extracted from AC, the Huangkui capsule has been approved by the China National Medical Products Administration (Z19990040). As reviewed by Sun et al., in approximately 2,000 CKD patients, AC showed to decrease proteinuria with stable kidney function during follow-up (Sun X. et al., 2022). Besides, after a comprehensive evaluation, the clinical value of the Huangkui capsule in treating CKD is class B and that for diabetic nephropathy (DN) and chronic nephritis is class A (Wang et al., 2022).
For the mechanistic studies, the Huangkui capsule has been shown to improve kidney inflammation and glomerular injury in ADR-induced nephropathy through inhibition of the p38 MAPK signaling pathway and AC inhibits ROS-ERK1/2-mediated NLRP3 inflammasome activation (Tu Y. et al., 2013; Li W. et al., 2019b). Recent research demonstrated that Huangkui capsule protection against renal fibrosis is dependent on the transient receptor potential channel 6 (TRPC6) pathway (Gu et al., 2020). In detail, the Huangkui capsule inhibited the expressions of a plethora of pro-inflammatory mediators in UUO mice by suppressing both canonical (Smad2/3) and noncanonical (MAPK) signaling pathways and the TRPC6/calcineurin A/nuclear factor of the activated T-cells signaling axis, which were possible through direct inhibition of TRPC6 activity in a heterologous expression system and indirect suppression of TRPC6 expression in both WT and TRPC6 knockout mice. Flavonoids, such as quercetin, isoquercitrin, hyperoside, gossypetin-8-O-β-D-glucuronide, and quercetin-3-O-glucoside, can inhibit the epithelial to mesenchymal transition in HK-2 cells (Cai et al., 2017). An et al. indicated that hyperoside pretreatment could significantly decrease albuminuria and prevent glomerular basement membrane (GBM) damage and oxidative stress in diabetes mellitus mice by decreasing podocyte heparanase expression (An et al., 2017). Liu et al. have revealed that quercetin ameliorated pyroptosis and injury in podocytes under HG conditions via adjusting METTL3-dependent m6A modification and regulating NLRP3-inflammasome activation and PTEN/PI3K/Akt signaling (Liu et al., 2021).
Salviae Miltiorrhizae Radix et Rhizoma for Promoting Blood Circulation and Removing Stasis
Salviae Miltiorrhizae Radix et Rhizoma (SM, Danshen) is a CMM derived from the root of Salvia miltiorrhiza Bunge. It exhibits various pharmacological activities, such as antioxidant activities, inhibiting the expression of adhesion molecules, antiplatelet aggregation, inhibiting mast cell degranulation, and inhibiting apoptosis and is commonly used for promoting blood circulation and removing stasis (Han et al., 2008). Previous studies have demonstrated that the injection of SM preparation could significantly reduce blood urea nitrogen and creatinine and improve renal function, probably by its antioxidant effects (You et al., 2012; Lu et al., 2015).
In the study of metabonomics in rats with CRF, 54 metabolites could be regulated by SM ethanol extract and water extract (Cai et al., 2018). Moreover, the extract of SM mentioned above significantly regulates the expressions of alpha-smooth muscle actin (α-SMA), FN, E-cadherin, p-ERK, NADPH1 oxidase 1 (NOX1), NOX2, NOX4, TGF-β, TGF-βRI, TGF-βRII, Smad2, Smad3, and Smad7 in HK-2 cells, that is, modulating the NADPH oxidase/ROS/ERK and TGF-β/Smad signaling pathways. A recent study also showed that SM can significantly regulate intestinal bacteria in CRF rats.
Several components isolated from SM have been used to treat kidney disease. The pharmacodynamic effects of salvianolic acid A on 5/6Nx rats showed that it could reduce proteinuria, improve renal function, and reduce renal tubulointerstitial fibrosis. The mechanism is closely related to its antiinflammatory activities through inhibition of the activation of the NF-κB and p38 MAPK signaling pathways (Zhang HF. et al., 2018). In addition, salvianolic acid A treatment improved glucocorticoid resistance of podocytes, partly by modulating the soluble urokinase plasminogen activator receptor (suPAR)/uPAR-αvβ3 signaling pathway (Li X. et al., 2021).
In general, the effect of SM on promoting blood circulation and removing stasis may be related to the increase in renal blood flow, the decrease of the expression of hypoxia-inducible factor (HIF)-1α and vascular endothelial growth factor (VEGF), and the recovery of expression of neuronal nitric oxide synthase (nNOS) by magnesium lithospermate B (Lin et al., 2019). On the other hand, the effects of magnesium lithospermate B on attenuating renal function, renal fibrosis, and inflammation were investigated in 5/6Nx rats, showing a reduction in the expressions of FN, Col III, Col IV, TNF-α, and monocyte chemoattractant protein-1 (MCP-1), which are associated with inhibition of TF activation (Wang et al., 2019). In addition, other studies have shown that inhibition of the mitochondrial apoptosis pathway, i.e., inhibition of mitochondrial Bax accumulation and release of cytochrome c, may also be the renal protective mechanism of magnesium lithospermate B.
Poria for Clearing Dampness and Promoting Diuresis
Poria (Fuling) is the dry sclerotium derived from Poria cocos (Schw.) Wolf (Polyporaceae). The inner parts of Poria are commonly known as “Fuling” in Chinese. Triterpenoids are the main components of Poria, and it exhibits a variety of biological activities such as antiinflammatory, immunomodulatory, antitumor, antioxidant, and antibacterial activities (Ríos, 2011; Miao et al., 2016; Li X. et al., 2019). In TCM, Poria has the effects of strengthening the spleen, promoting diuresis, and eliminating edema and is mainly used to treat the disorder of fluid metabolism. In the ADR-induced NS rat model, Poria extract could significantly improve the levels of urine protein, creatinine, serum total cholesterol, and IL-4 cytokine and attenuate kidney injury (Zan et al., 2017). Likewise, Poria treatment significantly improves the disturbance of water metabolism in puromycin aminonucleoside (PAN)-induced NS rats by inhibiting the expression of the epithelial sodium channel and AQP2 (Lee et al., 2014). An in vitro study also revealed that Poria treatment inhibited the activation of Sgk1 and decreased the expression of TonEBP mRNA (Lee et al., 2012). Its effect on AQP2 might be related to the inhibition of PKA and the decrease of the cAMP content.
Because of the obvious diuretic effect of ethanol extract from the surface layer of Poria, Zhao et al. focused on the protective effect of triterpenoids from the surface layer of Poria on CKD (Zhao et al., 2012). Several studies have demonstrated that triterpenoids isolated from the surface layer of Poria have beneficial renal protective effects on renal fibrosis. Poricoic acid A is the main triterpenoid in the surface layer of Poria. It exhibited the suppression of fibrosis by stimulating AMPK and inhibiting Smad3, preventing abnormal ECM accumulation and remodeling, and promoting the deactivation of fibroblasts (Chen D. Q. et al., 2020). Poricoic acid A combined with melatonin has a protective effect on acute kidney injury (AKI)-to-CKD transition. On the 14th day of renal ischemia-reperfusion injury in rats, poricoic acid A and melatonin treatment significantly inhibited the expressions of α-SMA, Col I, and FN. Inhibition of the TGF-β/Smad, Wnt/β-catenin, and NF-κB/Nrf2 pathways may be the mechanisms of poricoic acid A against renal fibrosis (Chen D. Q. et al., 2019a; Chen D. Q. et al., 2019b). Interestingly, poricoic acid A and melatonin could upregulate growth arrest-specific 6 (Gas6)/Axl signaling to reduce oxidative stress and inflammation in the AKI disease status and further downregulate Gas6/Axl signaling to attenuate renal fibrosis in the CKD disease status (Chen D. Q. et al., 2019b). This may reveal the bidirectional regulation of TCM to some extent. As reported previously, some new poricoic acids such as poricoic acid ZC, poricoic acid ZD, poricoic acid ZE, poricoic acid ZG, poricoic acid ZH, poricoic acid ZI, poricoic acid ZM, and poricoic acid ZP significantly attenuated renal fibrosis though the same mechanisms as poricoic acid A in vivo and in vitro (Wang et al., 2018a; Wang et al., 2018b; Chen L. et al., 2019; Wang M. et al., 2020a).
CMM Pairs
CMM pairs (combination of two CMMs) are the most basic composition units, the simplest form of multi-CMM formula, and a centralized representative of CMM compatibility (Wang S. et al., 2012). It is not the superposition of any two CMMs but contains the wisdom and clinical experience of TCM doctors.
Astragali Radix-Angelicae Sinensis Radix Pair for Invigorating Qi and Promoting Blood
AR and Angelicae Sinensis Radix (AS, Danggui, the root of Angelica sinensis (Oliv.) Diels) are a common CMM pair used to treat kidney disease for years. The combination of the two CMMs is also known as Danggui Buxue Tang (DBT) with a weight ratio of 5:1. When the two CMMs are decocted together, it can help a better dissolution of effective components and the generation of new components. For example, with the increase in the ratio of AR, the dissolution of ferulic acid and ligustilide increased (Gao et al., 2007). Moreover, the results indicated that immunomodulatory, oesteotropic, and estrogenic effects were best exerted at the AR to AS ratio of 5:1.
According to what has been mentioned before, blood stasis always accompanies CKD. Studies have shown that the AR–AS pair also could promote recovery of blood flow, improve the microstructure dysfunction, enhance NO production via activating eNOS, and induce erythropoietin (EPO) mRNA expression and secretion of EPO protein (Meng et al., 2007; Gao et al., 2008). The mechanism acting on EPO might be related to increasing the expression of HIF-1α mRNA and promoting the protein translation of HIF-1α via a Raf/MEK/ERK-dependent signaling pathway (Zheng et al., 2010). However, some studies reported that the CMM pair could not reduce urinary protein (Lu et al., 1997; Li et al., 2000). It was suggested that the effect of the pair on preventing and treating glomerulosclerosis might not directly affect hemodynamics or filtration membrane permeability but is related to regulating lipid metabolism by upregulating the expression of hepatic LDL receptor gene and increasing the activities of serum lipoprotein and lecithin-cholesterol acyltransferase.
The immunomodulatory effect of DBT is reflected in the immune activation in human T-lymphocytes and macrophages. Specifically, DBT could significantly induce the proliferation of cultured T-lymphocytes and the secretion of IL-2 and p-ERK and increase the phagocytosis of cultured macrophages (Gao et al., 2006). This is consistent with the view of the TCM theory that TCM with beneficial Qi participates in improving the defense ability of the immune system.
The antirenal fibrosis effect of the AR–AS pair has been extensively studied, and its mechanism mainly includes downregulating the expressions of TGF-β1 and connective tissue growth factor (CTGF), preventing the activation of c-Jun N-terminal kinase (JNK)-MAPK, and inhibiting the expression of NLRP3 inflammasomes (Huang et al., 2003; Wang et al., 2003; Wang et al., 2016). Integrated lipidomics, transcriptomics, and network pharmacology techniques were also used to reveal the mechanisms of DBT (Sun L. et al., 2022). Just as the AR–AS pair, astragaloside IV and ferulic acid have been proved to improve renal tubulointerstitial fibrosis and protect the function of vascular endothelium, which may be the pharmacological material basis of the pairs (Meng et al., 2011; Yin et al., 2014).
AR and Notoginseng Radix et Rhizoma Pair for Invigorating Qi, Promoting Blood Circulation, and Removing Stasis
Sanqi oral solution (SQ), composed of AR and Notoginseng Radix et Rhizoma (Sanqi, the roots and rhizomes of Panax notoginseng (Burk.) F.H.Chen), is a patented hospital preparation, which was designed and developed by the famous nephrologist Nizhi Yang (Tian et al., 2019). Notoginseng Radix et Rhizoma is an important CMM related to Blood, with the features of promoting blood circulation, removing blood stasis, inducing blood clotting, and alleviating pain (Lei and Chiou, 1986; Cicero et al., 2003). Based on the efficacy of AR in invigorating healthy Qi and Notoginseng Radix et Rhizoma in eliminating pathogenic factors, the combination has been used for clinically treating CKD for over 20 years with good curative effect. In a rat model of membranous nephropathy, SQ successfully reduced proteinuria, increased serum albumin, and restored podocyte injury, which was associated with the inhibition of the NF-κB signaling pathway (Tian et al., 2019). Moreover, SQ could also exert renoprotective effects on renal I/R injury by inhibiting apoptosis and enhancing autophagy, combined with regulating ERK/mTOR pathways (Tian et al., 2020).
Since both have a distinct ability to regulate T-lymphocyte subsets (Yang Z. et al., 2007; Wan et al., 2013), SQ indicated regulation of lymphocyte subsets and reduction of macrophages infiltration in renal tissues (Wei et al., 2013). In vitro experiments showed that inhibition of mesangial cell proliferation by SQ may be related to inhibition of IL-β1 secretion and gene expression and promotion of IL-10 secretion and gene expression (Yang N. Z. et al., 2007). Thus, it was considered that mesangial cells were important target cells of SQ in preventing and treating chronic nephritis and delaying CKD progression.
CMM Formula
CMM formula is the main form of clinical treatment of TCM, which is composed of two or more CMMs based on the theory of TCM. Under the appropriate dosage ratio, many CMMs in the formula can make full use of their advantages, avoid their disadvantages and play a synergistic role to realize the overall adjustment of TCM. CMM pairs are the smallest component units of a formula, and some representative CMM pairs have been described above. This section mainly discusses the characteristics of CMM formulas composed of multiple CMMs in the study of CKD and the details are summarized in Table 1.
TABLE 1 | Characteristics of TCM formulas on CKD.
[image: Table 1]Zhenwu Tang for Warming Kidney/Spleen Yang to Promote Diuresis
Zhenwu Tang (ZWT) is a classical CMM formula originally from an ancient medicinal book “Treatise on Febrile Diseases.” It is composed of Aconiti Lateralis Radix Praeparata (Fuzi), Poria, Atractylodis Macrocephalae Rhizoma (Baizhu), Paeoniae Radix Alba (Baishao), and Zingiberis Rhizoma Recens (Shengjiang). ZWT has been widely used as a remedy for CKD, relieving the clinical manifestations of edema, dyuria, and oliguria through warming Kidney/Spleen Yang to promote diuresis. Clinical studies have indicated that ZWT improved the clinical curative effect, alleviated the scores of symptoms such as the limb chills, decreased proteinuria, and blood lipids, improved renal function, and alleviated serum levels of IL-8, IL-13, CTGF, and hepatocyte growth factor (Tian et al., 2017).
The warming Yang effect of ZWT is related to antiinflammation and antifibrosis. In improving the inflammatory response, ZWT significantly reduced the serum levels of AGEs and decreased the release of inflammatory mediators (TNF-α, IL-1β, and IL-6) (Wu J. et al., 2016). The mechanism is closely related to upregulating the expression of peroxisome proliferator-activated receptor-gamma (PPAR-γ) protein and IκB mRNA, downregulating the expressions of RAGE1, p-p65, and p-IκBα, and inhibiting the activation of the NF-κB/NLRP3 pathway (Wu J. et al., 2016; Liu et al., 2018; Liu et al., 2019; Li H. et al., 2020). Interestingly, ZWT blocked the activation of NLRP3 inflammasome and inhibited IL-1β and caspase-1, which is closely related to dramatically promoting the secretion of exosomes in renal tissues (Li H. et al., 2020). In ameliorating renal fibrosis, ZWT significantly inhibited renal mRNA and protein expression of Wnt4 and its downstream genes β-catenin and Axin (La et al., 2018). In addition, ZWT could ameliorate streptozotocin-induced proteinuria and podocyte injury by suppressing the hyperactivity of the renal renin–angiotensin system and modulating the slit diaphragm (Cai et al., 2010).
The diuretic effect of ZWT was tested in NS rats and kidney-Yang-deficient rats. It turns out that ZWT could attenuate ADR-induced renal edema, which was related to the downregulation of miR-92b expression and upregulation of AQP2 expression (Liang et al., 2019). The rat model of kidney-Yang deficiency was made by injecting hydrocortisone acetate. The results showed that ZWT could adjust the osmotic pressure set point, increase the secretion of plasma aldosterone, and reduce the secretion of antidiuretic hormone, thereby promoting the excretion of Na+ and K+ and keeping the balance of water and the electrolyte content (Liang et al., 1999).
YiQi QingRe Gao for Benefiting Qi, Consolidating the Superficial Resistance, Heat Clearing, and Detoxifying
According to the characteristics of chronic nephritis patients, such as kidney deficiency, spontaneous sweating, and susceptibility to exogenous evil, Zhan and Dai put forward the treatment of invigorating Qi and consolidating the superficial resistance (supportive treatment); on the other hand, patients with chronic nephritis are often combined with the exogenous wind-heat syndromes, damp-heat syndromes, and blood stasis syndromes, which should be treated by clearing heat and removing dampness, as well as promoting blood circulation and removing blood stasis (Zhan et al., 2003). Therefore, YiQi QingRe Gao (YQQRG), a CMM formula, was developed and has been applied in Guang’anmen Hospital for more than two decades.
As an empirical formula, YQQRG is composed of 12 CMMs. The prescription takes AR as the monarch medicine, combined with Atractylodis Macrocephalae Rhizoma and Saposhnikoviae Radix (Fangfeng), which is the composition of Yupingfeng San, to invigorate Qi, consolidate the superficial resistance, and eliminate evil or toxin in the outside; Lonicerae Japonicae Flos (Jinyinhua), Forsythiae Fructus (Lianqiao), Duchesneae Indicae (Shemei), Hedyotis Diffusa (Baihuasheshecao), and Imperatae Rhizoma (Baimaogen) can clear heat and remove dampness in the inside; Poria, Alismatis Rhizoma (Zexie), Leonuri Herba (Yimucao), and Dioscoreae Nipponica Rhizoma (Chuanshanlong) can promote blood circulation and diuresis and guide the evil of dampness, heat, and turbid to go out. In a previous clinical study, it was found that YQQRG could significantly reduce TCM symptom scores of patients with chronic glomerulonephritis, effectively decrease 24 h urine protein, and improve plasma albumin and immunoglobulin (Ig) G, IgA levels, and the effective rate of treatment was 90% (Zhan and Dai, 2003).
Animal experiments have shown that the formula inhibits the expression levels of inflammatory factors such as TNF-α, TNFR1, IL-1β, and MCP-1 in renal tubulointerstitium, downregulates the expression level of caspase-3 in the renal tissues, and upregulates the expression level of Bcl-2 to exert an antiapoptotic effect (Wen et al., 2015). In maintaining the glomerular filtration barrier, YQQRG could upregulate the expressions of podocyte-related proteins such as nephrin, podocin, and CD2AP in kidney tissues of rats with PAN nephropathy and inhibit their mRNA level in feedback (Zhan et al., 2014). Moreover, the main molecular chaperones of endoplasmic reticulum stress, such as glucose-regulated protein 78 (GRP78) and GRP94, and cytoskeletal regulatory proteins, such as α-actin-4, synaptopodin, desmin, and uPAR, were all inhibited by YQQRG (Yang et al., 2016a). An in vitro experiment indicated that treatment with serum-containing YQQRG inhibited LPS-induced rat mesangial cell proliferation, downregulated mRNA and protein levels of Wnt4 and TGF-β1, and reduced the aggregation of the mesangial matrix (Yang et al., 2016b). Dioscin might be the key component in YQQRG to exert the above effects.
Qufeng Tongluo Recipe for Expelling Wind, Dredging Collaterals, Invigorating Qi, and Tonifying the Kidneys
Sun et al. consider that the pathogenesis of CKD is the deficiency of kidney collaterals caused by wind pathogen, mixed with blood stasis and dampness heat (Sun et al., 2008). Therefore, Qufeng Tongluo Recipe (QTR) was developed as an empirical formula. This prescription selects Zaocys (Wushaoshe) as the monarch medicine and Sinomenii Caulis (Qingfengteng) and Piperis Kadsurae Caulis (Haifengteng) as the minister medicines, and it takes the properties of insects’ moving and dredging collaterals (dredging the channel) and vines’ winding and spreading to achieve the effects of dispelling wind, eliminating dampness, and dredging collaterals. This is assisted by AR to invigorate Qi, dredge collaterals, promote diuresis, and reduce swelling and Taxilli Herba (Sangjisheng) to nourish the liver and kidneys and dispel wind and dampness. Rehmanniae Radix (Dihuang) is used as the courier to nourish Yin and generate fluid, which not only prevents the dryness of the herbs but also leads the herbs straight into the kidney meridian. All the CMMs are combined to achieve the effects of expelling wind, dredging collaterals, invigorating Qi, and tonifying the kidneys. In the clinical treatment of DN-complicated CRF, QTR showed the effect of reducing blood lipid, improving renal function, and reducing serum TGF-β1 level (Sun et al., 2004).
Animal experiments showed that QTR could improve kidney injury by regulating the expressions of cytoskeletal proteins (synaptopodin, α-actinin-4, and desmin) and slit diaphragm proteins (CD2AP) (Wang Z. et al., 2014a; Wang Z. et al., 2014b), increasing the anion site and HSPG expression in the GBM to protect the basement membrane damage (Sun et al., 2010; Ma et al., 2011). In addition to improving the glomerular filtration function, QTR could also inhibit the accumulation of ECM by reducing the expressions of Col IV, fibronectin, and laminin in kidney tissues and downregulate the expression of renal fibrosis-related proteins α-SMA and vimentin, thus playing an antifibrosis role (Wu et al., 2008; Ma et al., 2019). The results in vitro indicated that the inhibition of QTR on the proliferation of mesangial cells was related to the regulation of the cell cycle process and the inhibition of TGF expression (Sun et al., 2008; Wu et al., 2013). The regulation of cell cycle progression is reflected in the reduction of the protein and mRNA expression levels of cylinD1, cyclin-dependent kinase 2 (CDK2), and p21 and the increase of p27.
Uremic Clearance Granule for Invigorating the Spleen, Dispelling Dampness, Removing Turbidity by Catharsis, Promoting Blood Circulation, and Removing Stasis
Uremic clearance granule (UCG) is the first CMM preparation in the field of treating early and mid-stage CRF. It contains 16 kinds of CMMs and exerts the effects of removing turbidity by catharsis, invigorating the spleen, dispelling dampness, promoting blood circulation, and removing blood stasis in TCM. In some small-scale clinical trials, UCG is effective in reducing serum creatinine levels, improving renal blood flow, and improving the state of microinflammation (Wu et al., 2004). In a multicenter clinical trial involving 300 patients with stage 3b-4 CKD, UCG significantly reduced serum creatinine, delayed the reduction of estimated GFR, and delayed the progression of CKD at 24 and 48 weeks after administration (Zheng et al., 2017; Zheng et al., 2019). Subsequently, it was recommended in the clinical application guide of Chinese patent medicine in the treatment of CKD stage 3–5 (nondialysis), version 2020 (The Standardization Project Team of The Clinical Application Guide of Chinese Patent Medicine in The Treatment of Dominant Diseases, 2021).
In the clinical application of UCG in the recent 30 years, its mechanism of action has been comprehensively studied. In terms of inhibiting the tubular epithelial to mesenchymal transition, UCG could significantly increase E-cadherin expression and suppress vimentin and α-SMA expression both in vivo and in vitro (Lu et al., 2013). On the effect of oxidative stress, UCG showed the effect of restoring mitochondrial regeneration (shown as restoring the expression of mitochondrial transcription factor A and peroxisome proliferator-activated receptor γ co-activator-1α), improving mitochondrial structure and function, and further inhibiting the apoptosis of tubular epithelial cells, which is related to the inhibition of the TGF-β1-ROS-MAPK pathway (Xu et al., 2015). Focusing on the role of TGF-β1 expression in renal fibrosis, it was proved that UCG downregulated the protein expressions of TGF-β1, TGF-β receptor I, receptor II and Smad2/3, and upregulated the protein expressions of SnoN and Smad7 (Huang et al., 2014; Wu W. et al., 2016). Further experiments revealed that regulation of TGF-β1 transcription and translation by UCG was due to induction of remethylation of the TGF-β1 promoter in CRF rats (Miao et al., 2010). In addition, the effect of UCG in correcting the imbalance of MMP-2/TIMP-1 in model rats has also been elucidated (Huang et al., 2014).
With the continuous research on UCG, the original prescription was simplified and recombined, and finally the second-generation product Huang Gan formula (HGF) was formed. HGF is composed of RRR, Zingiberis Rhizoma, Bupleuri Radix, Glycyrrhizae Radix et Rhizoma, and Aconiti Lateralis Radix Preparata. It can significantly improve the renal function of rats in CRF models, reduce oxidative stress injury, and delay the development of renal fibrosis (Xiao et al., 2014). At present, the mechanism of HGF is relatively limited. Mo et al. showed that HGF plays an antiinterstitial fibrosis role by inhibiting the Wnt/β-catenin pathway through depressing protein and mRNA expressions of Wnt1, β-catenin, transcription factor 4, and FN (Mo et al., 2015). Similar to UCG, HGF also shows the effect of antioxidative stress. The research indicated that the effect of HGF in advanced oxidation protein products-induced human mesangial cells was related to the inhibition of the JAK2/STAT3 pathway and the regulation of the balance of the advanced glycation end products receptor (Deng et al., 2017).
The above systematically summarizes the research strategies and mechanisms of TCM in treating CKD (the relevant mechanisms are summarized in Figure 2). At present, many small clinical studies have been published in Chinese journals to support the kidney protective effect of TCM on CKD, and there are many systematic reviews and meta-analyses. With the gradual deepening of research, more and more large-scale well-designed randomized controlled trials have been carried out. Table 2 summarizes the large-sample clinical trials on the prevention and treatment of various CKD with TCM in recent years, which further supports the effectiveness of TCM.
[image: Figure 2]FIGURE 2 | Summary of the related mechanism of treating CKD with CMM. TGF-β/Smad and Wnt/β-catenin signaling pathways are two antifibrotic mechanisms that have been confirmed by a variety of TCM studies. Among them, Smad3 is pathogenic in renal fibrosis but Smad7 plays a protective role by negatively regulating the phosphorylation of Smad2/3 and NF-κB-driven inflammatory response. For the dual functions of Smad4, the therapeutic effect of CMM is to inhibit Smad3-dependent renal fibrosis. Besides, the sustained excessive reaction of abnormal activation of the PI3K/Akt/mTOR signaling pathway can lead to an increase in Col I and FN and ultimately lead to renal fibrosis. In the occurrence of glomerular hyperperfusion, hyperfiltration, and hyperglycemia, it causes oxidative stress and AGE activation, followed by a series of inflammatory reactions. In addition to inhibiting the activation of AGE, the antiinflammatory effect of CMM is also manifested in the inhibition of ROS-ERK1/2 and NF-κB-mediated NLRP3 inflammasomes.
TABLE 2 | Recent trials studying the use of TCM in CKD.
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CKD is a common and progressive disease that has become a major public health problem on a global scale. However, the single target characteristic of modern medicine cannot meet the clinical requirements. According to the syndrome differentiation of diseases, CMM with multilink and multipath effects is selected, which is indeed effective for complex diseases. Treatment based on syndrome differentiation is a very important feature of TCM. The syndrome is a summary of the body’s pathological response at a certain stage in the development of the disease, including the location, cause, nature of the lesion, and relationship between healthy Qi and pathogenic factor, reflecting the essence of pathological changes at this stage (Chen and Lu, 2006). Only when doctors accurately identify the TCM symptoms of the disease can they issue an accurate prescription. Therefore, treatment based on syndrome differentiation comprehensively considers the various factors of the disease and provides a multilink and multipath control method for the prevention and treatment of CKD. In addition, under the guidance of syndrome differentiation and treatment, the prescriptions used by TCM physicians also conformed to the compatibility theory of “Jun-Chen-Zuo-Shi,” which clearly pointed out the roles played by each ingredient in the prescription (Luan et al., 2020). Under the guidance of these rules, TCM emphasizes the treatment of the variable related to systemic disease and different targets and allows some ingredients in prescriptions to be changed when symptoms and signs change, so TCM presents an ideal choice for the intervention of chronic diseases.
Modern medicine considers that in the course of the disease, renal fibrosis is a general characteristic of CKD. Although there is no “renal fibrosis” in the TCM theory, the progressive development of various kidney diseases can be manifested as a deficiency in the root and excess in the branch, and the change of syndromes can occur, such as “edema,” “retention of urine,” and “kidney fatigue” in TCM. This is consistent with the understanding of the disease process in modern medicine. The ancients believed that “most of the kidney diseases are of deficiency syndrome.” Modern physicians also agree that kidney deficiency should be considered as the pathological basis of kidney disease and even believe that there is no kidney disease without kidney deficiency (Liu et al., 2011a). Together with the views that kidney-Qi deficiency is a leading cause of renal fibrosis (Cao et al., 2015; Zhao, 2019), it is considered that the pathogenesis of root deficiency may be reflected in renal fibrosis. As summarized in this study, many single CMM and CMM formulas aiming at the pathogenesis of kidney deficiency of CKD have different compositions but all exhibit antifibrosis effects. In addition, these CMMs can improve renal fibrosis in different disease models (such as NS, UUO, 5/6Nx, and CRF), which embodies the theory of “same treatment for different diseases” in TCM. For example, ZWT can be used to treat DN, NS, CRF, and other diseases by improving renal fibrosis as described above. Since CMMs have antiinflammatory, antioxidation, antiapoptosis, and antifibrosis properties and play a role in the regulation of immunity, they can inhibit the TGF-β1/Smad, NF-κB, PI3K/Akt/mTOR, Wnt/β-catenin, ERK-1/2, p38 MAPK, JNK, and other pathways and activate the HGF/c-met pathway to exert an antifibrosis role.
In the process of the progression of CKD, in addition to the common pathology of renal fibrosis, it is also related to the infiltration of inflammatory factors, renal ischemia injury, hyperlipidemia, and the change of blood volume (Peng et al., 2005; Dou et al., 2009; Liu, 2011). Here, due to the reduced renal filtration function in CKD, a large number of potentially nephrotoxic components (such as complement factors, growth factors, and others) are abnormally filtered into the urine, causing these macromolecules to damage the tubulointerstitium, and these substances induce renal interstitial damage far more serious than that of urine albumin (Cravedi and Remuzzi, 2013). Therefore, causing proteinuria has a certain toxic effect. As mentioned above, the pathogenic excess in the pathogenesis of CKD mainly includes blood stasis, dampness heat, turbid toxin, and water stagnation. Therefore, both modern medicine and TCM can recognize the different characteristics in the pathogenesis of CKD, and their understanding of the characteristics of the disease can be explained by each other. Briefly, the microscopic manifestations of blood stasis can be described as the disorder of local blood microcirculation in the kidneys, resulting in ischemia and hypoxia of kidney tissues, necrosis, and apoptosis of endothelial cells as well as ischemic collapse and sclerosis of glomerular (Guo et al., 2019). The microscopic manifestations of dampness heat are the lesion of the capillary loop, the infiltration of interstitial inflammatory cells, the proliferation of glomerular cells, and segmental sclerosis or adhesion of glomerulus (Yu et al., 1992; Wang et al., 2008; Wang X. et al., 2015). Turbid toxin manifests as the abnormal increase of solutes with different molecular weights, such as inflammatory factors, urine protein, LDL, and oxidized LDL (Vanholder et al., 2003; Palmer, 2007). Water stagnation can be manifested as an abnormal increase in blood volume, leading to edema (Rodríguez-Iturbe et al., 2002; Ellison, 2017). Therefore, when blood stasis is present, SM or Shenkangling, which promotes blood circulation and removes blood stasis, is used to improve the expressions of nNOS, HIF-1α, and VEGF. When NS is accompanied by dampness heat syndrome, AC or Wulingsan, which has the effect of clearing dampness heat, can be selected to reduce the infiltration of inflammatory cells and the proliferation of glomerular cells. Likewise, ZWT, which regulates the distribution and expression of AQP2, can be used to eliminate edema and UCG, which inhibits the apoptosis of renal tubular epithelial cells and reduces the toxicity of proteinuria, can be used to reduce the turbidity. To sum up the above points, the use of different treatments at different stages of disease development is the idea of “different treatments for the same disease” in TCM.
It should be pointed out that in the course of disease development, different pathogenic factors can influence each other. Just as the infiltration of inflammatory cells is the microscopic manifestation of dampness heat, it is also the initiating factor of fibrosis. Besides, if the dampness heat is not removed, it will lead to the accumulation of solutes with different molecular weights and the formation of turbid toxin. Therefore, TCM can not only regulate the root of the disease (renal fibrosis), but also regulate other factors toward normal from different links and the balance of Yin and Yang.
However, there are still some issues that need to be resolved. 1) The current clinical evidence, even from the meta-analysis, is not enough to support the clinical application of CMMs in kidney disease. More large-scale clinical trials are needed to assess the efficacy, effectiveness, and toxicity of CMMs to optimize their therapeutic and preventive potential. 2) The therapeutic effects of CMMs are attributed to their unique multitarget and multipath effects that are difficult to separate from the different stages of CKD. Therefore, when to use CMM and what kind of efficacy of CMM should be selected mainly depend on clinicians’ self-experience. It is urgent to construct modern pharmacological indicators to characterize the conditions for the application of CMMs, to facilitate the globalization of the application of CMMs. 3) Different prescriptions of TCM have different therapeutic characteristics, but there are few specific indicators that can reflect the action characteristics of TCM. It is necessary to clarify the scientific connotation of TCM with clear pharmacological indexes. 4) The multitarget mechanism of the TCM therapy has not been fully elucidated, and most of them are based on a single pathway. However, the interaction relationship between different signaling pathways is not clear yet, and the cross-targets among the pathways are rarely studied. It is necessary to deeply explore the mechanism and the interaction relationship of TCM in a multidisciplinary way and visualize the multitargets and multilink network of CMMs. 5) Currently, some ingredients derived from CMMs also show good efficacy, but it is unclear which ingredient has the best efficacy or which one is the most effective among CMMs and their ingredients. A well-designed randomized controlled trial is needed to confirm the efficacy and safety of potential drugs.
CONCLUSION
In summary, TCM has made major progress in the treatment of CKD and has shown a beneficial role in delaying CKD in clinical, animal, and in vitro studies. The effectiveness of CMM is the result of long-term clinical practice under the guidance of the TCM theory, which seeks to “reinforce deficiency and purge excess” through the synergistic effect of multitargets and multipaths. CMMs can not only inhibit the activation of myofibroblasts, the infiltration of inflammatory cells, the transdifferentiation of epithelial cells to mesenchymal cells, and the excessive deposition of ECM to improve renal fibrosis through various mechanisms, but also improve blood flow, inhibit the proliferation of glomerular cells and the accumulation of solutes, and relieve water retention to achieve a relative balance between Yin and Yang, which highlights the advantages of holistic control of TCM and provides a good therapeutic strategy for clinical treatment of CKD. Further research should focus more attention to large-scale clinical trials and combine the TCM theory with the latest medical research to deeply explore its mechanism, which is of great significance for TCM treatment of CKD.
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Background: Diabetic nephropathy (DN) is one of the most common complications of diabetes and the primary cause of end-stage renal disease. At present, renin–angiotensin–aldosterone system (RAAS) blockers have been applied as first-class drugs to restrain development of DN; however, its long-term effect is limited. Recent evidence has shown definite effects of Chinese medicine on DN. Yishen Huashi (YSHS) granule is a traditional Chinese Medicine prescription that has been used in the clinic to treat DN, but its mechanism is not understood.
Methods: In the present study, both in vitro and in vivo studies were carried out. The DN model was induced by STZ in Wistar rats, and GEnC and HPC cell lines were applied in the in vitro study. Quality of YSHS was evaluated by LC-MS/MS. A metabolomic study of urine was carried out by LC-MS; influence of YSHS on composition of DN was analyzed by network pharmacology. Mechanism of the YSHS on DN was analyzed by Q-PCR, Western Blot, and multi-immunological methods.
Results: We found YSHS administration significantly reduced levels of HbA1c and mALB. Histopathological analysis found that YSHS preserved integrity of glomerular filtration barrier by preserving viability of glomerular endothelial cells and podocytes, inhibiting glomerular fibrosis, reducing oxidative stress damage, and enhancing cross-talk among glomerular endothelial cells and podocytes. Network pharmacology, differential metabolite analysis, as well as intracellular pathway experimental study demonstrated that the PI3K/AKT/mTOR signaling pathway played a pivotal role in it.
Conclusion: Our present findings supplied new understanding toward the mechanism of YSHS on inhibiting DN.
Keywords: diabetic neuropathy, proteinuria, Yishen Huashi, Chinese medicine, glomerular filtration barrier
1 INTRODUCTION
With the increase in aging population, diabetes has become a global public health problem (Anders et al., 2018). Diabetic nephropathy (DN) is a common complication of diabetes mellitus and a common cause of end-stage renal disease (Gnudi et al., 2016). The early stage of DN features glomerular hyperfiltration, hypertrophy, microalbuminuria, basement membrane thickening (Giralt-López et al., 2020), mesangial expansion, and glomerular epithelial cell (podocyte) loss (Dai et al., 2017). Insulin resistance provoked hyperglycemia leads to increased levels of intracellular mitochondrial stress (Yaribeygi et al., 2020), and microalbuminuria (Papadopoulou-Marketou et al., 2018) has been considered the earliest marker of DN. Therefore, effective intervention in the early stage of DN is of great significance to delay the occurrence and development of nephropathy. Although much effort has been paid, the profit of the current strategy (Bai et al., 2019) on delaying development of DN is limited.
Yishen Huashi (YSHS) granule is a traditional Chinese Medicine prescription that has been used in the clinic to treat renal disease. According to its prescription, YSHS mainly comprises Ginseng (Ren-Shen in Chinese), Astragali Radix (Huang-Qi in Chinese), Atractylodes macrocephala (Bai-Zhu in Chinese), and Poria cocos (Fu-Ling in Chinese). Previously, we found a series of active components from the abovementioned herbal medicines on ameliorating diabetes-induced dysfunction of vascular endothelial cells and podocytes and were shown with effects on inhibiting progression of DN (Xu et al., 2011a; Xu et al., 2011b; Xu et al., 2015; Zhai et al., 2019; Zhu et al., 2019); most recently, we further found that oral administration with extract of Astragali Radix can enhance integrity of the gut barrier as well as blood–brain barrier and was shown with positive effects on inhibiting a series of diabetic complications (Wang et al., 2021; Xuling et al., 2022). Recently, an expert consensus from China Association of Chinese Medicine (The Panel of Yishen Huashi in China Association of Chinese Medicine, 2020) confirmed its definite effects on ameliorating kidney diseases exhibiting with proteinuria, but the underlying mechanism is still not understood.
To investigate the mechanism of YSHS on inhibiting development of DN, we designed this study. Both in vivo and in vitro experiments were involved. Our present study will supply direct evidence of YSHS on reducing proteinuria in DN.
2 MATERIALS AND METHODS
2.1 Materials
JC-1 iodide (sc-364116) and primary antibodies for AKT (sc-514032), p-AKT (sc-8312), and DCFH (sc-359840) were purchased from Santa Cruz (Dallas, TX); 2-NBDG (N13195) was obtained from Life Technologies (Carlsbad, CA). Detection kits for MDA (A003-1-2), SOD (A001-3-2), BUN (C013-2-1), Cr (C011-2-1), mALB (E038-1-1), TP (A045-1-1), α1-MG (E017-1-1), and β2-MG (E015-1-1) were provided by Jiancheng (Nanjing, China). Detection kits for AGEs (CSB-E09413r), LPS (CSB-E14247r), HbA1c (CSB-E08140r), insulin (CSB-E05070r), and C-peptide (CSB-E05067r) were provided by CUSABIO (Wuhan, China). Irbesartan (zc-51741) was derived from Zzstandard (Shanghai, China). Detection kits for apoptosis (G003-1-3) were supplied by Beyotime (Shanghai, China). All other reagents were from commercial sources.
2.2 Yishen Huashi (YSHS) Qualification
YSHS (batch number: 20201101) was provided by Guangzhou Consun Pharmaceutical Co. Ltd (Guangzhou, China). Its quality was verified by HPLC detection (Figure 1). Calycosin isoflavone was quantified for controlling the quality of the granule. HPLC analyses of batch 20201101 sample showed a calycosin isoflavone content of 0.022 mg/mL. Please refer to the Supplementary Material S1 for details.
[image: Figure 1]FIGURE 1 | Fingerprint chromatogram of Yishen Huashi Extract.
2.3 Animal Studies
All animal care and experimental design were approved by Macau University of Science and Technology. Male Wistar rats weighing 180–220 g were placed in specific pathogen-free (SPF) environment. The DN model was induced by intraperitoneal injection of streptozotocin (STZ) at the dose of 30 mg/kg once a week for 3 consecutive weeks. The model rats were fed with high-fat diet, while the control rats were fed with normal chow. Animals with blood glucose level >16.7 mmol/L were included to the subsequent experiments. DN rats were divided into five groups with six in each group: DN group, DN + YSHS (low dose, 1.3 g/kg/day), DN + YSHS (medium dose, 2.7 g/kg/day), DN + YSHS (high dose, 5.4 g/kg/day), and DN + Irbesartan (27 mg/kg/day) groups. Continuous gastric lavage administration of the drugs was given for 8 weeks, 6 days a week. After administration, urine is collected for 16 h. Animals were weighed prior to tissue collection. The animals were then anesthetized to collect blood.
2.4 Enzyme Immunoassay
Levels of AGEs (CSB-E09413r), LPS (CSB-E14247r), HbA1c (CSB-E08140r), MDA (A003-1-2), SOD (A001-3-2), Insulin (CSB-E05070r), and C-peptide (CSB-E05067r) were determined by kits according to the manufacturer’s protocols.
2.5 Western Blot
Protein extracted from kidney tissues was analyzed by WB. In general, proteins were electro-transferred to the PVDF membrane and incubated with primary antibodies overnight at 4°C. After washing with 1X TBST, the membranes were further incubated with secondary antibodies at room temperature for 1 h. Densitometric analysis of protein blots was analyzed using ImageJ software.
2.6 Transmission Electron Microscopy
The kidney morphology was observed by transmission electron microscopy (TEM). Freshly prepared kidney samples were immersed into 2.5% glutaraldehyde and fixed for at least 3 days. Sections at 70 nm were observed under a Hitachi TEM system.
2.7 Hematoxylin–Eosin Staining
After the treatment, the animals were sacrificed, and the kidneys were obtained after lavage with normal saline. Part of the kidney tissues was fixed in 10% neutral formaldehyde, embedded in paraffin, and pathological sections were prepared. Hematoxylin–eosin (H&E) staining was carried out according to the standard procedure.
2.8 Periodic Acid-Schiff Staining
After the treatment, the animals were killed, and the kidneys were obtained after lavage with normal saline. Pathological sections of the kidney were deparaffinized to water; after incubation with Schiff’s solution, sections were rinsed with running water; the nucleus was stained with Harris hematoxylin.
2.9 Immunohistochemistry
Kidney was fixed with 10% neutral formaldehyde. Sections were incubated with primary antibodies (1:100) overnight at 4°C, followed by secondary antibody incubation at 37°C for 30 min. Color was developed by DAB solution, and hematoxylin solution was applied for counterstaining.
2.10 Network Pharmacology
2.10.1 Database and Analysis Software
Databases including TCMSP (http://lsp.nwu.edu.cn/tcmsp.php), Genecards (http://www.genecards.org), UniProt (https://www.uniprot.org), String (https://string-db.org), Bioconductor (http://www.bioconductor.org), Enrich (https://maayanlab.cloud/Enrichr/enrich), and DAVID (https://david.ncifcrf.gov/) were applied to collect data. Cytospase 3.8.0 software was used to analyze the data.
2.10.2. Collection and Screening of Chemical Components
Chemical components in the drug were collected and screened through the TCM System Database (TCMSP) analysis platform, which is based on the absorption, distribution, metabolism, and excretion (ADME)–related indexes of the body to analyze the compounds and helps screen active compounds. According to Wu and Hu (2020) and Zhang et al. (2020), ingredients with oral bioavailability (OB) ≥ 30% and drug-like properties (DL) ≥ 0.18 were believed to have potential action and thereafter will undergo the screening procedure.
2.10.3 Target Collection and Network Construction and Protein Interaction Analysis
The compound–active ingredient–target protein network was constructed by the UniProt database, and the protein–protein interaction (PPI) analysis was analyzed by the String database.
2.10.4 GO Analysis
GO (Gene Ontology) analysis of molecular function, biological process, and cell composition for Yishen Huashi Granules was completed via ID correspondence or the sequence annotation method.
2.10.5 KEGG Analysis
In order to study the synergistic effect of Yishen Huashi Granules in ameliorating diabetic nephropathy at the signal pathway level, KEGG analysis was conducted.
2.11 In Vitro Studies
Glomerular endothelial cells (GEnCs) were derived from ScienceCell, and human podocyte (HPC) cells were a gift from Professor Dingkun Gui (Department of Nephrology, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai, China).
Cell viability was determined by the CCK-8 kit. In brief, cells were plated in 96-well plates. After drug incubation for different time periods 24 or 48 h at 37°C, the wells were added with CCK-8 solution. Two hours later, the optical density was measured at 450 nm using a Multimode microplate reader (Molecular Devices, U.S.).
2.12 Immunofluorescence
Cells were incubated with drugs for 24 h and then fixed with 4% paraformaldehyde solution. For permeabilization, cells were incubated with 0.1% Triton X-100 PBS solution for 10 min at room temperature. After washing with PBS, unspecific binding sites were blocked with blocking buffer (5% BSA in PBS) for 60 min at room temperature. Then, the cells were incubated with primary antibodies overnight at 4°C, followed by secondary antibody for 1 h in the dark at room temperature. Nuclei were counterstained by DAPI. Images were taken with a confocal laser scanning microscope (Leica TCS SP8, Germany) under standardized conditions and analyzed with ImageJ software.
2.13 Flow Cytometry
Cells were seeded in a 6-well plate dish at 3 × 105 cells/mL. For the combination group, cells were pre-treated with drug for 24 h and then incubated with DCFH, JC-1, FITC/PI, or mitochondria deep red for 30 min in the dark. After harvesting, the cells were further washed with PBS three times and finally analyzed with a flow cytometer (BD FACS Aria III).
2.14 Metabolomic Study of the Urine
The cryopreserved urine sample was defrosted and shaken at 4°C. 50 µL of each sample was transferred into 2 mL centrifuge tubes. 150 µL 2-chlorophenylalanine was added with 50% acetonitrile as the internal standard, shaken for 5 min, and mixed well and centrifuged at 4 °C for 10 min at 12,000 rpm. The supernatant was filtered through a 0.22-µm membrane to obtain the prepared samples for LC-MS; the samples are used for LC-MS detection. Chromatographic separation of the urine sample was accomplished in an Thermo Ultimate 3,000 system equipped with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 µm, Waters) column maintained at 40°C. The temperature of the autosampler was 8°C. Gradient elution of analytes was carried out with 0.1% formic acid in water (C) and 0.1% formic acid in acetonitrile (D) or 5 mM ammonium formate in water (A) and acetonitrile (B) at a flow rate of 0.25 mL/min. Injection of 2 μL of each sample was carried out after equilibration. An increasing linear gradient of solvent B (v/v) was used as follows: 0–1 min, 2% B/D; 1–9 min, 2%–50% B/D; 9–12 min, 50%–98% B/D; 12–13.5 min, 98% B/D; 13.5–14 min, 98%–2% B/D; 14–20 min, 2% D-positive model (14–17 min, 2% B-negative model). The ESI-MSn experiments were executed on the Thermo Q Exactive Focus mass spectrometer with the spray voltage of 3.5 kV and −2.5 kV in positive and negative modes, respectively. The analyzer scanned over a mass range of m/z 81-1 000 for full scan at a mass resolution of 70 000. Data-dependent acquisition (DDA) MS/MS experiments were performed with HCD scan. The normalized collision energy was 30 eV.
2.15 Statistical Analysis
The results were presented as mean ± SEM. Data were analyzed by one-way analysis of variance (ANOVA) followed by GraphPad prism 7.00. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Yishen Huashi Inhibited Progression of Diabetic Nephropathy
The DN rats were orally administrated with the drug for 8 weeks. As shown in Figures 2A–D, although YSHS has no significant effects on body weight, fasting blood glucose, and urine volume, it significantly reduced kidney index. The plasma LPS (Figure 2G) was decreased by YSHS. Although the level of insulin (Figure 2H) was not significantly increased by the YSHS, both HbA1c (Figure 2E) and C-peptide (Figure 2I) were ameliorated by the drug, suggesting YSHS possessed beneficial effects against insulin resistance in DN. Moreover, levels of plasma BUN and Cr as well as those of urine mALB, TP-u, Cr-u, α1-MG, and β2-MG were significantly reduced by YSHS in DN rats (Figures 2L–R).
[image: Figure 2]FIGURE 2 | Effect of YSHS on biochemical parameters in DN rats. Changes in body weight (A), blood glucose (B), and urine volume (C) throughout the experimental period. Changes in kidney index (D) and parameters of blood HbA1c (E), glucose (F), LPS (G), insulin (H), C-peptide (I), MDA (J), and SOD (K) at the end of the experiment. Changes of serum BUN-s (L), Cr-s (M), and mALB (N), TP-u (O), Cr-u (P), α1-MG (Q), and β2-MG (R) within urine at the end of the experiment. Values are presented as means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, vs. Normal; &p < 0.05, &p < 0.01, and &&&p < 0.001, vs. DN.
3.2 Yishen Huashi Ameliorated Histopathological Changes of the Kidney in Diabetic Nephropathy Rats
To verify the effects of YSHS on restoring DN damage, kidney tissues were observed by TEM, histopathological examination, and Periodic Acid-Schiff (PAS) staining. As shown in Figures 3A,B, the basement membrane of the filtration barrier in the model group was unevenly thickened; the number of mitochondria within glomerular endothelial cells was increased but were shown with edema and mitochondrial cristae decrement; in podocytes, the pseudopod was partially fused and some were not found. For H&E and PAS staining (Figures 3C–E), the glomerular basement membrane thickness and glomerular sclerosis were obviously observed in DN rats, while YSHS oral administration significantly preserved histological integrity of the nephron and inhibited glomerular sclerosis.
[image: Figure 3]FIGURE 3 | Effects of YSHS on histopathologic changes of DN rats. TEM (A,B), H&E (C), and PAS (D) staining of YSHS in different groups on DN. (E) PAS-positive area was analyzed by the IPP software. Values are presented as means ± SEM. **p < 0.01, vs. Normal; &p < 0.05, &&p < 0.01, &&&p < 0.001, vs. DN.
3.3 Yishen Huashi Modulated Expression of Fibrosis-Related Gene Expression in Diabetic Nephropathy Rats
To explore the molecular mechanism of YSHS on restoring glomerular sclerosis, the expression of fibrosis-related genes was determined by both immunohistochemistry and Western blot. As shown in Figures 4A–C, positive particles of fibronectin protein were highly expressed in DN rat kidneys and podocin protein was lowly expressed in the glomerulus compared with normal; while both irbesartan and YSHS administration significantly reversed their expression. Similar results were found in the WB experiment (Figures 4D–F). α-SMA and TIMP-1 are two important markers that imply activity of the fibroblast; while GST-Pi and CD31 are two modulators that protect the cells against cytotoxic factors. In the present study, we found YSHS significantly reduced over-expressed α-SMA and TIMP-1 while increased GST-Pi and CD31 expressions (Figures 4G–K).
[image: Figure 4]FIGURE 4 | Effects of YSHS on renal fibrosis in DN rats. Podocin and fibronectin expression was detected by immunohistochemical staining (A). IHC was quantitated for fibronectin (B) and podocin (C) using the IPP software. Podocin and fibronectin expression was determined by WB (D). Relative expression of fibronectin (E) and podocin (F) was calculated using ImageJ software. Protein expression of CD31, α-SMA, TIMP-1, and GST-PI in the DN rat was determined by WB (G). Relative expression of TIMP-1(H), α-SMA (I), GST-PI (J), and CD31 (K) was analyzed by ImageJ software. Values are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. Normal; &p < 0.05, &&p < 0.01, vs. DN.
3.4 Network Pharmacology Analysis and Differential Metabolite Analysis of Urine
To explore the potential ingredients and molecular targets of YSHS that have an effect on DN, we conducted a network pharmacological analysis. We identified 82 potentially active compounds (Supplementary Table S1) and 109 gene targets corresponding to those potentially active compounds in YSHS. We also searched for 3,712 related DN target genes. A Venn intersection target diagram was built, and 70 common targets were identified (Figure 5A).
[image: Figure 5]FIGURE 5 | Network pharmacology analysis and differential metabolite analysis of urine. Venn diagram of diseases and YSHS drugs (A). Compound target disease (CTD) network of YSHS (B); the green circles represent compound targets, and the blue circles represent diseases. The PPI network (C) was sorted in descending order from the bottom of the figure in a circular layout, on the basis of the number of degrees; the size of the target and disease nodes reflects the number of degrees. Biological processes related to targets of YSHS (D). Pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (E). Metabolomic analysis of rat urine: Separation of rat urine in a PCA score plot (F); loading S-plot generated by OPLS-DA analysis of the metabolome in rat urine (G); differential metabolite pathway analysis (H) differential metabolite heat map of the urine among groups (I).
For a comprehensive identification of the mechanism of YSHS on DN, we constructed a network between YSHS-active components, the corresponding targets, and DN-related genes (Figure 5B). In combination with high-frequency node analysis in the PPI network (Figure 5C), we found IL6 (interleukin 6), VEGFA (vascular endothelial growth factor A), MAPK8 (mitogen-activated protein kinase 8), and CASP3 (caspase 3) are at the center of the network. GO (Figure 5D) and KEGG (Figure 5E) analyses were conducted for pathway enrichment to identify the relevant pathways and functions based on putative targets. Functional analysis revealed that the MAPK signaling pathway and the phosphatase binding and protein serine/threonine kinase (PI3K/AKT) signaling pathway significantly enriched the DN-related pathways. Moreover, functional analysis data revealed that these putative targets not only modulated cell proliferation, apoptosis, growth, and inflammatory response but also tuned the PI3K/AKT signaling pathways.
To further analyze metabolic changes of the drug on DN rats, metabolite analysis of the urine in rats receiving medium-dose YSHS was conducted. As shown in Figures 5A,F,G significance among the DN, YSHS, and normal groups was observed. The separation of YSHS-treated samples from corresponding controls and models was evident in the score scatter plot of the PCA on rat urine. There were 287 specific metabolic biomarkers that distinguished among the YSHS, DN, and normal groups (Figure 5H), and a total of 171 pathways were involved (Supplementary Table S2); the genes were binned into various metabolic pathways like phenylalanine metabolism, arginine and proline metabolism, glucagon signaling pathway, insulin secretion, citrate cycle (TCA cycle), insulin resistance, HIF-1 signaling pathway, insulin signaling pathway, etc. Overall, these results suggest association of the glucagon signaling pathway, insulin secretion, and insulin signaling pathway with DN. The heat map for these metabolites in the YSHS, DN, and control groups is shown in Figure 5I, and compared with the normal DN group, 964 metabolites were increased and 2,797 metabolites were decreased in the YSHS group, while 605 metabolites were increased and 34 metabolites were decreased in the YSHS group.
3.5 PI3K/AKT/m-TOR Signaling Pathway Participated in Yishen Huashi-Modulated Diabetic Nephropathy Rats
To verify the abovementioned obtained signaling pathway in YSHS-modulated effects in the kidney of diabetic rats, expression and activation of some proteins were determined by WB. As shown in Figures 6A–D significant over-expression and activation of mTOR, AKT, and PI3K was observed in DN rats, and YSHS administration reduced their expression to the normal levels.
[image: Figure 6]FIGURE 6 | Western blot analysis of PI3K/AKT/m-TOR signaling pathways (A). Relative expression and activation of mTOR (B), PI3K (C), and AKT (D) was analyzed by the ImageJ software. Values are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. Normal; &p < 0.05, &&p < 0.01, &&&p < 0.001, vs. DN.
3.6 Yishen Huashi Increased Viability of Glomerular Endothelial Cells and Human Podocytes Cells Induced by High-Glucose and High-Insulin
To study the direct effect of YSHS on the cells, glomerular endothelial cells (GEnCs) and podocytes (HPCs) were applied in the following study. We first determined the influence of YSHS on viability of the cells. For this, we constructed the DN model by high-glucose (30 mM) + high insulin (1 μM) in GEnCs (Figures 7A–C). For viability assay, we found YSHS at 2.5 mg/mL showed protective effects on increasing viability of both GEnCs and HPCs (Figures 7D–G).
[image: Figure 7]FIGURE 7 | Influence of YSHS on viability of the GEnC and HPC cells. Viability analysis of GEnCs on drug administration (A–E); viability analysis of HPCs on drug administration (F,G). Data are expressed as the mean ± SEM. Each experiment was repeated at least three times. (A–C,F,G) *p < 0.05, **p < 0.01, ***p < 0.001, vs. control. (D), *p < 0.05, **p < 0.01, ***p < 0.001, vs. 24 h control; ##p < 0.01, ###p < 0.001, vs. 48 h control. (E), *p < 0.05, **p < 0.01, ***p < 0.001, vs. control. (D), &p < 0.05, &&p < 0.01, &&&p < 0.001, vs. H-Glu + Ins.
3.7 Oxidative Stress in Yishen Huashi-Modulated Cell Viability
Oxidative stress and its related mitochondrial function play a pivotal role in cell viability. We found hyperglycemia and insulin resistance induces oxidative stress and production of reactive oxygen species (ROS), and blocking ROS production with YHSH administration could significantly ameliorate the effects of hyperglycemia and insulin resistance in both GEnCs (Figure 8A) and HPCs cells (Figures 8D,E). In the present study, mitochondrial membrane potential (ΔΨm) was also ameliorated by detection of JC-1 (Figure 8B) and DCFH (Figures 8C,F) in GEnC and HPC cells.
[image: Figure 8]FIGURE 8 | Effect of YSHS on oxidative stress, mitochondrial membrane potential (Δψm), and apoptosis in GEnC cells and HPC cells. Intracellular ROS levels within GEnC (A) and HPC (D,E) cells were measured by flow cytometry. JC-1 levels on GEnCs (B) and HPCs (F) cells were measured by flow cytometry. Apoptosis of GEnC (C) and HPC (G) cells were measured by flow cytometry. Values are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. control; &p < 0.05, &&p < 0.01, &&&p < 0.001, vs. H-Glu + Ins.
3.8 Yishen Huashi Preserved the Integrity of the Glomerular Filtration Barrier
Integrity of the glomerular filtration barrier plays a central role against proteinuria. In the present study, we found (Figures 9A–H, Figures 10A–H) high glucose and high insulin significantly inhibited the expression of tight junction proteins including ZO-1, VE, occludin, and claudin 5 on both GEnC and HPC cells; while administration with YSHS significantly increased expression of tight junction proteins on the cells.
[image: Figure 9]FIGURE 9 | Effect of YSHS on the glomerular filtration barrier in GEnC cells. Immonofluorescence assay for GEnCs tight junction protein VE (A), ZO-1 (C), claudin-5 (E), and occludin (G) under a laser scanning confocal microscope; and relative fluorescence intensity for them were determined (B,D,F,G). YSHS decreased VEGF (I), VEGFR1 (K), fibronectin (M), and collagen1 (O) expressions, and relative fluorescence intensity for them (J), (L,N), and (P) were determined. Values are presented as means ± SEM. ***p < 0.001, vs. control; &p < 0.05, &&p < 0.01, &&&p < 0.001, vs. H-Glu + Ins.
[image: Figure 10]FIGURE 10 | Effect of YSHS on the glomerular filtration barrier in HPC cells. Immonofluorescence assay for HPC tight junction protein VE (A), ZO-1 (C), claudin-5 (E), and occludin (G) under a laser scanning confocal microscope; and relative fluorescence intensity for them (B,D,F,G) were determined. YSHS increased podocin (I) and CD31 (K) expressions, and relative fluorescence intensity for them (J,L) were determined. YSHS decreased fibronectin (M) and collagen1 (O) expressions, and relative fluorescence intensity for them (N,P) were determined. Values are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. control; &p < 0.05, &&p < 0.01, &&&p < 0.001, vs. H-Glu + Ins.
Studies have shown (Asfour et al., 2021; Darwish et al., 2021) that there are elevated levels of VEGF in diabetic patients and animal models of diabetes, and elevated VEGF has harmful effects on the kidneys. In our present study, as shown in Figures 9I–L, YSHS treatment significantly reduced expression of VEGF and VEGFR1 in GEnC cells.
Podocin and CD31 are two factors that mediate and preserve development and function of the filtration barrier. We found their expression was significantly inhibited in HPC cells treated with high glucose and insulin, and this was reversed by YSHS administration (Figures 10I–L).
The glomerular basement membrane (GBM) is a gel-like network structure composed of cell adhesion glycoproteins. Fibronectin and collagen are two essential components of the extracellular matrix that plays an important role in keeping the function of GBM. We found their expression was significantly elevated in high glucose and insulin settings, and YSHS treatment reduced their expression to the normal levels (Figures 9M–P, Figures 10M–P).
4 DISCUSSION
Diabetic nephropathy is one of a serious chronic complication of diabetes, and 20%–40% of the DN population can develop end-stage renal disease (van der Sande et al., 2016). Conventional strategies, such as renin–angiotensin–aldosterone system blockade, blood glucose level control, and body-weight reduction, may not achieve satisfactory outcomes in many clinical practices. Application of Chinese medicine for DN has shown good results and has become increasingly recognized worldwide (Tang et al., 2021). In the present study, we demonstrated effects and mechanism of a Chinese prescription medicine YSHS on inhibiting the progression of DN.
YSHS granule is a traditional Chinese Medicine prescription used in the clinic for treatment of renal disease. It is mainly composed of Ginseng (Ren-Shen in Chinese), Astragali Radix (Huang-Qi in Chinese), Atractylodes macrocephala (Bai-Zhu in Chinese), and Poria cocos (Fu-Ling in Chinese). In the year 2020, an expert consensus from China Association of Chinese Medicine (The Panel of Yishen Huashi in China Association of Chinese Medicine, 2020) indicated that YSHS has definite effects on reducing proteinuria and ameliorating kidney dysfunction in both experimental and clinical study, but the underlying mechanism is still not understood. In the present study, we found that YSHS administration significantly reduced the levels of BUN, Cr, and mALB; moreover, by TEM and H&E observation, we found that the structure of both the glomerulus and filtration barrier was preserved by YSHS.
Proteinuria is the main manifestation of DN (Garsen et al., 2016), and elevated level of microalbumin (mALB) is found to be the initial characteristic of DN (Zhang et al., 2017; Uçaktürk et al., 2019). Although the underlying mechanism is not fully understood yet, alteration of the structure and function of the glomerular filtration membrane is believed to be the central event. The glomerular filtration membrane is mainly composed of glomerular endothelar endothelial cells and podocytes; due to special circumstances, these two kinds of cells are easily damaged. It is found that the elevated level of blood glucose would alter hemodynamics of the kidney in the early stage of DN (Zakiyanov et al., 2021), and this will increase the pressure in the glomerulus (Fan et al., 2021) and consequently raise the glomerular filtration rate. When this state lasts long, it can damage endothelial cells, thicken the basement membrane, and thus form the pathologic basis of DN (Marshall, 2016). Based on this pathophysiological alteration, the RAS antagonist is applied as first-line drugs for treatment of DN in the clinic. In the present study, although we did not find significant effects of YSHS on reducing blood glucose in DN rats, an obvious reduction of HbA1c was observed. As HbA1c represents a long-term level of blood glucose, our present finding obviously suggests benefit effects of YSHS on stabilizing blood glucose.
Oxidative stress plays a significant role in the development of DN. The kidney is one of the organs that are more sensitive to oxidative damage (Jha et al., 2016; Wang et al., 2020). It is found that oxidative stress will accelerate the occurrence and development of DN through a variety of pathways (Jiao et al., 2016), including increase in glomerular hyperfiltration and directly induce renal cell damage. In the present study, we found YSHS can effectively ameliorate the oxidative stress both in vivo and in vitro. On application of YSHS, generation of MDA was significantly inhibited, while levels of both SOD and GST-Pi were increased. In addition to that, we found YSHS significantly preserved viability of both glomerular endothelial cells and podocytes induced by high glucose and high insulin; moreover, expression of tight junction proteins was also found to be upregulated in these cells. Our present study demonstrated that YSHS ameliorated development of DN via preserving integrity of the glomerular filtration barrier.
Cross-talk between glomerular endothelial cells and podocytes plays an important role in maintaining function of the kidney. In the glomerulus, VEGF released from podocytes plays a key role in promoting endothelial fenestration integrity and regulating barrier function (Hayman et al., 2012; Enuwosa et al., 2021). However, excessive VEGF release may promote development of DN (Kim et al., 2005). In both DN patients and animal models, the VEGF level was found to be positively correlated with severity of albuminuria (Shao et al., 2016; Li et al., 2017). In our present study, we found high glucose and high insulin stimulation significantly increased the expression of VEGF and VEGFR1 in GEnCs cells, and YSHS intervention dramatically decreased their expression. Existing research (Wang et al., 2019) confirms that VEGF plays an important role in the production of early diabetic proteinuria. Our present findings suggest that modulating the expression of VEGF and VEGFR1 might be a key mechanism of YSHS on ameliorating DN.
Renal fibrosis is an irreversable process during development of DN (Bhattacharjee et al., 2016), and restrain fibrosis is believed to be a pivotal strategy in treatment of the disease. Chronic accumulation of extracellular matrix (ECM) will lead to fibrosis. During this process, fibronectin is believed to be key modulator. Fibronectin is a matrix glycoprotein that can be secreted by many cell types (Bowers et al., 2019). It is found that fibronectin appears in the early stage of fibrosis, and its persistent over-expression is positively correlated with renal fibrosis (Hocking et al., 2000). Inhibition of fibronectin was found to be beneficial in both ischemia-reperfusion-induced kidney disease (Bowers et al., 2019) and heart failure (Valiente-Alandi et al., 2018). Therefore, fibronectin is believed to be a potential therapeutic target of DN. In the present study, we found YSHS administration significantly reduced expression of fibronectin in the kidney tissue of DN animals, suggesting YSHS has positive effects on inhibiting renal fibrosis in the early stage of DN. This was further verified in both GEnC and HPC cells that YSHS reduced expression of both fibronectin and collagen 1.
Previous studies (Kramer-Zucker et al., 2005; Chen et al., 2021) have found that the decrease or disappearance of the expression of Nephrin/Podoein protein in the glomerulus makes the structure of the slit membrane abnormal and unable to form a normal podocyte foot. It indicates that podocin plays an important role in maintaining the integrity of the podocyte structure and slit diaphragm and was a potential target to reduce generation of proteinuria. Both animal experiments and cell experiments in this study verified that YSHS has a protective effect on upregulating podocin protein expression.
Signaling pathways involved in glucose metabolism regulation, antioxidation, anti-inflammation, anti-fibrosis, and podocyte protection have been identified as crucial mechanisms on inhibiting the progression of DN. The PI3K/AKT signaling pathway is vital for cell proliferation, growth, and viability (Jing et al., 2017). The results of network pharmacology show that the PI3K/AKT/mTOR signaling pathway has an effect on ameliorating DN by replenishing kidney and removing dampness. The results of metabolite analysis of the urine show that there were 287 specific metabolic biomarkers that distinguished among the YSHS, DN, and normal groups, and a total of 171 pathways were involved, and the genes were binned into diabetic nephropathy pathways like the glucagon signaling pathway, insulin secretion, insulin resistance, insulin signaling pathway, etc. There are some differences between the pathway analyzed by metabolomic study and the pathway analyzed by network pharmacology, but there are some hints that the changes are related to insulin resistance, and PI3K and Akt are key insulin signaling molecules in the body, which have significant regulatory effects on glucose and DN progression (Cui et al., 2019). It was verified in the present study that YSHS significantly inhibited the phosphorylation of PI3K/AKT/mTOR, thereby delaying the progression of DN.
In conclusion, we found in the present study that YSHS inhibited progression of DN via ameliorating renal fibrosis and preserving the integrity of the kidney filtration barrier, and the PI3K/AKT/mTOR pathway played a pivotal role in it (Figure 11). Our present findings provided pharmacological evidence of YSHS on kidney diseases.
[image: Figure 11]FIGURE 11 | Proposed mechanism of YSHS on protecting the glomerular filtration barrier under DN settings.
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Background: Nephrotic syndrome (NS) is a common glomerular disease, and podocyte injury is the character of primary NS, usually caused by minimal change disease and membranous nephropathy. Podocytopathy is primarily associated with glomerular proteinuria. Losartan, an angiotensin receptor blocker (ARB), is commonly used in the treatment of NS, and the AngiotensinⅡ (AngⅡ)–transient receptor potential ion channel 6 (TRPC6) axis has been reported to act on podocytes to regulate proteinuria in NS. Therefore, the purpose of this study was to explore the relationship in between AngⅡ–TRPC6, podocyte injury, and proteinuria based on the adriamycin (ADR) NS rat model.
Method: All male rats were divided into three groups: control group, model group, and ARB group. The rats in the model group were induced by ADR, and the rats in the ARB group received losartan after induction of renal injury for 4 weeks. The changes in parameters related to renal dysfunction, and glomerular and podocyte structural damage, such as AngⅡ, AngⅡ type I receptor (AT1R), TRPC6, CaN, Caspase-3, Nephrin, and Podocin, were analyzed. Furthermore, the kidneys were isolated for study via transmission electron microscopy (TEM), immunohistochemistry, and western blot (WB) after the rats were sacrificed. In vitro, immortalized mouse MPC5 podocytes were used to investigate the regulatory effect of flufenamic acid (Flu) and SAR7334 (SAR) on the AngⅡ-TRPC6 signaling axis. Flow cytometry and WB were conducted to determine the relationship between podocyte injury and AngⅡ-TRPC6.
Results: In vivo results showed that NS rats developed massive albuminuria and abnormal renal function, accompanied by abnormally increased levels of AngⅡ, TRPC6, AT1R, and CaN and a decreased expression of actin molecules in podocytes, extensive fusion of foot processes (FP), loss of glomerular structural integrity, collapse of podocyte structure, and skeletal reorganization. In vitro experiments indicated that both AngⅡ and Flu (the specific agonist of TRPC6) stimulated the expressions of TRPC6, AT1R, and Caspase-3 in podocytes. The AngⅡ receptor–blocker losartan and TRPC6-specific inhibitor SAR blocked the overexpression of the aforementioned proteins. In addition, SAR also attenuated the degradation of podocyte structural proteins and inhibited the fluorescence intensity of intracellular calcium (Ca2+) and cell apoptosis.
Conclusion: The involvement of AngⅡ in the occurrence of NS proteinuria may be related to podocyte injury induced by activated TRPC6.
Keywords: nephrotic syndrome, podocytes, angiotensinⅡ, transient receptor potential cation channel 6, proteinuria
INTRODUCTION
Nephrotic syndrome (NS) is a common clinical glomerular disease, and massive proteinuria is its main clinical indication (Singh et al., 2019). The main pathological manifestations of this disease are increased glomerular basement membrane permeability and decreased glomerular filtration rate (Miner, 2012). The glomerular filtration barrier (GFB) is mainly composed of three layers, namely, glomerular endothelial cells, basement membrane, and podocytes, respectively, from the inside to outside, and is an important molecular and charge barrier for maintaining normal filtration function of the kidneys. Podocytes are an important hub for maintaining the GFB (Yue et al., 2015; Forrester et al., 2018). It prevents macromolecular proteins carrying the same- charge properties from leaking out of the filtration barrier. This is the last barrier to proteinuria (Kawachi and Fukusumi, 2020). As the target cells of different degrees of renal injury, podocytes run through the whole process of occurrence and development of NS and so have become gradually recognized by people and are a research hotspot of proteinuria diseases.
AngiotensinⅡ (AngⅡ) is a strong vasoconstrictor active factor, which can induce a series of pathological reactions such as vasoconstriction, sodium and water retention, as well as pro-inflammation and pro-fibrosis on tissues (Maier et al., 2015; Fu et al., 2019a; Fu et al., 2019b; Jeong et al., 2019). When NS occurs, the body stimulates the renin–angiotensin–aldosterone system (RAS) and sympathetic nerve endings, resulting in proteinuria, thereby reducing the body’s blood volume and increasing the synthesis and secretion of AngⅡ (Yue et al., 2015). Clinical studies have shown that the level of AngⅡ in the renal tissue of patients with glomerulopathy is elevated and is involved in mediating inflammation and fibrosis in glomerulopathy (Beck et al., 2013). The protective effect of inhibiting the biological activity of AngⅡ has been confirmed, but the molecular mechanism in NS is still unclear (Koizumi et al., 2019).
Podocyte injury has been reported to be associated with intracellular calcium overload (Dryer et al., 2019). Calcium ions (Ca2+) act as a second messenger to regulate apoptosis, and NS has been found to cause calcium homeostasis imbalance (Beck et al., 2013). Transient receptor potential ion channel 6 (TRPC6), a nonselective downstream channel of Ca2+, has attracted more and more attention. TRPC6 is distributed in the glomerulus and is widely expressed in podocytes (Abrahamson, 1987). It is a structural protein involved in maintaining the structural stability of the podocyte skeleton and in regulating Ca2+ homeostasis (Cardoso et al., 2018; Shi et al., 2020). In addition, it has been confirmed by patch-clamp electrophysiology that the current of TRPC6 was significantly increased, leading to Ca2+ overload in podocytes, resulting in cell damage in proteinuria disease (Guo et al., 2014; Yu et al., 2018). Regardless of the results of clinical or experimental studies, TRPC6 is abnormally expressed in glomerular diseases (Yamazaki et al., 2016; Zhu et al., 2018; Dolinina et al., 2021). Therefore, TRPC6 may be a breakthrough point in elucidating the pathogenesis of NS. Most importantly, it was recently reported that AngⅡ-stimulated podocytes can significantly increase the expression of TRPC6 (Wang et al., 2021). Therefore, the AngⅡ-TRPC6 targeting pathway may be a new strategy for modern NS treatment. However, the interaction between AngⅡ and TRPC6 in the occurrence and development of NS podocyte injury remains unclear. Based on this, the present study intends to investigate whether AngⅡ can induce NS podocyte molecular barrier damage by mediating the abnormal activation of TRPC6 ion channels, further leading to proteinuria through animal and cell experiments, and explain the possible molecular mechanism.
MATERIALS AND METHODS
Antibodies and Reagents
The primary antibodies against AT1R (R22571), Nephrin (503048) were purchased from ChengDu Zen BioScience Co., Ltd, China. The primary antibodies against cleaved Caspase-3 (ab32351), TRPC6 (ab233413), and Podocin (ab181143) were purchased from Abcam Company, Britain. The secondary antibodies horseradish peroxidase (HRP)–conjugated anti-mouse IgG (EF0002), β-actin (700068) were bought from Zhongshan Biotechnology Company, China. The BCA kit, Albumin kit (ALB, 1026A20), urea nitrogen (BUN, TC0567), creatinine (CR, TC0565), and total protein (TP, TC0543) were bought from Beijing Regen Biotechnology Company, China. Total cholesterol (TC, 201023) and triglyceride (TG, 201109) were got from Nanjing Jiancheng Biological Engineering Institute, China. Adriamycin (ADR, Doxorubicin Hydrochloride Injection, 130704) was bought from Zhejiang Hisheng Pharmaceutical Company, China. Losartan potassium tablets (T000046) were purchased from UK Merck Sharp & Dohme Ltd. The AngⅡ radioimmunoassay kit (JL11637) and CaN (JL12083) were bought from Shanghai Jianglai Biotechnology Co. Ltd., China. Fetal bovine serum (KC001) was purchased from Kel Inc., United States. The RPMI 1640 medium (CF0001) was got from Shandong Sparkjade Technology Instrument Company, China. SAR7334 (SAR, GC-33424) and Flufenamic acid (Flu, GC-13446) were got from MedChemExpress Company, America. CCK-8 (CT0001) was purchased from Shangdong Sparkjade Biotechnology Company, China. Beckman AU-5800 Automatic Biochemical Analyzer was purchased from Beckman Coulter, United States.
Animal Handle
This study was conducted under the approval of animal ethics and supervised by Anhui University of Chinese Medicine Ethics Committee. All experiments were performed using male Sprague–Dawley rats weighing from 180 to 220 g, purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd., certificate number: SCXK (LU) 20190003. All rats were housed at 25 ± 1°C and 55 ± 5% humidity using a 12-h light/dark cycle and were given standard feed. After adaptive feeding for 1 week, the rats were randomly divided into three groups according to the random number table. The three groups were the control group, model group, and ARB group. The research group determined the injection method, dose, and frequency of the ADR nephrotic syndrome model through experimental screening in the early stage. The NS model was replicated by two injections (4 mg kg−1 in the first week, 2 mg kg−1 in the second week) of ADR into the rats’ tail veins; meanwhile, the control group was given the same amount of normal saline. Two weeks after ADR intervention, the rats were placed in metabolic cages and fasted to collect urine for 24 h, drinking water normally during the period. The 24-h urine protein content was measured by an automatic biochemical analyzer. If the 24-h urine protein content of the model group was significantly higher than that of the normal group, it was considered to have successfully replicated the rat model of NS. And then, the NS rats were randomly divided into the model group (given the same amount of normal saline) and the ARB group (losartan, 30 mg kg−1 d−1) (Fan et al., 2014; da Silva-Bertani et al., 2020). The rats in each group were given the corresponding drugs on the day of the successful modeling. The administration time was 4 weeks, during which the animals in each group were free to eat and drink.
Podocytes Culture and Treatment
Immortalized mouse MPC5 podocytes were used in this experiment. The cell lines were purchased from Beijing Beina Chuanglian Biotechnology Institute, batch number: BNCC337685. Podocytes were cultured in an RPMI 1640 complete culture medium containing interferon γ, which consisted of 10% fetal bovine serum, 100 U/ml penicillin–streptomycin, and RPMI 1640 basic culture medium. The growth of the podocytes was promoted in an incubator at 33°C with 5% CO2 volume fraction. When the cell proliferation reached 80%, the cells were transferred to a complete culture medium RPMI 1640 without interferon γ and induced to mature in an incubator at 37°C. The cells were transferred to the sixth generation. When the area of the podocytes accounted for 40–50% of the culture flask, we used the optimized stimulation concentration of AngⅡ (10−6 mol L−1) to create the model. Twenty-four hours later, the cells were randomly divided into the AngⅡ, AngⅡ + SAR (10−6 mol L−1, 30 min), Flu (10−4 mol L−1, 2 h), and control groups without stimulation. The cells were cocultured with the drugs in each group, and the next detection was carried out.
Biochemical of Blood and Urine
At the end of week 4 after the drug intervention, the body weight (BW) and urine protein of the rats were detected. Then, the rats were anesthetized and blood samples (5 ml) were drawn from the abdominal aorta. The biochemical parameters in the blood such as ALB, blood urea nitrogen (BUN), serum creatinine (SCR), TC, TG, and TP were tested. The serum and urine samples were measured using an automatic biochemical analyzer. The kidney hypertrophy index (KHI) was calculated according to the method described by Lane et al. (1992) that is KHI = kidney weight (KW)/BW (Pollak et al., 2014). Meanwhile, the urine albumin excretory rate (UAE) was expressed as the ratio of urinary albumin to urine creatinine.
Light Microscopy Examination
For assessment by light microscopy, the tissue samples from the renal cortex were fixed with 4% paraformaldehyde solution, embedded in paraffin, cut into 3-μm-thick sections and stained with hematoxylin–eosin (HE). The slices were dehydrated and sealed. A microscope was used to observe the changes of the glomerulus and renal interstitium, and the images were collected. The results were confirmed by a pathological professional doctor.
Transmission Electron Microscopy
The sections of the kidney tissues (1 mm3) were fixed in 2.5% glutaraldehyde for 2 h, followed by washing in 0.1 M phosphate buffer. After immersing in 1% osmic acid for 1.5–2 h, the kidney tissues were dehydrated through graded alcohols and immersed in an embedding medium overnight, and then the immersed sections were embedded in Epon 812 and dried in an oven. The dried kidney sections were cut into 40- to 60-nm slices and stained with uranyl acetate and lead citrate. A transmission electron microscope was used to examine the slices at 100 kV, and a CCD camera was used to take micrographs. The ultrastructure of the podocyte foot processes (FPs) was observed by using an electron microscope and the average width of the FP was measured to calculate the degree of fusion.
Foot process width was used to assess the podocyte effacement. For each TEM photograph, the glomerular basement membrane was traced and measured with standard image processing (Image-Pro Plus 6.0). The quantity of the FP overlying this part of glomerular basement membrane (GBM) was counted using Adobe Photoshop. The FP was defined as any connected epithelial segment butting on the basement membrane, between two neighboring filtration pores or slits. The arithmetic mean of the foot process width was calculated by using the following formula (Greka and Mundel, 2011; Qin et al., 2021):
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where Σ GBM length and quantity of the FP represented the total GBM length measured in one glomerulus and the total quantity of foot process counted, respectively. The correction coefficient π/4 was set to correct the random orientation in which the FP was sectioned.
Radioimmunoassay
After plasma separation and podocyte supernatant collection, AngⅡ and CaN contents in the plasma and podocyte supernatant were determined by radioimmunoassay. We added a buffer, standard, quality control, and sample to be tested to each tube, then added markers and antibodies to incubate for 24 h. Finally, we add donkey anti-rabbit immunoskimmer to each tube and shake well, meanwhile placing it at room temperature for 15 min and measuring the radioactivity count of each precipitation tube.
Immunohistochemical Microscopy
The kidney tissue fixed with 4% paraformaldehyde was taken out and prepared into sections, which were heated with citric acid for 2 min. 3% H2O2 was dropped on the tissue, and the tissue was incubated at room temperature. We then added the primary antibody, and the antibody ratio was TRPC6—1:200 and AT1R—1:400. The second antibody was added after incubation for 1 h, and then the DAB chromogenic agent was added, followed by hematoxylin staining, 1% hydrochloric acid ethanol differentiation, and lithium carbonate cyanidation in sequence. Finally, dehydration was performed for transparency.
Cell Viability Assessment
Intervention of mature podocytes was performed with different concentration gradients of AngⅡ (1 × 10−4, 1 × 10−5, 1 × 10−6, 1 × 10−7, and 1 × 10−8 mol L−1) for 24 h. The MPC5 podocyte viability was assessed using CCK-8. The cells were seeded into 96-well plates, with three replicate wells for each group, at a density of 1 × 104 cells per well, with 100 μl of medium. After the cells were incubated for the indicated time, 10 μl of the CCK-8 solution was added to each well, followed by incubation for 2 h. The optical density, OD, was computed at the absorbance of 450 nm, and the cell viability was calculated. According to the formula of “cell survival rate = (experimental group A value − blank group A value)/(normal group A value − blank group A value) ×100%" and “cell proliferation inhibition rate = (normal group A value − experimental group A value)/(normal group A value − blank group A value),” the results were calculated. We determined the optimal concentration of AngⅡ on the growth and proliferation of podocytes.
Western Blotting Analysis
Kidney lysates were prepared with a RIPA lysis buffer containing phenylmethanesulfonyl fluoride (PMSF) and phosphate inhibitors (100:1:1). Equal amounts of selected protein extract samples were loaded onto sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene difluoride (PVDF) membranes. After being blocked for 2 h in 5% skim milk/TBST, the PVDF membranes were washed with Tris-buffered saline containing 0.1% Tween-20 (TBST) thrice and incubated overnight at 4°C with different primary antibodies (TRPC6, 1:500; AT1R, 1:1,000; Caspase-3, 1:1,000; Nephrin, 1:1,000; and Podocin, 1:1000 corresponding to β-actin, 1:5000). Next, the PVDF membranes were washed with TBST thrice and incubated with horseradish peroxidase (HRP, 1:5,000)–conjugated secondary antibodies at room temperature for approximately 1 h. The immunoreactivity of the bands was visualized by Bio-Rad Image Lab with an electrochemiluminescence system. The densitometric analysis of the protein bands was accomplished by ImageJ 1.48 V and was normalized to relevant controls.
Flow Cytometry
Apoptosis Rate Assay
The Annexin V–fluorescein isothiocyanate/propidium iodide apoptosis kit was used to detect apoptosis. First, the MPC5 podocytes were seeded at a quantity of 1 × 106 cells/ml in a six-well plate. After each group was treated according to the experimental protocol, the cells were detached with 0.25% trypsin, gently triturated, and then washed with PBS after centrifugation. Additionally, the MPC5 podocytes were combined with Annexin V-FITC, PI, and 1 × buffer, and the solution was fully mixed and incubated in a dark room at 4°C for 30 min. A quantitative analysis of apoptotic cells was performed by flow cytometry. Flow Jo 7.6 software was used to analyze.
Fluorescence Intensity of Calcium Assay
The Fluo-3-AM mother solution was diluted into 3 μM Fluo-3-AM working solution using HBSS solution, and this was used to incubate the cells. Remove Fluo-3-AM working solution, added HBSS solution to incubate cells until completely de-esterify Fluo-3-AM. Fluorescence microscope was used to detect the fluorescence intensity of each group cell, and the excitation wavelength was 480 nm.
Statistical Analysis
SPSS 23.0 software was used to perform a statistical analysis on the experimental results, and data were reported as mean ± SD. Statistical evaluation was performed using a one-way analysis of variance (ANOVA) (two-sided test), followed by the least significant difference (LSD) (equal variances assumed) for the post hoc test, and also using the nonparametric test, namely, Mann–Whitney U-test, as a post-test. p < 0.05 indicated that the difference was statistically significant.
RESULTS
In Vivo Study of Urinary Protein Content at 24 h
Two weeks after ADR administration, 24-h urine protein content of rats increased significantly when compared to the control group. At the end of the experiment, the urine protein content of the model group remained at a high level, suggesting that the modeling was successful. After 4 weeks of administration, we observed that the urine protein content in the ARB group was significantly lower than that of the model group (as shown in Figure 1A, p < 0.01) and tended to the control group value; the result showed that the ARB had a protective effect on proteinuria.
[image: Figure 1]FIGURE 1 | The serum and biochemical indexes of the three groups of rats after drug intervention were detected with an automatic biochemical analyzer. (A) 24-h urine protein content in the three groups of rats after 4 weeks. (B) BUN content in the three groups of rats after 4 weeks. (C) SCR content in the three groups of rats after 4 weeks. (D) TC content in the three groups of rats after 4 weeks. (E) TG content in the three groups of rats after 4 weeks. (F) (Kidney index = kidney weight/body weight) in the three groups of rats after 4 weeks. (G) UAE in the three groups of rats after 4 weeks. (H) ALB content in the three groups of rats after 4 weeks. (I) TP content in the three groups of rats after 4 weeks. (Compared with the control group, **p < 0.01; compared with the model group, ##p < 0.01, #p < 0.05).
In Vivo Effect of Angiotensin Receptor Blocker on Renal Dysfunction
Firstly, using the NS rat models induced by ADR, the kidney index, TG, TC, TP, proteinuria, ALB, and renal functional indicators such as BUN, SCR, and UAE were observed. As shown in Figure 1, in addition to TP and ALB, the increase in the values of urine proteinuria, BUN, SCR, TC, TG, UAE, and the kidney index were observed significantly 2 weeks after the induction of renal injury when compared to those of the control group rats. After induction of renal injury, the rats in the model group and the ARB groups showed ALB and TP loss to different degrees. At the end of 4 weeks after the treatment of ARB, ALB and TP were increased even faster when compared to those of the model group. Moreover, after the treatment of ARB for 4 weeks, the levels of urine proteinuria, BUN, SCR, TC, TG, and UAE and the kidney index in the ARB model rats were decreased significantly when compared to those of the model group rats (Figures 1A–I).
Expression of AngⅡ and CaN in Vivo and in Vitro
We investigated the actions of the ARB and TRPC6 channel blocker SAR on the expressions of critical signaling molecules. As shown in Figure 2A, after the induction of renal injury, AngⅡ in the plasma level in the model group was increased obviously and decreased after 4 weeks of ARB drug intervention. Meanwhile, when compared with the control group, CaN content in the plasma and supernatant of podocytes after AngⅡ stimulation was significantly increased in the model group, while CaN content in the ARB group plasma and cell supernatant of the SAR group was significantly lower than in the model group (Figures 2B,C).
[image: Figure 2]FIGURE 2 | Detection of AngⅡ and CaN in the plasma and cell supernatant by using radioimmunoassay. (A) The content of AngⅡ in the plasma in the three groups of rats after 4 weeks. (B) The content of CaN in the plasma in the three groups of rats after 4 weeks. (C) The content of CaN in the cell supernatant after Ang II and TRPC6 inhibitor SAR treatment (Compared with the control group, **p < 0.01; compared with the model group, ##p < 0.01, #p < 0.05).
In Vivo Study of Glomerular Structural Damage
After HE staining under a light microscope, it was found that the glomerular structure of the control group, without glomerular hypertrophy or atrophy, and the basement membrane thickness were uniform. Compared with the control group, the rats in the model group showed significant renal histopathological changes, such as proliferation of the glomerular mesangial matrix, capillary loop folding, thickening of the basement membrane, and deposition of a large number of immune complexes in the mesangial region and inflammatory infiltration. Compared with the model group, the aforementioned symptoms were significantly reduced in the ARB group (Figures 3A,E).
[image: Figure 3]FIGURE 3 | (A) Pathological pictures of the glomerular structure of the three groups of rats (×400). The black arrow indicates the injury sites of the glomerulus and renal tubules in the model group and ARB group when compared with the control group. The blue and purple cells are the nuclei, and the red cells are the cytoplasm. (B) Ultrastructural images in the three groups of rat podocytes by TEM. (C) Distribution of AT1R. Red signal is Nephrin, green signal is AT1R, and blue signal is the nucleus. Positive signals are marked with yellow arrows. (D) Distribution of TRPC6. The labeling method is the same as Figure (C). (E) Quantification of kidney histology change. (F) The fusion rate of FP. The higher the fusion rate of FP, the more serious is the kidney damage. (Compared with the control group, **p < 0.01; compared with the model group, ##p < 0.01, #p < 0.05).
Ultrastructural Changes of Podocytes and Distribution of Transient Receptor Potential Ion Channel 6 and AngⅡ Type I Receptor in Rat Renal Cortex In Vivo
Podocyte injury can induce proteinuria directly (Guo et al., 2014). Under the TEM, the podocytes in the control group were intact, FP was arranged clearly and orderly, there was no obvious podocyte fusion, and the basement membrane and endothelial cells were uniform. The model group podocyte structure was obviously discordant, and the fusion rate of FP was significantly higher than that of the control group. Compared with the model group, the aforementioned pathological manifestations were reduced in the ARB group, and the rate of FP fusion was reduced (Figures 3B,F). The distribution of AT1R and TRPC6 in the rats’ renal cortices are shown in Figures 3C,D; the green signal indicated by the yellow arrow is positive. We observed that AT1R and TRPC6 were found in traces and to be uniform in the renal cortex of the control rats. When compared with the control group, AT1R and TRPC6 in the model group were significantly increased. When compared with the model group, the aforementioned lesions in the ARB group were significantly reduced.
Expression of AngⅡ Type I Receptor, Transient Receptor Potential Ion Channel 6, and Nephrin Proteins in Rat Renal Cortex In Vivo
We investigated the expressions of AT1R, TRPC6, and Nephrin proteins in the renal cortex of the different groups of rats by the WB analysis. As shown in Figure 4, after ADR-induced kidney injury, the downregulated protein expression levels of Nephrin, and the upregulated protein expression levels of AT1R and TRPC6 in the kidneys of the model rats were detected. After the treatment of ARB for 4 weeks, the changed protein expression levels of AT1R, TRPC6, and Nephrin in the kidneys of the model rats were ameliorated obviously, when compared to those rats of the model group.
[image: Figure 4]FIGURE 4 | Relative expression of AT1R, TRPC6, and Nephrin proteins in the renal cortex in the three groups of rats. (A) Protein expression bands of AT1R, TRPC6, and Nephrin protein in the renal cortex in the three groups of rats. (B) Ratio of TRPC6 protein expression to internal reference β-actin. (C) Ratio of Nephrin protein expression to internal reference β-actin. (D) Ratio of AT1R protein expression to internal reference β-actin. (Compared with the control group, **p < 0.01; compared with the model group, ##p < 0.01, #p < 0.05).
Morphological Observation of Cells
As shown in Figure 5A, physiologically, podocytes have a distinct and long FP, and adjacent podocytes join with each other due to the linkage of FP. However, after exposure to AngⅡ, podocytes showed extensive fusion and significantly less intercellular contact, indicating that AngⅡ can directly damage podocytes. The results were consistent with our assumptions and previous animal experiments.
[image: Figure 5]FIGURE 5 | Effects of AngⅡ on MPC5 podocyte stimulation. (A) Morphological observation of podocytes before and after AngⅡ intervention. (B) Effects of AngⅡ concentration on podocyte viability and proliferation inhibitory rate.
Effects of AngⅡ on Morphology and Viability of MPC5 Podocyte In Vitro
We investigated the effects of AngⅡ on the morphology, in vitro viability and increased inhibition rate of MPC5 podocytes respectively. MPC5 podocyte morphology showed that control podocytes had long pseudopodia, while the pseudopodia retracted after AngⅡ intervention. The results of the cell viability assay indicated that when compared with the control group, the lower the concentration of AngⅡ on podocytes, the stronger was the cell viability. The inhibition rate of cell proliferation showed that the lower the concentration of AngⅡ on podocytes, the lower was the inhibition rate of proliferation. Therefore, we set 10−6 mol L−1 as the intervention level based on the activity and proliferation inhibition rate of different concentrations of Ang II on podocytes.
Changes of Podocyte and Related Protein Expression Under Different Drug Intervention In Vitro
First, we confirmed the damage of AngⅡ to podocytes in vitro, and the TRPC6 inhibitor SAR had a certain protective effect on podocytes, as shown in Figure 6A. When compared with the control group, the expressions of AT1R and TRPC6 in the AngⅡ group (AngⅡ + normal podocyte) were significantly increased, and the expression of Nephrin protein was obviously decreased. On the contrary, the protein levels of AT1R and TRPC6 in the AngⅡ + SAR group were notably decreased, while the protein levels of Nephrin were tremendously increased when compared with the AngⅡ group. Subsequently, to test whether AngⅡ caused podocyte injury through TRPC6, we treated podocytes with TRPC6 agonist Flu and antagonist SAR, respectively. The experiment was divided into three groups, namely, the control, Flu (Flu + normal podocyte), and AngⅡ + SAR groups, as shown in Figure 6C. When compared with the control group, Flu also upregulated the expression levels of TRPC6 and Caspase-3 proteins after podocyte stimulations, while Podocin expression was significantly decreased, which was similar to the effect of AngⅡ on podocytes. Meanwhile, our results also showed that the use of TRPC6 inhibitor SAR could significantly reduce the expression levels of TRPC6 and Caspase-3 proteins and increase the expression levels of Podocin proteins when compared with the Flu group. Combined with the aforementioned experimental results, we can conclude that the effect of AngⅡ on TRPC6 is the same as that of Flu, the agonist of TRPC6. Therefore, we infer the upstream and downstream relationships between AngⅡ and TRPC6.
[image: Figure 6]FIGURE 6 | Relative expression levels of different proteins in podocytes. (A) Expressions of AT1R, TRPC6, and Nephrin in control, AngⅡ, and AngⅡ + SAR podocytes. (B) The ratio of AT1R, TRPC6, and Nephrin protein expressions to the internal reference β-actin. (C) Expressions of caspase-3, Podocin, and TRPC6 in control, Flu, and AngⅡ + SAR podocytes. (D) The ratio of caspase-3, Podocin, and TRPC6 protein expressions to the internal reference β-actin. (Compared with the control group, **p < 0.01, compared with AngⅡ/Flu group, ##p < 0.01).
Detection of Podocyte Apoptosis and Calcium Concentration in Podocytes by Flow Cytometry
The apoptosis rate and fluorescence intensity of Ca2+ in podocytes in the different groups were detected by using flow cytometry. As shown in Figure 7A, when compared with the control group, the apoptosis rate of podocytes in the AngⅡ group and Flu was significantly higher and the early apoptotic cells were more obvious, indicating that the direct stimulation of AngⅡ can cause severe damage to podocytes by activating TRPC6, as does Flu, the TRPC6 agonist. Conversely, the apoptosis rate of the TRPC6 inhibitor SAR group was significantly lower than the AngⅡ and Flu groups. As shown in Figure 7B, the fluorescence intensity of Ca2+ in podocytes in the AngⅡ group and Flu were significantly higher than that in the control group, while the fluorescence intensity of Ca2+ in podocytes of the SAR group was significantly lower than that in the AngⅡ and Flu groups, even tending to normal. Therefore, the effect of the AngⅡ-TRPC6 axis on podocyte injury is associated with an increase in intracellular Ca2+ concentration, suggesting that Ca2+ responds to the downstream signaling of TRPC6.
[image: Figure 7]FIGURE 7 | Differences in the podocyte apoptosis rate and calcium fluorescence intensity in normal and under different drug interventions of Ang, SAR, and Flu. (A) Differences in the podocyte apoptosis rate in normal and under different drug interventions of Ang, SAR, and Flu. Q1 was the necrotic cell, Q2 was the late apoptotic cell, Q3 was the early apoptotic cell, and Q4 was the number of viable cells. (B) Differences in calcium fluorescence intensity in normal and under different drug interventions of Ang, SAR, and Flu. (C) Quantitative plot of Figure (A). (D) Quantitative plot of Figure (B) (Compared with the control group, **p < 0.01; compared with the AngⅡ group, ##p < 0.01).
DISCUSSION
NS is recognized worldwide as the leading cause of developing end-stage renal disease with severe renal dysfunction. The results showed that the renal function in model rats was significantly impaired. Especially, including the destruction of the glomerular structure, a large number of FP fusion. As a clinical symptom of NS, proteinuria is accompanied by the onset and development of NS. Proteinuria is mainly due to the destruction of the GFB, in which podocytes play an important role (Wang et al., 2021). Podocytes have free and dispersed FPs, and adjacent FP bridges to form slit diaphragm, dynamically modified by the actin cytoskeleton (Hu et al., 2020). The extensive actin cytoskeleton enables podocytes to dynamically contract under various mechanical stress stimulations, forming a tight network with cell adhesion molecules to stabilize glomerular filtration (Akchurin and Reidy, 2015). The loss of stress fibers and collapse and reorganization of the cytoskeleton are regarded as hallmarks of a podocyte injury (Kriz and Lemley, 2017; Sever and Schiffer, 2018). Consequently, we use podocytes as a good model system to study the physiological environment of calcium signaling and actin dynamics (Patrakka and Tryggvason, 2010). In this research, we selected the most representative podocyte structural proteins Nephrin and Podocin to study. WB results showed that the expressions of Nephrin and Podocin significantly decreased in model rats as well as in AngⅡ-stimulated podocytes. Kidney pathology further showed significant fusion or even the disappearance of podocytes, suggesting that the podocyte molecular barrier was destroyed.
The reduction of NS blood volume leads to an abnormal RAS activity, stimulates sympathetic nerve endings (Yue et al., 2015), and up-regulates the synthesis and secretion of AngⅡ. As the most biologically active substance in the RAS system (Li et al., 2017), AngⅡ can induce podocyte apoptosis in vitro and in vivo (Zhao et al., 2008). What’s more, clinical studies have found that AngⅡ levels are abnormally elevated in patients with nephropathy (Dryer et al., 2019). In animal experiments, an increased level of AngⅡ can induces hypertrophy of mesangial cells, leading to glomerular hypertension and elevated urinary protein (Yang et al., 2017). Similarly, recent studies found severe renal hypoxia, hypertension, proteinuria, and fibrosis in eSphK1−/− mice injected with AngⅡ (Xie et al., 2020). AT1R is the main receptor for AngⅡ in the kidney (Chi-Xianggeng et al., 2015). Nevertheless, AngⅡ is only biologically active when it recognizes and binds to its specific receptor (Muñoz et al., 2011). Although our results demonstrate the effect of losartan on AngII-TRPC6, as an Ang II receptor antagonist, losartan can improve hemorheology, renal hemodynamics, reduce renal vascular resistance, and reduce glomerular pressure, which may have a therapeutic effect on proteinuria. Whether losartan is hemodynamic-dependent, -independent or both requires further study.
TRPC6 is a channel protein located in the foot process of glomerular podocytes (Park et al., 2019), which regulates intracellular calcium signals (Asghar and Törnquist, 2020). Studies have shown that TRPC6 is a non-selective cationic downstream channel induced by AngⅡ elevation, and TRPC6 overexpression seems to be strongly correlated with the occurrence of glomerular proteinuria (Kalluri, 2006; Verheijden et al., 2018). Thus, we have identified TRPC6 as an important factor in initiating downstream podocyte injury. In animal experiments, we observed that the expressions of AngⅡ and its receptors AT1R and TRPC6 were up-regulated in the plasma and renal cortex of model rats compared with the control group. To verify the relationship among AngⅡ, AT1R, and TRPC6 in a podocyte injury, we stimulated MPC5 cells with AngⅡ. After the intervention of AngⅡ, the connections between the FPs were significantly weakened, and the FPs were widely fused in the podocytes. Moreover, WB results showed that the expression levels of TRPC6 and AT1R proteins were significantly increased, the expression levels of actin molecules were decreased, and apoptotic molecules were significantly upregulated, which was the same as the results of the TRPC6 agonist Flu. And simultaneously, the aforementioned indicators can be suppressed by SAR. Recent findings also support the possibility of cross-linkages among cytoskeletal regulatory protein molecules, slit diaphragm proteins, and podocyte Ca2+ signaling (Greka and Mundel, 2012), which is consistent with our results. Our results show that TRPC6 increases intracellular Ca2+ levels. In addition to enhancing intracellular Ca2+ levels, TRPC family members are reported to activate the small GTPases—RhoA and Rac1 (Tian et al., 2010; Greka and Mundel, 2011; Hall and Spurney, 2017). RhoA and Rac1 play key roles in regulating cytoskeletal dynamics in podocytes, and dysregulating the activity of these small GTPases in glomerular disease processes causes proteinuria. Rac1 and RhoA associate with and are activated by TRPC5 and TRPC6, respectively. Consistent with an important role for TRPC5 in glomerular diseases, inhibition of TRPC5 ameliorated glomerular injury in proteinuric rodent models (Zhou et al., 2017). Other members of the TRPC family have effects on glomerular diseases, such as TRPC5 and TRPC3. This study only discusses the role and mechanism of TRPC6, which is not comprehensive.
Podocyte injury is related to the disappearance of FP and rupture of the diaphragm on the one hand, and intracellular Ca2+ overload on the other (Coward et al., 2005; Castrop and Schießl, 2017). Ca2+ is an important regulator of cell homeostasis, regulating a variety of biological processes, such as muscle contraction, cytoskeletal structure, and programmed apoptosis (Staruschenko et al., 2019). Accumulating evidence suggests that Ca2+ signaling enhancement may play a significant role in the pathogenesis of podocyte injury (Gao et al., 2017; Chen et al., 2020). We found that the elevated levels of AngⅡ in podocytes can change the dynamic and stable state of Ca2+ in podocytes to an adaptive migration state, resulting in the imbalance of intracellular and extracellular Ca2+ (Kang et al., 2019). As a downstream effector of calcium signaling, CaN is a negative regulator of podocyte growth signal transduction. Activation of CaN in podocytes is sufficient to lead to the degradation of actin molecules and proteinuria (Rusnak and Mertz, 2000; Ilatovskaya et al., 2017). The results showed that the content of CaN in the plasma of NS rats was upregulated, but the AngⅡ receptor antagonist losartan could reverse the increasing trend of the plasma CaN level in NS rats. Meanwhile, in in vitro experiments, flow cytometry showed that AngⅡ and Flu could directly stimulate podocytes and significantly increase intracellular Ca2+ concentration. SAR acts by inhibiting intracellular calcium overload (Figure 8).
[image: Figure 8]FIGURE 8 | A working model for losartan and transient receptor potential cation channel 6 (TRPC6) antagonist SAR mitigating the NS-elicited podocyte injury via targeting the AngⅡ-controlled TRPC6 cellular calcium influx defense pathway. The TRPC6-dictated regulation of Ca2+ plays a key role in governing the injury response at a delayed/late phase. AngⅡ can catalyze TRPC6 activation. NS insults are capable of eliciting AngⅡ hyperactivity. This enhances AngⅡ-mediated TRPC6 activation, leading to CaN and apoptosis signal expression and actin cytoskeleton molecular degradation that results in podocyte injury, aggravating proteinuria. Losartan can directly inhibit AngⅡ activity, as well as SAR, inhibit TRPC6 activity, and thereby suppress TRPC6-mediated calcium influx at the same effect, mitigate the expression export of CaN and apoptosis signal, increase actin cytoskeleton molecular accumulation, and ultimately attenuate podocyte injury and proteinuria. CaN, calcineurin.
CONCLUSION
In conclusion, in vitro, AngⅡ- and TRPC6-specific agonist Flu stimulated the expression of TRPC6 and AT1R in podocytes, accompanied by an increase in intracellular CaN and calcium overload. Losartan- and TRPC6-specific inhibitor SAR can effectively improve the overexpression of the aforementioned indicators. The results substantiated the possible mechanism of the AngⅡ-AT1R-TRPC6 axis mediating podocyte injury by promoting intracellular Ca2+ homeostasis imbalance and actin loss. Therefore, therapeutics targeting actin cytoskeletal regulatory molecules, calcium signaling, and apoptosis are potential research areas for the treatment of glomerular podocyte diseases. In addition, we also found that losartan can ameliorate Ca2+ overload to some extent. Of course, there are some problems in our study, such as not testing the related genes and ignoring the effects of losartan hemodynamics. Therefore, in the following research, we will use other techniques to find more direct evidence, such as RNA interference technology, patch clamp technology, etc.
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Podocytes form a key component of the glomerular filtration barrier. Damage to podocytes is referred to as “podocyte disease.” There are many causes of podocyte injury, including primary injury, secondary injury, and gene mutations. Primary podocytosis mostly manifests as nephrotic syndrome. At present, first-line treatment is based on glucocorticoid administration combined with immunosuppressive therapy, but some patients still progress to end-stage renal disease. In Asia, especially in China, traditional Chinese medicine (TCM) still plays an important role in the treatment of kidney diseases. This study summarizes the potential mechanism of TCM and its active components in protecting podocytes, such as repairing podocyte injury, inhibiting podocyte proliferation, reducing podocyte apoptosis and excretion, maintaining podocyte skeleton structure, and upregulating podocyte-related protein expression. At the same time, the clinical efficacy of TCM in the treatment of primary podocytosis (including idiopathic membranous nephropathy, minimal change disease, and focal segmental glomerulosclerosis) is summarized to support the development of new treatment strategies for primary podocytosis.
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INTRODUCTION
Podocytes, i.e., glomerular visceral epithelial cells, adhere to the surface of the glomerular basement membrane (GBM). They are named after their “pseudopodia-like” protrusions in the cytoplasm and are multipotent cells with a complex terminal differentiation structure (Torban et al., 2019). Podocytes form an important part of the glomerular filtration barrier, together with the GBM and endothelial cells. The main functions of podocytes include the following: 1) protein filtration by forming a molecular weight barrier and a charge barrier; 2) changing the ultra-filtration coefficient and regulating glomerular filtration; 3) resisting the pressure in the glomerulus and maintaining the spatial structure of the glomerular capillary loop; 4) secreting structural components and degrading enzymes of the GBM, thereby participating in the maintenance of the metabolic balance; and 5) synthesizing and secreting vascular endothelial growth factor to maintain the functional integrity of glomerular endothelial cells (Garg, 2018; Sun et al., 2021).
Podocyte injury is the main mechanism of glomerular proteinuria, which is closely related to the occurrence and development of a variety of glomerular diseases. In 2002, the glomerular disease characterized by the change in podocyte structure and function was named “podocytosis” for the first time. It is characterized by a reduction in podocyte number or density, thickening of the GBM, a change in glomerular matrix composition, and foot process fusion (Lu et al., 2019; Sun et al., 2021). When podocytes are injured, foot process fusion, apoptosis, developmental arrest, epithelial–mesenchymal transition (EMT), idiopathic membranous nephropathy (IMN), minimal change disease (MCD), focal segmental glomerulosclerosis (FSGS), and collapsing glomerulopathy (CG) can occur with the abovementioned pathological changes in podocytes, which are characteristic of podocyte disease (Barisoni et al., 2009; Lu et al., 2019).
FACTORS OF PODOCYTE INJURY
Podocyte injury can be caused by a variety of etiologies. The most common is immune injury, including immune complex deposition and in situ immune complex formation. Other factors, such as drugs, other toxic agents, infections, gene mutations, hemodynamic factors, and protein overload, can cause glucose and lipid metabolism disorders (Lin et al., 2021), which lead to podocyte hypertrophy (Zhou et al., 2021), podocyte foot process disappearance (Tojo, 2019; Purohit et al., 2021), EMT (Ying and Wu, 2017), and podocyte abscission and apoptosis (Dai et al., 2017; Gil et al., 2021). The causes of common podocyte diseases, such as immune damage, drugs, toxic agents, and infections, are summarized below.
Immunologic Injury
In many immune-mediated glomerulonephritides, podocytes are important targets of immune damage (Salvadori and Tsalouchos, 2021). In the early stage of injury, there are some structural changes in podocytes, including rearrangement of the actin cytoskeleton and loss of slit diaphragm integrity, which prevent podocyte detachment from the GBM but may cause podocyte foot process effacement. Foot processes disappear over time (Kriz et al., 2013; Kriz and Lemley, 2017). As the injury continues or worsens, however, podocytes will eventually separate, leading to glomerular segmental sclerosis or global sclerosis (Nagata, 2016).
Membranous nephropathy is a typical glomerular disease caused by immune complex deposition. The root cause of proteinuria in idiopathic membranous nephropathy (IMN) is the targeted binding of autoantibodies to podocytes (Nieto-Gañán et al., 2022). At present, known podocyte autoantigens include antigen-neutral endopeptidase (NEP) (Debiec et al., 2002); M-type receptor for secreted phospholipase A2 (PLA2R1) (Beck et al., 2009); thrombospondin type-1 domain-containing 7A (THSD7A) (Tomas et al., 2014); and other MN-associated antibody-targeting podocyte antigens, such as neural epidermal growth factor-like 1 protein (NELL-1) (Sethi et al., 2020), exostosin 1 and exostosin 2 (Ronco et al., 2006), neural cell adhesion molecule 1 (NCAM-1) (Vivarelli et al., 2015), and contactin 1 (CNTN1) (Nazarali et al., 2020). NEP is an antigen found in the neonatal kidney (Debiec et al., 2002), which participates in the catabolism of vasoactive regulatory peptides and blocks peptide signal transduction on the cell surface (Ronco et al., 2006). When the NEP antibody binds to podocytes, kidney damage may occur because the enzyme activity affecting glomerular hemodynamics is blocked (Debiec et al., 2002), which is associated with the enzyme activity that maintains endothelial permeability (Vivarelli et al., 2015), finally leading to MN (Ronco et al., 2006). PLA2R1 and THSD7A play an important role in maintaining the normal arrangement of podocytes, the slit diaphragm, and adhesion between podocytes and the GBM. THSD7A is expressed in human and mouse podocytes, enhances podocyte adhesion, promotes the surface adhesion of other type IV collagen coatings, reduces the migration ability, and plays an important role in podocyte cytoskeleton regulation (Tomas et al., 2014; Tomas et al., 2016; Herwig et al., 2019). Anti-PLA2R1/THSD7A antibodies bind to corresponding antigens of podocytes to form immune deposits, resulting in impaired filtration membrane integrity, thickening of the GBM, and changes in podocyte morphology and function, such as increased podocyte volume, loss of foot processes, and massive proteinuria (Fresquet et al., 2017; Liu et al., 2020; Meyer-Schwesinger et al., 2020). NELL-1 is a secreted protein (Li et al., 2019), which exists in the blood and kidneys of MN patients (Zhang et al., 2010). Most NELL-1-positive MN patients do not have autoimmune diseases, but NELL-1 positivity is associated with a higher incidence of tumors (Li et al., 2019; Bobart et al., 2021). As NELL-1 is the target antigen of PMN, these results need to be verified by studies that include larger samples. It has been hypothesized that NELL-1 forms an immune complex that is detached from podocytes and deposited in the GBM, causing proteinuria (Gu et al., 2021). It was found that most exostosin-positive patients are complicated by systemic lupus erythematosus or other autoimmune diseases, so NELL-1 might be a target antigen of secondary membranous nephropathy (Ronco et al., 2006), but the mechanisms underlying podocyte injury are not clear. NCAM-1 expression was found in the renal tissues of patients with membranous lupus nephritis and a few primary membranous nephropathies (PMNs), and the antibody was mainly immunoglobulin G1 (Caza et al., 2021; Wu et al., 2021). NCAM-1-related MN mainly manifests as GBM thickening and mesangial proliferation (Sethi, 2021). CNTN1 is a common target antigen with peripheral nerves and podocytes of patients with neurological diseases and MN, and the antibody is mainly immunoglobulin G4 (Le Quintrec et al., 2021). CNTN1 disrupts the adhesion function and normal structure of podocytes by affecting the Notch1 signaling pathway (Debiec and Ronco, 2021). It is very difficult to strictly distinguish between PMN and secondary membranous nephropathy using these target antigens alone. In the future, it may be useful to use a combination of target antigens to distinguish between the types of MNs.
Drugs and Toxic Agents
Drugs that include interferon (IFN), non-steroidal anti-inflammatory drugs (NSAIDs) (indomethacin and celecoxib), antiviral drugs, mammalian target of rapamycin (mTOR) inhibitors (sirolimus), calcineurin inhibitors (CNIs), androgenic anabolic steroids, antineoplastic drugs (pazopanib), and pamidronate may have an effect on glomerular podocytes. Some toxic agents, such as lithium and organic mercurials, have also been reported to damage podocytes. The following is a brief description of the causes of drug-induced renal podocytosis.
A study reported that 11 patients who received IFN treatment developed proteinuria 4–12 months after treatment. Renal histopathological examinations revealed FSGS, and renal ultrastructural pathological examinations also showed that the foot process was lost, accompanied by endothelial tubuloreticular inclusions. After stopping IFN treatment, about 70% of patients with renal disease were relieved. At the same time, 21 patients with previously reported renal disease caused by IFN were reviewed, including 8 cases of MCD, 1 case complicated by acute interstitial nephritis, and 12 cases of FSGS. A total of 11 patients received prednisone treatment, and 45% of these patients (5/11) achieved remission (Markowitz et al., 2010). The mechanisms underlying IFN-induced damage to podocytes may include increasing the permeability of podocytes, inducing podocyte death, interfering with the differentiation of renal progenitor cells into mature podocytes (Migliorini et al., 2013), stimulating the podocyte secretion process (INF-γ) (Mühlig et al., 2020), and inhibiting autophagy in human podocytes by producing reactive oxygen species (IFN-α) (Zhou et al., 2019).
Kidney damage by NSAIDs has attracted significant attention. NSAIDs can not only lead to acute tubulointerstitial kidney injury (Dreischulte et al., 2015; Zhang et al., 2017; Yu et al., 2020) but they also cause MCD, and their long-term use can lead to chronic kidney disease (CKD) (Hörl, 2010; Chiu et al., 2015). The probability of developing CKD with NSAID use varies according to the type of drug used and the patient’s basic renal function (Gicchino et al., 2021). An observational study of preterm infants treated with indomethacin found significantly greater podocyte and urinary protein excretion in treated infants than in other infants (Kent et al., 2012). In addition to hemodynamic changes (Drożdżal et al., 2021), the most important cause of NSAID-induced CKD is damage to glomerular podocytes and the GBM. After 20 weeks of celecoxib treatment in diabetic rats, the number of glomerular podocytes decreased, the GBM was thinner and its diameter was decreased, and the mesangial matrix was proliferated (Nasrallah et al., 2013). Therefore, the decrease in glomerular podocytes and the structural changes that occur with NSAID treatment may cause kidney disease.
Pathological changes in MN (Murakami et al., 2018), FSGS (Hogan et al., 2017), and lupus-like nephritis (Sise et al., 2016) occurred in patients with chronic hepatitis C infection after receiving direct-acting antivirals (including ribavirin, simeprevir, sofosbuvir, and ledipasvir). Kidney damage from such drugs may include direct podocyte toxicity and immune complex deposition. Inhibition of mTOR activation reduces proteinuria and glomerulosclerosis (Miesen et al., 2020), but complete reduction in mTOR activity may lead to glomerular disease progression (Letavernier et al., 2007; Cai et al., 2011), indicating that the therapeutic window of the drug is narrow. After renal transplantation, patients treated with mTOR inhibitors have increased urinary protein excretion, podocyte damage, and FSGS changes (Letavernier and Legendre, 2008). A study found that, after renal transplantation, the number of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling-positive cells was significantly greater in patients treated with sirolimus compared to the control group (Munivenkatappa et al., 2010), suggesting that the apoptosis of renal tubular epithelial cells and podocytes was enhanced. In addition, mTOR inhibitors induce proteinuria by reducing the expression of podocyte hiatal membrane-related molecules (Kim et al., 2017), which induces proteinuria in a dose-dependent manner (Stallone et al., 2011). The non-immune effects of CNIs are nephrotoxic, including tubular atrophy, interstitial inflammation, podocyte damage, and hyaline hyperplasia of arterioles (Gooch et al., 2017). A study found that cyclosporine A-induced expression of CD44 in mice increased with increasing doses, and the foot process, balloon adhesion, and segmental sclerosis in the glomerulus disappeared (Hayashi et al., 2019).
After long-term abuse of anabolic steroids, a patient developed nephrotic syndrome. Renal biopsy revealed glomerulomegaly and FSGS (Herlitz et al., 2010; Pendergraft et al., 2014). This may be related to the alteration of glomerular hemodynamics caused by weight gain after hormone application and the decrease in proteinuria after hormone withdrawal (Harrington et al., 2011). It has been reported that, following the application of anti-tumor drugs (pazopanib), patients may develop nephrotic syndrome. The pathological manifestations are the disappearance of the foot process, GBM double-track syndrome, and thrombotic microvascular disease, and proteinuria gradually decreases after drug discontinuation (Maruyama et al., 2018). It has been reported that collapse-type FSGS can appear after high-dose pamidronate treatment (Markowitz et al., 2001; Barri et al., 2004; Dijkman et al., 2006), but the specific mechanism of podocyte injury has not been studied.
Short-term and low-dose lithium preparations can resist proteinuria by targeting glycogen synthase kinase 3β, promoting the repair of kidneys and podocytes, and protecting the kidneys (Xu et al., 2014; Bao et al., 2015; Guo et al., 2016). However, long-term lithium exposure may lead to the disappearance of the glomerular podocyte foot process and MCD (Tandon et al., 2015; Gong et al., 2016; Bgatova and Taskaeva, 2020). Mercurials in cosmetics may also lead to MN.
Infectious Diseases
Viral infections, including human immunodeficiency virus (HIV), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), cytomegalovirus (CMV), and parvovirus B19, are the most likely cause of glomerular podocyte damage and collapsing FSGS (Muehlig et al., 2022). The main pathological features of HIV-associated nephropathy are the disappearance of the podocyte foot process, podocyte dedifferentiation, proliferation, apoptosis, podocyte detachment, and massive proteinuria (Canaud et al., 2014). The mechanism of podocytosis mainly includes the following aspects: 1) direct infection of podocytes and destruction of the cytoskeleton of podocytes, resulting in damage to the glomerular filtration barrier (Ospina Stella and Turville, 2018); 2) podocyte injury and dysfunction caused by the HIV-related proteins, including Nef and Vpr (Gu et al., 2013; Tan et al., 2013; Gbadegesin et al., 2014; Hall et al., 2018a; Rednor and Ross, 2018); and 3) podocyte proliferation and dedifferentiation caused by HIV-induced vascular endothelial growth factor (Veron et al., 2010; Wang et al., 2015a).
In addition to acute tubulointerstitial nephritis (Cheng et al., 2020; Lin et al., 2020), the renal damage caused by SARS-CoV-2 is also very apparent; the main pathological change is collapsing FSGS (Magoon et al., 2020; Charytan et al., 2021; Shetty et al., 2021). Virus particles were found in kidney cells by electron microscopy, and viral proteins were detected by immunohistochemistry, confirming that SARS-CoV-2 can directly infect the kidneys (Khan et al., 2020; Hassler et al., 2021). Podocytes of patients with coronavirus disease 2019 exhibit high expression of angiotensin-converting enzyme 2, cellular transmembrane serine proteases, and furin, which are related to the invasion of SARS-CoV-2 into podocytes (Sallenave and Guillot, 2020; Stasi et al., 2020). Collapsing kidney disease caused by SARS-CoV-2 is often accompanied by mutations in the apolipoprotein L1 (APOL1) gene, which may lead to mitochondrial dysfunction and reduced cell membrane integrity through various mechanisms, thus resulting in podocyte destruction (Kudose et al., 2020; Friedman and Pollak, 2021).
Glomerular diseases can also be caused by other viral infections (Chandra and Kopp, 2013), such as parvovirus B19 mesangial proliferative glomerulonephritis, which is mainly characterized by IgA deposition. CMV infection is characterized by focal segmental mesangial hyperplasia with sclerosis, disappearance of foot processes, and membranous nephropathy. Thrombotic microangiopathy is the main pathological change (Jacob et al., 2020). Epstein–Barr virus (EBV) infection is mainly characterized by membranous nephropathy and crescentic glomerulonephritis, and dengue virus infection is mainly characterized by FSGS (Araújo et al., 2018). A study found that Zika virus can directly infect podocytes to cause podocyte disease (Alcendor, 2017). Respiratory syncytial virus infection can cause podocyte foot process disappearance and mesangial matrix hyperplasia-like pathological changes (Zhai et al., 2016). Infection by various viruses in children can cause MCD or FSGS, including HIV, hepatitis B virus, hepatitis C virus, parvovirus B19, CMV, and EBV (Dettmar and Oh, 2016).
A study found that APOL1 is the most common susceptibility gene for podocytosis (Friedman and Pollak, 2021; Watanabe et al., 2021), which is closely related to collapsing FSGS, hypertensive renal injury, and HIV-related kidney diseases (Kopp et al., 2011; Lipkowitz et al., 2013; Kasembeli et al., 2015; Reidy et al., 2018). With the widespread application of whole-gene detection technology, gene mutations related to podocytosis have been gradually discovered and recognized. At present, > 50 gene mutations related to podocytes have been found in children and adults’ hormone-resistant nephrotic syndrome (Chen and Liapis, 2015). The pathogenic genes mainly encode pore membrane proteins (NPHS1, NPHS2, CD2AP, and PTPRO) (Delville et al., 2014; Liu et al., 2021a; Maier et al., 2021), signal transduction-related proteins (TRPC6) (Hall et al., 2019), cytoskeletal proteins (PODXL, ACTN4, INF2, MYH9, and ANLN) (Hall et al., 2018b; Cechova et al., 2018; Shao et al., 2019; Refaeli et al., 2020; Subramanian et al., 2020), transcription factor-related proteins (WT1 and PAX2) (Niaudet and Gubler, 2006; Hu et al., 2021), and cellular/extracellular matrix-related, mitochondrial, and lysosomal proteins (Chen and Liapis, 2015).
PROTECTIVE EFFECTS OF TRADITIONAL CHINESE MEDICINE AND ACTIVE INGREDIENTS ON PODOCYTE INJURY
The prognosis of MCD treated with glucocorticoids (GCs) is relatively good, and disease progression is slow (Vivarelli et al., 2017). The prognosis of primary FSGS varies according to its response to GCs (Mason et al., 2020; Zhao and Liu, 2020). Steroid-resistant FSGS is an independent risk factor for decreased renal function (Rosenberg and Kopp, 2017; Ying et al., 2021). At present, the main methods for the treatment of MCD, FSGS, and MN include angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, steroid hormones, CNIs (cyclosporine or tacrolimus), cyclophosphamide, or CD20 monoclonal antibody. However, GCs and immunosuppressants also have side effects, such as severe infection and disorders of glucose and lipid metabolism. TCM has made certain achievements in the fundamental research and clinical treatment of primary podocytosis (Kidney Disease: Improving Global Outcomes (KDIGO) Glomerular Diseases Work Group, 2021). Below, we discuss 1) the research progress of TCM and its active ingredients in the prevention and treatment of podocyte injury and 2) the analysis of its efficacy in primary podocyte disease to support the development of new treatment strategies for podocytosis.
Podocyte Injury Repair
Tritolide can significantly reduce proteinuria, reduce glomerular hypertrophy, and repair podocyte damage in db/db mice (Gao et al., 2010). Qi Dan Fang is composed of Astragalus and Salvia miltiorrhiza at a ratio of 5:1, which can upregulate the protein expression of Bcl-2 in rats with adriamycin nephrotic syndrome, reduce podocyte damage, and restore glomerular filtration function (Wu et al., 2014). Tongxinluo inhibits inflammatory cell infiltration in hypertensive kidney damage in spontaneously hypertensive rats; reduces the activity of oxidative stress damage markers; and decreases the expression of α-smooth muscle actin (α-SMA), extracellular matrix protein, transforming growth factor β1, and other chemical markers to reduce podocyte injury (Luo et al., 2015). The active ingredient of ginseng, ginsenoside Rg1, exerts protective effects on podocytes by reducing the oxidative stress response of D-galactose-induced subacute mouse kidney injury (Fan et al., 2016). Sirtuin-1 deacetylase plays a key role in renal cell protection mainly by reducing cellular stress responses. Resveratrol and puerarin are known sirtuin-1 agonists that repair podocyte damage in type I diabetic mice (Zhong et al., 2018). Berberine promotes mitochondrial energy homeostasis and fatty acid oxidation by ameliorating mitochondrial dysfunction and fatty acid oxidation defects, thereby promoting post-injury podocyte repair in db/db mice (Qin et al., 2020). Yiqi Huoxue Decoction consists of >10 kinds of herbal medicines, and luteolin, wogonin, formononetin, and verbasin were found to be the top potential active compounds by ultra-high-performance liquid chromatography–mass spectrometry. Yiqi Huoxue Decoction attenuates and repairs podocyte injury through the phosphatidylinositol 3-kinase–RAC serine/threonine protein kinase (PI3K/AKT) and nuclear factor kappa-B (NF-κB) signaling pathways (Feng et al., 2022).
Podocyte Apoptosis and Excretion Reduction
Astragaloside IV is an active ingredient of Astragalus membranaceus, which inhibits the expression of glucose-regulated protein 78 and oxygen-regulated protein 150 by inhibiting the expression and phosphorylation of PERK and JNK, inhibiting the apoptosis of podocytes, and reducing podocyte excretion in streptozotocin-induced diabetes nephropathy in rats (Wang et al., 2015b). Tripterygium wilfordii and its active components upregulate autophagy in diabetic kidney disease (DKD) mice through the mTOR/Twist1 signaling pathway, reduce podocyte transdifferentiation and apoptosis (Tao et al., 2021), reduce interleukin-4 overexpression, enhance cell viability, and inhibit podocyte apoptosis (Li et al., 2020). Salvianolic acid A is the main active component of Salvia miltiorrhiza. By inhibiting the expression of soluble urokinase-type plasminogen activator receptor, it increases the expression of the podocyte-related protein nephrin, reduces podocyte apoptosis, and promotes podocyte repair (Li et al., 2021a). Ginsenoside Rb1 can reduce podocyte excretion by reducing apoptosis and mitochondrial damage induced by high glucose levels in diabetic nephropathy (He et al., 2022). Abelmoschus manihot flowers can improve podocyte apoptosis by reducing inflammation and oxidative stress (Li et al., 2021b).
Modified Huangqi Chifeng Decoction improves proteinuria and reduces podocyte excretion by inhibiting excessive autophagy in doxorubicin-induced nephropathy in rats through the PI3K/mTOR signaling pathway (Yu et al., 2018). Yu Nu regulates autophagy stabilization, inhibits apoptosis, and reduces podocyte excretion in Goto–Kakizaki rats by reducing mTOR levels (He et al., 2020). Paecilomyces cicadae-fermented Radix Astragali can enhance the autophagy of podocytes in diabetic mice by inhibiting the PI3K/AKT/mTOR signaling pathway, thereby reducing podocyte apoptosis and improving the renal structure of diabetes nephropathy (Yang et al., 2020). Mahuang Fuzi and Shenzhuo Decoction can inhibit Wnt/β-catenin signal activation of podocytes in mice stimulated by high glucose, enhance podocyte autophagy, and reduce podocyte damage (Dai et al., 2020). Yiqi Jiedu Huayu Decoction can promote autophagy in streptozotocin (STZ)-induced diabetes mellitus rats by upregulating the expression of autophagy-related proteins, regulating the activity of the PI3K/Akt and AMPK pathways, inhibiting the mTOR pathway, and promoting autophagy of STZ-induced diabetic nephropathy (Xuan et al., 2021).
Upregulation of Podocyte-Associated Proteins
Podocyte-associated proteins play an important role in maintaining glomerular filtration function. Among them, pore membrane-related protein molecules, especially nephrin, podocin, and CD2AP, constitute a “zipper” structure, which is important in maintaining pore membrane integrity. It was found that Hyperoside (Zhang et al., 2016), Gushen Jiedu Capsule (Zhang et al., 2020), Wenshen Jianpi Recipe (Cao et al., 2019), Qi Dan Fang (Wu et al., 2014), Genipin (Qiu et al., 2012), Zhen-wu-tang (Cai et al., 2010), and other preparations can increase the messenger RNA expression of cleft septum proteins (including nephrin, podocin, CD2AP, and WT1) in diabetic mice to improve podocyte injury and protect kidneys.
Huangqihuang protects podocytes by inhibiting the p-ERK/CHOP signaling pathway and upregulating the expression levels of podocin, nephrin, and synaptopodin in a tunicamycin-induced rat model (Li et al., 2016). Jiedu Tongluo Baoshen (JDTB) contains 77 active ingredients to promote the expression of the podocyte-related proteins, podocin, nephrin, and WT-1, so as to reduce podocyte injury. Meanwhile, JDTB activates autophagy-related proteins, such as beclin-1, LC3, and p62, to enhance podocyte autophagy and reduce podocyte injury (Jin et al., 2022). Atractylodis Rhizoma water extract upregulates podocin, nephrin, and CD2AP and promotes apoptosis in fructose-fed rats by inhibiting TRPC6/p-CAMK4 signal transduction. α-Actinin-4 and other podocyte proteins are expressed to prevent glomerular podocyte injury (Chen et al., 2021). Bu-Shen-Huo-Xue Decoction upregulates the podocyte markers nephrin and podocin in high-fat diet/STZ-induced diabetic mice and downregulates mesenchymal markers. α-SMA and fibroblast-specific protein 1 are expressed to improve renal function and inhibit podocyte EMT (Wang et al., 2020). Rhodiola can increase the expression levels of nephrin and podocin and protect podocytes by regulating SIRT1/PGC-1α-mediated mitochondrial bioactivity and inhibiting the β-catenin signaling pathway (Huang et al., 2019; Xue et al., 2019).
Skeleton Maintenance of Podocytes
The podocyte cytoskeleton plays an important role in maintaining the normal morphology of podocytes. Mature podocytes express vimentin and desmin in the cell body and foot process. TCMs repair the podocyte skeleton by inhibiting renin–angiotensin–aldosterone system activation, cytokine overexpression, and other mechanisms so as to improve podocyte injury (Dou et al., 2009). Studies have found that Dahuang Zhechong Pill can significantly reduce the expression of desmin in a rat nephrotic model with adriamycin, maintain podocyte function, and reduce urinary protein excretion (Chen et al., 2008). Wulingsan (Gorei-San) regulates renal nephrin gene expression in rats with doxorubicin-induced nephrotic syndrome by inhibiting the overactivity of the renin–angiotensin system, maintaining the normal cytoskeleton of podocytes, and ameliorating doxorubicin-induced podocyte injury (He et al., 2008). Huaiqihuang Granule upregulates the expression of nephrin and podocin in rats with adriamycin nephropathy and maintains the integrity of podocyte synovium and cytoskeleton (Sun et al., 2011). Huangqi Guizhi Wuwu Decoction upregulates the expression of the cytoskeletal proteins nephrin, podocin, and ACTN4 in podocytes through the AT1R–nephrin–c-Abl pathway and downregulates the expression levels of TNF-α, AT1R, and c-Abl to alleviate the damage of cytoskeletal proteins in podocytes (Liu et al., 2021b).
Inhibition of Podocyte Proliferation
Glomerular podocytes are highly differentiated terminal cells. Under pathological conditions, abnormal proliferation and cell phenotypic changes can occur due to podocyte dysfunction. Some TCMs can participate in protein synthesis, energy metabolism, and cell cycle regulation of podocytes and mesangial cells through the Pik/Akt/mTOR signaling pathway so as to inhibit the excessive proliferation of podocytes (Yang et al., 2015). Dipeptidyl peptidase 4 (DDP4) is specifically upregulated in DKD podocytes, which may be related to podocyte proliferation. Through analysis of the TCM Systematic Pharmacology database, it was found that quercetin, methyl rosmarinate, kaempferol, diosgenin, and Acacia may inhibit DPP4 activity and the proliferation of DKD podocytes (Wang et al., 2021). High-dose Tripterygium wilfordii can improve the overexpression of nephrin in adriamycin-treated rats and inhibit abnormal proliferation of podocytes so as to reduce proteinuria and glomerulosclerosis (Wan et al., 2014). Yuxue Decoction can significantly inhibit the lipid-induced proliferation of mouse podocytes (Chen et al., 2007). The protective mechanism of TCM on podocyte injury is shown in Table 1.
TABLE 1 | Protective mechanism of TCM on podocyte injury.
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IMN, MCD, and FSGS are characterized by a decrease in the number or density of podocytes, thickening of the GBM, changes in the composition of the glomerular matrix, and fusion of the foot processes, which are typical of podocytosis. The main clinical feature is nephrotic syndrome. According to the guidelines, the main treatment for podocyte disease is GC combined with immunosuppressive agents. However, there are many complications and poor curative effect in some patients. With the understanding and research of TCM, the efficacy of traditional Chinese medicine in podocytosis has been recognized.
Idiopathic Membranous Nephropathy
TCMs can improve kidney function by regulating the body’s immunity and reducing the inflammatory response. Studies have shown that TCM can be used to effectively treat IMN (Feng et al., 2020). A meta-analysis including 29 studies showed that the total effective rate and cure rate of IMN patients were significantly increased after combining TCM and immunosuppressive therapy, and combined therapy also significantly reduced the recurrence rate and adverse events. However, due to the small sample size of all studies included in this meta-analysis, and the lack of long-term follow-up and scientific design of the research results, the reliability of the research results is affected (Lu et al., 2021).
The treatment scheme of supplementing Qi and activating blood circulation by using Astragalus membranaceus, Angelica sinensis, Ligusticum chuanxiong, Codonopsis pilosula, Atractylodes macrocephala, and Salvia miltiorrhiza is conducive to controlling the proteinuria level of IMN (Zheng et al., 2017). Compared to prednisone combined with cyclophosphamide in the treatment of adult IMN, Shenqi Granule has the same effect in controlling proteinuria (3.01 vs. 3.28 g/d), and the incidence of serious adverse events, such as pulmonary infection and liver injury, was significantly lower in the Shenqi Granule treatment group than the control group (Chen et al., 2013). Research on Tripterygium wilfordii and its active ingredients for IMN treatment is ongoing. A study found that the remission rates of Tripterygium wilfordii combined with low-dose prednisone after 3, 6, and 12 months were 74.4, 79.1, and 76.7%, respectively, which were significantly higher than the remission rates of Tripterygium wilfordii alone. Tripterygium wilfordii combined with low-dose prednisone is expected to become the first-line treatment scheme for IMN (Xu et al., 2015). IMN patients were treated with CNI + Tripterygium glycoside tablets (TWPs) and CNI + GCs. After 12 months of follow-up, there was no significant difference in the reduction in the rate of proteinuria or the positive rate of serum PLA2R between the groups. CNI combined with TWPs is another method for the treatment of IMN (Gao et al., 2021). In a study, 53 patients with IMN were treated with Tripterygium wilfordii polyglycosides (TWG) + prednisone and TAC + prednisone for 36 weeks. It was found that the partial remission rate, complete remission rate, and remission time of the groups were similar. Therefore, TWG combined with GCs is an effective treatment for IMN (Liu et al., 2015). In another study, 184 patients with IMN were treated with Mahuang Fuzi and Shenzhuo Decoction alone or with TCM combined with immunosuppressive therapy. After 3 years of follow-up, it was found that the remission rates of the groups were 65.5 and 59.6%, respectively (Dong et al., 2021).
For patients with refractory IMN, after 1 year of treatment with Jian Pi Qu Shi formula, the remission rate of nephropathy reached 80%, and the level of proteinuria decreased from 5.93 g/d to 1.99 g/d (Shi et al., 2018). In another study, 31 patients with refractory IMN were treated with Shulifenxiao for 12 months. It was found that the remission rate reached 90.9%, and the serum albumin and estimated glomerular filtration rate levels were significantly increased. After 2 years of follow-up, only two patients had experienced recurrence (Cui et al., 2021). Using Shen No. 9 recipe with Qingre Moshen Granules to treat IMN patients who did not respond to hormones and immunosuppressants can improve the cellular immune level and the abnormal expression of interleukin-2. After 24 weeks of treatment, the basic remission rate and total effective rate of 44 patients were 68.2 and 84.1%, respectively (Han et al., 2011).
MCD
MCD accounts for 10%–15% of adult nephrotic syndrome cases. The recurrence rate of adult MCD is >50%, and 10%–20% of patients are resistant to steroids. In recent years, TCM has achieved certain curative effects in the adjuvant treatment of MCD (Wang et al., 2018). Yuebi Jiazhu Tang was used as adjuvant therapy for primary nephrotic syndrome in children. The remission rate and non-recurrence rate in the adjuvant treatment group with TCM were significantly higher than those in the non-treatment group (91.2 vs. 84.8% and 20.7 vs. 11.3%, respectively) (Wu et al., 2022). Abelmoschus manihot alone or combined with losartan potassium was used to treat patients with non-NS primary glomerular disease, including MCD and FSGS, and the results showed that Abelmoschus manihot could significantly reduce the level of proteinuria (Zhang et al., 2014). According to the syndrome differentiation of TCM, Wulin Powder, Zhenwu Decoction, and Zhibaidihuang Decoction were used to assist in the treatment of pediatric NS. The results showed that the levels of proteinuria and cholesterol in the integrated Chinese and Western medicine treatment group were significantly lower than those in the group treated with Western medicine alone (Wei, 1992). Yang et al. used Shenqi Dihuang Decoction to treat primary diseases, supplementing Qi and activating blood circulation to prevent thrombosis, supporting righteousness and dispelling pathogens to prevent infection, strengthening the spleen and stomach, improving malnutrition to treat MCD and related complications, and achieved obvious curative effects (Wu et al., 2020). There are few studies on adjuvant treatment of MCD with TCM or using TCM as the main means to treat MCD, with only small samples or case reports, and high-quality clinical studies with larger samples are needed to confirm in the future.
FSGS
FSGS accounts for 40% of adult nephrotic syndrome cases. The treatment response is relatively poor, the incidence of hormone resistance is high, and long-term immunosuppressive treatment is prone to serious complications such as infection. The use of TCM in the treatment of primary FSGS has been studied in recent years. A case was treated with modified Fangji Huangqi Decoction for FSGS, and there was no recurrence after proteinuria was cured (Zhang and Yu, 2015). In one study, 70 children with primary nephrotic syndrome (including FSGS) were divided into a simple GC group (control group) and a GC combined with Liuwei Dihuang Pill Decoction group (TCM treatment group). The results showed that the decrease in proteinuria and the increase in serum albumin levels in the TCM treatment group were more obvious (3.75 g/d vs. 2.89 g/d and 37.9 g/L vs. 31.1 g/L, respectively). The total effective rates of the TCM group and the control group were 93.9 and 75.0%, respectively (p < 0.05). The recurrence rate in the control group was significantly higher than that in the control group (53.1 vs. 21.1%, p < 0.05) (Hou et al., 2021). Zhang et al. conducted a meta-analysis on the treatment of FSGS with the method of supplementing Qi and activating blood circulation. It was found that the treatment of supplementing Qi and activating blood circulation combined with Western medicine could significantly reduce the levels of proteinuria, serum creatinine, and urea nitrogen in patients with FSGS (p < 0.05) (Zhang et al., 2019). Unfortunately, most studies have used GC as the main treatment to observe whether TCM can enhance the efficacy or reduce recurrence, and the independent efficacy of TCM has not been observed. Clinical studies on treating podocytopathies with TCM are shown in Table 2.
TABLE 2 | Clinical studies on treating podocytopathies with TCM.
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Patients with primary podocytosis are mostly characterized by massive proteinuria, high edema, hyperlipidemia, and hypoproteinemia. According to the recommendations of the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines, the main treatment method at present is GC combined with immunosuppressive therapy. In recent years, the CD20 monoclonal antibody has also been widely used. However, in the treatment process of primary podocytosis, there is a risk of slow effects and poor curative effects, the treatment cycle is long, and recurrence rates are high. Long-term GC and immunosuppressive therapy are associated with a high risk of severe infection, liver damage, glucose and lipid metabolism disorders, and kidney damage, resulting in treatment failure of primary podocytosis and progression to ESRD.
For a long time, TCM has played an important role in the treatment of kidney disease. With the advancement of precision medicine, many active ingredients and functional mechanisms of TCMs have been studied, providing a scientific basis for the application of TCM. Unfortunately, due to the small sample size of many studies included in this review, and the lack of long-term follow-up and scientific design of the research results, the reliability of the research results is affected. Most studies on TCM in the treatment of podocytosis are still clinical observation studies, and most of the included studies do not have an in-depth study on the mechanism of action, the functional mechanisms of TCMs remain to be elucidated. Traditional Chinese medicine interventions are mostly compound preparations or decoction, and the dosage, form, and detailed medication information of the prescription are missing, resulting in poor repeatability of the research results. Most of the research subjects of TCM in the treatment of podocytosis are Chinese; in further research, we should verify the efficacy of TCM in other countries in the treatment of podocytosis, so as to eliminate the influence of race. Moreover, in addition to podocyte damage, there are other microenvironmental changes in primary podocyte disease. In the present study, we only reviewed podocyte injury treatment options from the perspective of TCM. In the future, attention should be paid to the functional mechanisms and efficacy of TCMs in the intervention of edema, hyperviscosity, immune regulation, and glucose and lipid metabolism disorders in patients with primary podocytosis. At the same time, fine design and international multi-center clinical research must be carried out to provide more evidence for the wide application of TCM in podocytosis.
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GLOSSARY
TCM traditional Chinese medicine
GBM glomerular basement membrane
EMT epithelial–mesenchymal transition
IMN idiopathic membranous nephropathy
MCD minimal change disease
FSGS focal segmental glomerulosclerosis
CG collapsing glomerulopathy
PMN primary membranous nephropathy
NEP neutral endopeptidase
PLA2R M-type receptor for secreted phospholipase A2
THSD7A thrombospondin type-1 domain-containing 7A
NELL-1 neural epidermal growth factor-like 1 protein
NCAM-1 neural cell adhesion molecule 1
CNTN1 contactin 1
IFN interferon
NSAIDs non-steroidal anti-inflammatory drugs
mTOR mammalian target of rapamycin
CNIs calcineurin inhibitors
CKD chronic kidney disease
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
HIV human immunodeficiency virus
APOL1 Apolipoprotein L1
CMV Cytomegalovirus
EBV Epstein–Barr virus
PI3K-AKT phosphatidylinositol 3-kinase–RAC serine/threonine protein kinase
NF-κB factor kappa-B
DKD Diabetes kidney disease
DDP4 Dipeptidyl peptidase 4
TWPs Tripterygium glycoside tablets
TWG Tripterygium wilfordii polyglycosides
α-SMA α-smooth muscle actin
TAC tacrolimus.
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.
Copyright © 2022 Lin, Tian, Ren, Wu, Deng and Yang. 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.
		ORIGINAL RESEARCH
published: 09 August 2022
doi: 10.3389/fphar.2022.945949


[image: image2]
Jiawei Runjing Decoction Improves Spermatogenesis of Cryptozoospermia With Varicocele by Regulating the Testicular Microenvironment: Two-Center Prospective Cohort Study
Huang Liu1,2†, Zhongwang Huang3†, Houbin Zheng2†, Zhiyong Zhu2, Hui Yang4, Xingzhang Liu2, Tao Pang2, Liping He5, Hai Lin2, Lei Hu2, Qingqi Zeng1,6* and Lanying Han7*
1The First School of Clinical Medicine, Nanjing University of Chinese Medicine, Nanjing, China
2NHC Key Laboratory of Male Reproduction and Genetics, Department of Andrology, Guangdong Provincial Reproductive Science Institute (Guangdong Provincial Fertility Hospital), Human Sperm Bank of Guangdong Province, Guangzhou, China
3Department of Andrology, Shenzhen Traditional Chinese Medicine Hospital, Shenzhen, China
4NHC Key Laboratory of Male Reproduction and Genetics, Department of Ultrasonography, Guangdong Provincial Reproductive Science Institute (Guangdong Provincial Fertility Hospital), Human Sperm Bank of Guangdong Province, Guangzhou, China
5NHC Key Laboratory of Male Reproduction and Genetics, Department of Clinical Laboratory, Guangdong Provincial Reproductive Science Institute (Guangdong Provincial Fertility Hospital), Human Sperm Bank of Guangdong Province, Guangzhou, China
6Department of Integrated Chinese and Western Medicine, Jiangsu Health Vocational College, Nanjing, China
7NHC Key Laboratory of Male Reproduction and Genetics, Department of Traditional Chinese Medicine, Guangdong Provincial Reproductive Science Institute (Guangdong Provincial Fertility Hospital), Human Sperm Bank of Guangdong Province, Guangzhou, China
Edited by:
Ying-Yong Zhao, Northwest University, China
Reviewed by:
Qingqiang Gao, Nanjing Drum Tower Hospital, China
Sun Xiangzhou, First Affiliated Hospital of Sun Yat-sen University, China
* Correspondence: Qingqi Zeng, zengqingqi111@163.com; Lanying Han, 2820126757@qq.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 17 May 2022
Accepted: 14 June 2022
Published: 09 August 2022
Citation: Liu H, Huang Z, Zheng H, Zhu Z, Yang H, Liu X, Pang T, He L, Lin H, Hu L, Zeng Q and Han L (2022) Jiawei Runjing Decoction Improves Spermatogenesis of Cryptozoospermia With Varicocele by Regulating the Testicular Microenvironment: Two-Center Prospective Cohort Study. Front. Pharmacol. 13:945949. doi: 10.3389/fphar.2022.945949

Objective: The aim of the study was to explore the evidence of JWRJD in the treatment of cryptozoospermia.
Methods: A total of 162 cryptozoospermia patients with varicocele who refused to undergo surgery were included from January 2021 to December 2021. They were divided into the Jiawei Runjing Decoction group (group A), tamoxifen group (group B), and no treatment group (group C), and after the follow-up for 3 months, therapeutic effectiveness was compared. Network pharmacology was used to analyze and validate the effects and mechanisms of JWRJD.
Results: Fifty-eight patients were treated with JWRJD, 55 with tamoxifen, and 49 without any treatment. After treatment, five patients were lost: one in group A, one in group B, and three in group C. The sperm count and the decrease of FSH in group A were significantly higher, but the degree of decline in the testicular volume and the degree of vein expansion have decreased significantly, which were closely related to the testicular volume (TV) [especially changes in the left testicular volume (ΔL-TV)], citric acid (CC) and its changes (ΔCC), and the vein width (VW) [especially left spermatic vein width (L-VW) and mean vein width (M-VW) and their changes (ΔL-VW and ΔM-VW)], as well as the sperm count before the treatment (bSC), which were the significant indexes to predict the therapeutic effect, especially for patients >35 years old and with grade III varicoceles. Network pharmacological analysis verifies that it can be regulated by fluid shear stress and the atherosclerosis pathway to improve the testicular microenvironment for spermatogenesis.
Conclusion: JWRJD may promote spermatogenesis in cryptozoospermia patients with varicocele, which may be closely related to improving the testicular microenvironment, especially for >35 year olds and grade III varicocele patients.
Keywords: cryptozoospermia, varicocele, JWRJD, testicular microenvironment, network pharmacology
1 INTRODUCTION
The incidence of infertility in the world is approximately 8–12%, half of which is caused by males (Bay et al., 2013; Kazemijaliseh et al., 2015). Among the factors causing male infertility, abnormal sperms are the most common (Jafari et al., 2021). Cryptozoospermia is the extremely severe form of oligozoospermia, which is manifested as sperm that could not be found in routine microscopic examination of ejaculated semen but could be seen in the deposition after centrifugation (World Health Organization, 2010). Its etiology is complex and varied, and varicocele is one of the most common etiologies (Punab et al., 2017). Although surgery is the preferred treatment for varicocele (Caradonti, 2020), its expensive and invasive nature is less readily accepted by patients, especially those with cryptozoospermia, who are more willing to accept medication or forgo intervention and wait for assisted reproductive technology (French et al., 2008; Fine and Franco, 2015; Lima et al., 2020). In patients with low spermatogenesis with varicocele without surgical treatment, drugs are considered the first choice of treatment. Male infertility guidelines indicate that selective estrogen receptor modulators (SERMs) are considered an empiric treatment for male infertility, and the mechanism of action is to block the estrogen receptor activity so as to promote the luteinizing hormone (LH) and stimulate sperm production (Salonia et al., 2020). Tamoxifen is one of these most commonly used drugs, but its endocrine effects are controversial (Vandekerckhove et al., 2000). The search for more ideal oral drugs was the focus of improving patients with cryptozoospermia of varicocele.
Traditional Chinese medicine (TCM) has a history of more than 5,000 years in treating male infertility and childlessness (Zhou et al., 2019). TCM believes that infertility is the same as “Wu-zi” (No child), “Wu-hou” (No offspring), “Jing-xi” (Sperm rarity), and “Jing-leng” (Sperm unfrequented). The treatment of spermatogenesis with various Chinese herbs has different values from modern medicine (Wang et al., 2018; Zhou et al., 2019). In TCM, varicocele cryptozoospermia was considered to belong to the deficiency syndrome of “Qi-stagnation” (Stagnation of the circulation of vital energy), “Blood-stasis” (Coagulation of blood), and Shen-Yang (Kidney-Yang) (Hu et al., 2013). Good results could be obtained by activating Qi and Blood, removing stasis and clearing collaterals, and nourishing Shen-Yang (Kidney-Yang). The previous animal studies (Dong et al., 2021; Yang et al., 2021) had shown that Runjing Decoction (RJD) which includes 10 Chinese medicines [Cuscuta chinensis Lam. (CS), Dioscorea polystachya Turcz. (DR), Polygonatum sibiricum Redouté (PR), Epimedium brevicornu Maxim. (EF), Lycium barbarum L. (LF), Eleutherococcus senticosus (Rupr. & Maxim.) Maxim. (AS), Rhodiola crenulata (Hook. f. & Thomson) H. Ohba (RC), Cyathula officinalis K.C.Kuan (CR), Citrus × aurantium L. (CRP), and Hirudo (Hd)] could promote blood circulation and clear collaterals, nourish Shen-Yang (Kidney-Yang) and other functions to improve the proliferation of mouse germ cells, and increase the number of sperms, but the clinical observation of RJD on male infertility still lacks effective evidence. For this reason, we improved the decoction on the basis of RJD and created the Jiawei Runjing Decoction (JWRJD) by adding two traditional Chinese medicines [Homo Sapiens (HS) and Eupolyphaga seu Steleophaga (ES)], which could be more powerful to strengthen the function of spermatogenesis and promote blood circulation and dredge collatulopathy. JWRJD was applied to patients with cryptozoospermia with varicoceles who were observed for 3 months. Finally, we found interesting results.
2 MATERIALS AND METHODS
2.1 Patient Setting
A total of 162 patients with cryptozoospermia of varicocele were admitted to the male department of Guangdong Reproductive Hospital and Shenzhen Traditional Chinese Medicine Hospital from January 2021 to December 2021 due to male sterility. Here, 117 were from Guangdong Reproductive Hospital, and 45 were from Shenzhen Traditional Chinese Medicine Hospital. The age ranged from 25 to 54 years, with an average of 34.24 ± 5.51 years old; the body weight was 63.5–77.5 kg, with an average of 70.68 ± 2.99 kg. The height was 158–175 cm, with an average of 169 ± 3.23 cm; BMI was 21.71–27.94, with an average of 24.68 ± 1.22; primary infertility was seen in 123 people, and secondary infertility, in 39 people. This study has been registered through the Chinese Clinical Trial Registry (https://www.chictr.org.cn/) with the registration number (ChiCTR2200060463).
2.2 Inclusion Criteria
The inclusion criteria include the following: 1) meeting the WHO diagnostic criteria for sterility and cryptozoospermia (World Health Organization, 2010, 5th edition.). 2) B-ultrasound confirmed varicocele. 3) Consistent with the diagnosis of qi stagnation and blood stasis and Shen-Yang (Kidney-Yang) (Zhou et al., 2020). 4) Refused surgical treatment and acceptance of drug treatment and insisting on taking drug continuously for 30 days. 5) The spouse was normal and be able to ejaculate normally in vitro and collecting the semen. 6) Can cooperate with the examination, willing to accept the follow-up and sign informed consent.
2.3 Exclusion Criteria
The exclusion criteria include the following: 1) those who did not meet the inclusion criteria. 2) Chromosome abnormalities and azoospermia factor (AZF) gene deletion or other genetic abnormalities. 3) Close contact with toxic or radioactive substances in the last 6 months. 4) Had suffered from serious reproductive tract infection. 5) Tumor patients. 6) Patients with systemic immune diseases. 7) There was long-term drug use or alcohol addiction and other enthusiasts. 8) Sexual dysfunction or retrograde ejaculation.
2.4 Physical Check
All patients underwent a general physical examination which included a comprehensive examination of height, weight, vital signs, heart, liver, lungs, kidneys, bones, limbs, and nervous system at room temperature of 25°C. They also underwent the male specialist examinations which included secondary sexual characteristic development, external genitalia, testicular size, epididymis, vas deferens, and spermatic veins. The testicular size was measured with the Prader orchidometer with the values ranging from 1, 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, and >25 ml (Krausz, 2011).
2.5 Treatment and Follow-Up
All patients were fully informed of treatment options, made free choices, and signed informed consent forms to select the treatment methods, including JWRJD or tamoxifen or gave up treatment. All of them were followed up for 3 months as a course of treatment. All the indicators in the semen and blood test were checked before and after treatment.
2.5.1 JWRJD Group (Group A)
One dose every day, morning and evening, was taken continuously for 1 month, and semen and blood were checked before and after the treatment.
2.5.2 Tamoxifen Group (Group B)
One tablet was taken in the morning and evening twice a day for 1 month, and then, semen and blood were checked (specification: 10 mg/tablet, Approval No.: GyzzH32021472, Yangzi River Pharmaceutical Group Co., Ltd.).
2.5.3 Without Any Treatment Group (Group C)
Semen and blood were examined at the beginning and the end without any drug treatment.
2.6 Semen Detection
According to the semen detection standards in the fifth edition of the WHO Manual for Detection and Analysis of Human Semen (World Health Organization, 5th ed., 2010), fresh ejaculated semen within 2–7 days of abstinence was collected, the semen volume was measured by the weighing method, the pH value of the semen was measured by using a precision pH test paper, and the semen was liquefied in a 37°C water bath and then sent for microscopic examination. When no sperms were found, centrifugation was carried out at a speed of 3,000 g per minute for 15 min. The sediment was taken for microscopic examination, and the total number of sperm counts was calculated.
2.7 Seminal Plasma Biochemistry
The concentrations of neutral α-glucosidase, citric acid, and zinc in the seminal plasma were determined by using an automatic biochemical analyzer (Mindray BS-350E) and seminal plasma biochemical detection kit [seminal plasma α-glucosidase detection kit (kinetic method), R2: 1 × 10 ml; seminal plasma citrate detection kit (End-point method), specification 1: R1: 1 × 15 ml, R2 lyophilized powder: 1 × 4 ml, calibration product: 1 × 1 ml; and seminal plasma zinc detection kit (PAN method), R1: 1 × 20 ml. Xindi Biopharmaceutical, Nanjing].
2.8 Reproductive Hormones
Peripheral blood was collected at 9:00 a.m. and centrifuged at 1,000 rpm for 15 min. The upper serum was taken, and the concentrations of follicle stimulating hormone (FSH), luteinizing hormone (LH), prolactin (PRL), estradiol (E2), and testosterone (T) in the serum were determined by immunochemiluminescence (Roche, COBAS 8000, and COBAS e 602) and a kit (Elecsys FSH, LH, PRL, E2 and T, COBAS, Roche, Germany).
2.9 B-Ultrasound Examination
The patient was placed in the supine position at 25°C, and scrotal ultrasonography was performed with color ultrasound Doppler (Shenzhen Mindray Bio-Medical Electronics Co., Ltd; Resona8; the linear high-frequency 7–14 MHz probe was used), and the width of the spermatic vein (mm) was measured with Valsalva’s test. According to the relevant standards of imaging (Andrology branch of Chinese Medical Association, 2015; Lotti et al., 2021), grading was performed (Table 1).
TABLE 1 | Ultrasonic testing standard.
[image: Table 1]2.10 Network Pharmacology Analysis
Under the condition of oral bioavailability (OB) ≥30%, pharmacodynamic (DL) ≥0.18, and p < 0.05, the active ingredients and action targets of each component of JWRJD were searched in the Symmap database (http://www.symmap.org/) and Herb database (http://herb.ac.cn/), and “varicocele” and “Male infertility” was used as keywords at the same time to retrieve the targets associated with varicocele targets in the Phenopedia database (https://phgkb.cdc.gov/PHGKB/startPagePhenoPedia.action) (Yu et al., 2008). The retrieved targets were uploaded to the Uniport database, access to target standard name. The protein species was set to Homo sapiens (human). The existing genes interacting with the JWRJD and varicocele were uploaded to the STRING database to obtain the molecular function (MF) pathway, cellular component (CC) pathway, and biological process (BP) pathway. Cytoscape 3.9.1 software (NIGMS, United States) was used to conduct topology analysis with the network analyzer function, and the key targets of herbal medicines were obtained by sorting according to the size of the edge-count value. At the same time, the Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed on the significant signaling pathways of key target genes. Finally, R language is used to construct the network of the “disease-herbs-target-pathway” through all the analyzed data.
2.11 Statistical Methods
GraphPad Prism 8.0 (GraphPad Software, CA, United States) was used for statistical analysis. The K-S test was performed on all parameters to determine the homogeneity of variance. If homogeneity of variance was normally distributed, the mean and standard deviation were used to represent it, and a t test of independent samples was applied. If the variance was not uniform, the quartile was used, and the chi-squared test was applied. The count and grade data were expressed as proportions and percentages, and the chi-squared test was applied. The mean values of multiple groups were compared by one-way ANOVA. Pearson correlation analysis was used to evaluate the correlation among indicators, and logistic regression analysis was used to estimate the risk of the model. Graphics was plotted by https://www.bioinformatics.com.cn, a free online platform for data analysis and visualization.
3 RESULTS
3.1 Case Collection and Follow-Up Results
From January to December 2021, there were 287 patients with cryptozoospermia with varicoceles that were collected in two centers. In line with the inclusion criteria and exclusion criteria, only 162 patients were enrolled in the study. All patients were fully informed of treatment options and made free choices and signed informed consent forms, in which 58 patients accepted JWRJD n treatment (group A), 55 accepted tamoxifen treatment (group B), and 49 did not receive any treatment (Group C). After the 3-month follow-up, 1 patient was lost in group A, 1 in group B, and 3 in group C (Figure 1).
[image: Figure 1]FIGURE 1 | Follow-up flowchart of all the patients.
3.2 Baseline Data on the Three Groups Before the Treatment
There was no difference in the baseline data, which included age, weight, height, BMI, abstinence days, mean varicocele width, semen volume, pH, total sperm count (TSC), follicle stimulating hormone (FSH), luteinizing hormone (LH), prolactin (PRL), estradiol (E2), testosterone (T), neutral α-glucosidase (Neu), citric acid (CC), and zinc among the three groups before the treatment (Table 2).
TABLE 2 | Baseline data on the three groups before the treatment.
[image: Table 2]3.3 Parameters Among the Three Groups After Treatment
After treatment, the left testicle volume (L-TV), FSH, PRL, neutral α-glucosidase, citric acid, and zinc in group A were higher than those in group B (all p < 0.05). The total sperm count, left testicular volume, right testicular volume (R-TV), T, neutral α-glucosidase, citric acid, and zinc in group A were higher than those in group C, while the vein width (VW) was lower than that in group C (all p < 0.05). The total sperm count, pH, and T of group B were higher than those of group C, while LH and FSH were lower than those of group C (all p < 0.05). There was no difference in semen volume and E2 among groups A, B and C (all p > 0.05) (Figure 2).
[image: Figure 2]FIGURE 2 | Comparison of related indicators of the three groups after treatment: red: Jiawei Runjing Decoction group (JWRJD group: group A), green: tamoxifen group (group B), and blue: no treatment group (control group: group C). (A) pH value. (B) Total sperm count. (C) Follicle stimulating hormone. (D) Testosterone. (E) Prolactin. (F) Luteinizing hormone. (G) Seminal plasma zinc. (H) Neutral α-glycosidase. (I) Seminal citric acid. (J) Vein width. (K) Left testicular volume. (L) Right testicular volume.
3.4 Effect of JWRJD on Men of Different Ages
Patients in group A were divided into two groups according to age to identify the effects of JWRJD: the >35-year-old group (14 patients) and the ≤35-year-old group (43 patients). The results showed that there was no difference in the patients with different ages before the treatment (p > 0.05) (Table 3). However, after treatment, the sperm count (SC) and the sperm incremental (ΔSC) in patients >35 years old were significantly higher than those in patients ≤35 years old (p < 0.05) (Figure 3). We compared the changes of the indexes in men of different ages in group A after medication. Among them, the increase in the testicular volume (ΔTV) in the >35-year-old group was greater than that in the ≤35-year-old group (Figure 3B), but there were only significant differences in the increase in the left testicular volume (ΔL-TV) (p < 0.05) (Figure 3B), and the increase in the width of the varicocele vein (ΔVW) was less than that in the ≤35-year-old group (p < 0.05) (Figure 3C), while the decrease degree of FSH (ΔFSH) was greater than that in the ≤35-year-old group (p < 0.05), and the increase in neutral α-glucosidase (ΔNeu) was less (p < 0.05) (Figure 3D).
TABLE 3 | Baseline data on different age stages in group A before the treatment.
[image: Table 3][image: Figure 3]FIGURE 3 | Effect of JWRJD on men of different ages. (A): Sperm incremental (ΔSC): p < 0.05. (B): Testicular volume incremental (ΔTV): p < 0.05. (C): Vein width incremental (ΔVW): p < 0.05. (D): Incremental FSH (ΔFSH) and neutral α-glucosidase (ΔNeu): p < 0.05.
3.5 Effect of JWRJD on Men With Different Varicocele Locations
Patients in group A were also divided into two groups, according to the location of varicocele to identify the effects of JWRJD. One was the unilateral varicose group, which contained 51 patients, and the other was the bilateral varicocele group, which contained 6 patients. The results showed that there was no difference in the indicators of age, weight, height, BMI, abstinence days (AD), mean varicocele width (MVW), semen volume (SV), pH value, total sperm count (TSC), follicle stimulating hormone (FSH), luteinizing hormone (LH), prolactin (PRL), estradiol (E2), testosterone, neutral α-glucosidase, citric acid, and zinc in patients with different varicocele locations before and after the treatment (p > 0.05) (Table 4). However, there were significant differences in the decrease degree of FSH (ΔFSH), and the decrease value of FSH in bilateral varicocele after the treatment was significantly higher than that in unilateral varicocele (Figure 4).
TABLE 4 | Indicator of different locations in group A before and after the treatment.
[image: Table 4][image: Figure 4]FIGURE 4 | Changes of FSH (ΔFSH) before and after treatment.
3.6 Effect of JWRJD on Men With Different Varicocele Grades
Patients in group A were also divided into four groups, according to the grade of varicocele to identify the effects of JWRJD. The grade 0 group contained 15 patients, the grade I group contained 27 patients, the grade II group contained 4 patients, and the grade III group contained 11 patients.
There was no difference in age, height, weight, BMI, abstinence days, semen volume, total sperm count (TSC), hormone (including follicle stimulating hormone, luteinizing hormone, prolactin, estradiol, and testosterone), and seminal plasma biochemical components (including neutral α-glucosidase, citric acid, and zinc) of the patients with different varicocele locations before treatment (p > 0.05) (Table 5). However, there were significant differences in the testicular volume (TV) (Figures 5A,B) and varicocele vein width (VW) (Figure 5C).
TABLE 5 | Indicator of different grades in group A before the treatment.
[image: Table 5][image: Figure 5]FIGURE 5 | Effect of JWRJD on men with different varicocele grades. (A) Left testicular volume before treatment. (B) Right testicular volume before treatment. (C) Mean varicocele vein width before treatment. (D) Left testicular volume after treatment. (E) Right testicular volume after treatment. (F) citric acid after treatment. (G) mean varicocele vein width after treatment. (H) incremental FSH after treatment. (I) incremental left vein width after treatment.
After treatment, the testicular volume (TV) (Figures 5D,E) in grade III was lower than grade I and grade 0, but without difference with grade II. The mean varicocele vein width (Figure 5G) in grade III was greater than grade II and grade I, but the incremental FSH (ΔFSH) (Figure 5H) was lower. In grade II, the incremental left vein width (ΔL-VW) (Figure 5I) were less than grade I and grade 0, but the citric acid (CC) were greater (Figure 5F), and without difference with grade III.
3.7 Factors Affecting the Therapeutic Effect of JWRJD
Pearson correlation analysis was performed for group A to identify the related factors affecting the therapeutic effect of JWRJD. The sperm count after treatment with JWRJD was related to the sperm count before treatment (bSC) (r = 0.293; p = 0.027; 95% CI: 0.0348 to 0.541), CC (r = −0.310; p = 0.019; 95% CI:−0.528 to −0.0535), ΔL-TV (r =0.317; p = 0.016; 95% CI: 0.062 to 0.534), ΔL-VW (r =−0.474; p < 0.001; 95% CI: −0.660 to −0.244), ΔM-VW (I = −0.482; p < 0.001; 95% CI:−0.660 to −0.254), and ΔCC (r =0.344; p = 0.009; 95% CI: 0.0915 to 0.555) (Figure 6A). ΔSC was related to CC (r = −0.269; p = 0.043; 95% CI: −0.495 to −0.010), ΔL-TV (r = 0.421; p = 0.001; 95% CI: 0.181–0.615), ΔL-VW (r = −0.539; p < 0.001; 95% CI:−0.701 to −0.323), ΔM-VW (r = −0.546; p < 0.001; 95% CI:−0.706 to −0.333), and ΔCC (r = −0.090; p = 0.007; 95% CI: 0.0997–0.560) (Figure 6B).
[image: Figure 6]FIGURE 6 | Factors affecting the therapeutic effect of JWRJD. (A) Correlation between sperm count after treatment and other indicators. (B) Relationship between total sperm count increment and other indicators. (C) Relationship between SC and ΔCC. (D) Relationship between SC and ΔM-VW. (E) Relationship between SC and ΔL-VW. (F) Relationship between SC and ΔL-TV. (G) Relationship between SC and CC. (H) Relationship between SC and bSC. (I) Relationship between SC and ΔR-TV.
Linear regression equation analysis, logarithmic regression equation analysis, and quadratic regression equation analysis were performed to analyze the predictive value of seven related indicators (Table 6); it was found that ΔCC (Figure 6C), ΔM-VW (Figure 6D), ΔL-VW (Figure 6E), ΔL-TV (Figure 6F), CC (Figure 6G), and bSC (Figure 6H) were significant indexes to predict the therapeutic effect except ΔR-TV (Figure 6I).
TABLE 6 | Regression analysis of related indicators.
[image: Table 6]3.8 Network Pharmacology Analysis
A total of 397 active compounds and 3,505 action targets of JWRJD were obtained; combined with 461 spermatogenesis-related gene targets [includes four diseases: asthenozoospermia (OS), azoospermia (AZ), male infertility (MI), oligospermia (OL)] and 16 varicocele (VC)-related gene targets, there were five common targets between the three which contained GSTM1, NQO1, NOS3, OGG1, and SOD2 (Figure 7A). The common targets were uploaded to the STRING database, the PPI network diagram of the common target was obtained, and seven edges were obtained altogether (PPI enrichment p-value: 7.11e-08) (Figure 7B). A total of 16 items were obtained from GO function analysis, including nine items from biological process analysis, five items from cell component analysis, and two items from molecular function analysis. According to the order of p value from small to large, “among all the items: clear superoxide radical, cellular detoxification, reaction to oxidative stress, superoxide dismutase activity, and reaction to inorganic substances” ranked in the top five (Figure 7C). In total, 24 signal pathways were obtained by KEGG pathway enrichment analysis and were sorted from small to large according to the p value. “Fluid shear stress and atherosclerosis, AGE-RAGE signaling pathway in diabetic complications, FoxO signaling pathway, platinum drug resistance, and HIF-1 signaling pathway” ranked in the top five. Fluid shear stress and atherosclerosis, which affect the internal environment, are the most significant (Figure 7D). Based on these results, the drug-disease-target-pathway network map was successfully constructed (Figure 7E).
[image: Figure 7]FIGURE 7 | Network pharmacology analysis: (A): Venn diagram of common target genes. (B): PPI network map of common target genes. (C): GO function bubble diagram. (D): KEGG pathway chart. (E): Drug-disease-target-pathway network map.
4 DISCUSSION
Cryptozoospermia with varicocele is a multifactor disease combining low spermatogenic function and varicocele. Whether it can be recovered after surgery is still controversial (Jarow, 2001; Lira Neto et al., 2021; Ming Yan et al., 2021). Therefore, many patients prefer to give up surgery and seek medical treatment or other ways to assist pregnancy (Zhao et al., 2021). Among our 287 patients, 162 (56.4%) gave up surgical treatment. There were two main factors in our analysis. First, the high cost of surgery may be the main factor affecting the selection of patients (Balasubramanian et al., 2019; Wickham et al., 2021). After surgery, some patients’ sperm still cannot return to the normal state or become pregnant naturally, so they still need to seek other alternatives. Second, the traumatic nature of surgery is one of the main factors. Studies have shown that men would have significantly higher fear than normal when they were on the condition of disease (Jayadevan et al., 2020; Minhas et al., 2021). Infertile men with cryptozoospermia would especially conceal; when they faced unsuccessful facts, they would have much more depression and anxiety, and the fear of surgical trauma would increase (Xu et al., 2019; Yang et al., 2017). Therefore, most people will seek conservative or non-invasive means. The development of JWRJD meets the needs of these patients, which can help patients improve the sperm count and pregnancy rate as much as possible without surgery.
Tamoxifen (Cannarella et al., 2019; Dimakopoulou et al., 2021), letrozole (Kooshesh et al., 2020), and L-carnitine (Zhang et al., 2020) are commonly used in the treatment of oligozoospermia. There have also been reports and studies on the treatment of cryptozoospermia (Tadros and Sabanegh, 2017), but the effect has not been recognized (Garg and Kumar, 2015; Semet et al., 2017). Chinese herbal remedies have been used to treat infertility in China for thousands of years, although their mechanism has not been proven by evidence-based medical theory (Huang and Chen, 2008; Zhu et al., 2018; Jiang et al., 2021). According to TCM, varicocele belongs to Qi-stagnation and Blood-stasis syndrome. Some patients are complicated with dampness and heat injection (Dun et al., 2015; Yu et al., 2019; Jiang et al., 2021). At the same time, TCM also believes that low spermatogenesis is rooted in the Shen (kidney). The insufficiency of Shen-Yang and deficiency of Shen-Yin will cause poor circulation of Qi and Blood and metabolic disorders, which would result in low spermatogenesis (Tempest et al., 2008; Jiang et al., 2017; Sylvia Yan et al., 2021). In JWRJD, CS, EF, and HS are king drugs that are used to nourish Shen-Yang and promote spermatozoa production (Anand Ganapathy et al., 2021). PR, DR, LF, and CRP are minister medicines used for nourishing Yin-Qi and spleen and nourishing sperm development (Chen et al., 2021). RC, CR, and AS are adjuvant drugs that are used to tonify Qi and Essence, promote Qi and blood circulation, remove blood stasis, and enhance sperm maturation (Sandhyakumary et al., 2002). Hd and ES are used to break blood and remove blood-stasis, activate collaterals and channels, and promote sperm excretion (Ma et al., 2019). In our observation, the results showed that the total sperm count could significantly increase after treatment with JWRJD and tamoxifen. The sperm count and testosterone level of these two groups were significantly higher than those of the patients without any treatment. Therefore, we suggest that both Chinese herbal medicine and tamoxifen would effectively improve the sperm count in cryptozoospermia patients.
However, the total sperm count was not different between the JWRJD group and the tamoxifen group. We compared various indicators affecting the treatment effect and found that after tamoxifen treatment, FSH significantly decreased and testosterone increased, revealing that the way tamoxifen increased the total sperm count might be through regulating the sex hormone mechanism. After treatment with JWRJD, although testosterone showed no signs of increasing, FSH decreased significantly, and through the negative feedback, which might stimulate testosterone secretion. We confirmed that the method of improving the sperm total by JWRJD might be related to the sex hormone mechanism. This is similar to the tamoxifen which was considered to be the master of boosting sperm counts (Balasubramanian et al., 2019; Cannarella et al., 2019; Sadeghi et al., 2019). When we want to treat men with cryptozoospermia of varicocele with drugs, JWRJD may increase the testosterone concentration, which can be a priority choice.
To further understand how it works, we compared each indicator of seminal plasma biochemistry in the three groups in depth. We found that the seminal neutral α-glucosidase, citric acid, and zinc played the important role, revealing that the increase in the sperm total might be related to the change in seminal plasma components, especially the increase in seminal plasma neutral α-glucosidase, citric acid, and zinc. Zinc is the second most essential trace element in the human body and is involved in the whole process from spermatogenesis to childbirth (Vickram et al., 2021). Zinc plays an important role in male fertility, especially in seminal plasma, and the concentration of seminal plasma zinc is closely related to the sperm concentration (Osadchuk et al., 2021). Studies have shown that zinc deficiency may lead to sperm decline through oxidative stress and apoptosis (Beigi Harchegani et al., 2020). Animal experiments have also confirmed that zinc can activate MAPK and promote sperm cell apoptosis by exacerbating oxidative damage (Chen et al., 2020). Therefore, combined with our observations, we highly suspect that JWRJD increases spermatogenesis by increasing the concentration of seminal plasma zinc.
Studies have suggested that there is a difference in spermatogenesis between unilateral varicocele and bilateral varicocele after treatment (Niu et al., 2018; Ou et al., 2019). One prospective randomized controlled study found that bilateral varicocele surgery was more effective than unilateral surgery (Sun et al., 2018). In our study, we also compared the therapeutic effects of unilateral varicocele and bilateral varicocele and found that there were no differences in semen parameters, reproductive hormones, or seminal plasma biochemical indexes of the two different types of patients when they were treated with JWRJD. In our opinion, the main reason for this may be the mechanism of TCM treatment. TCM treatment emphasized the overall effect and changed the Yin-Yang and Qi-Blood (Fu et al., 2021). The king medicine in JWRJD regulates the Shen-Yin and Shen-Yang, and the minister medicine improves Qi and Blood, and the adjuvant medicine improves the function of the liver and spleen to maximize the spermatogenic function; thus, JWRJD can produce a different principle from tamoxifen.
Some studies have suggested that different grades of varicocele have different effects of surgical treatment. The surgical effect of grade 1 patients was inferior to that of grade 2–3 patients (Asafu-Adjei et al., 2020). Some studies also suggest that surgery is more statistically significant for patients with higher grades of varicocele (Vahidi et al., 2018), and high-grade left varicocele surgery is more effective (Grasso et al., 2014). In our study, we also found unexpected and similar results. We found that although the location of varicocele did not affect the therapeutic effect of JWRJD, the grades and width of varicocele were closely related to the therapeutic effect of JWRJD. After treatment, the sperm count in patients with grade III varicoceles was significantly higher than that in patients with grade 0 and II varicoceles in the JWRJD group. Previous studies have confirmed that the left grade III varicocele could affect epididymis function, which could be improved after treatment (Lehtihet et al., 2014). A study of 623 Russian men found a positive correlation between the sperm count and zinc concentration in seminal plasma (Osadchuk et al., 2021). We also found that the seminal plasma composition in patients with grade III varicoceles was significantly higher than that in patients with grade II varicoceles in the JWRJD group. This revealed that JWRJD had a more ideal effect on higher grade varicocele patients, and its main effect was to improve the concentration of the seminal plasma composition, so we believed this also confirmed again that JWRJD could improve the sperm count by regulating the seminal plasma composition.
Age is the main factor affecting spermatogenesis, which has been confirmed in many studies (Cioppi et al., 2019; Frungieri et al., 2021; Frungieri.et al., 2021). Age is also an important factor for aggravating varicoceles (Kimura et al., 2017; Bolat et al., 2019; Zampieri et al., 2021). The effect of spermatogenesis drug intervention in men of different ages has not been recognized (Palmisano et al., 2019; Kohn et al., 2020). Animal experiments also confirmed that zinc concentrations varied in different seasons and ages (Kandiel and El Khawagah, 2018). In our study, we analyzed the effect of drug therapy on cryptozoospermia of varicocele in different age groups. We found that JWRJD had different effects on males of different ages, and the sperm count in patients >35 years old was significantly higher than that in those ≤35 years old. This also inspired us to look for the cause of this phenomenon. Previous animal studies have found that the Sertoli cell function is different in rats of different ages, which could lead to large differences in FSH and spermatogenesis (Castellon et al., 1989). FSH concentration is closely related to fertility in young men (Lindgren et al., 2012). A study involving 2,448 men found a strong correlation between the FSH concentration and sperm quality in men of different ages (Grunewald et al., 2013). We compared the reproductive hormones of men of different ages in the JWRJD treatment group and found that FSH in patients >35 years old was significantly lower than that in those ≤ 35 years old. This meant that JWRJD could significantly reduce FSH levels in older men and promote spermatogenesis.
Network pharmacology has given us good hints and verification. Through network pharmacology analysis, we found that JWRJD can regulate spermatogenesis in patients with varicocele spermatogenesis by improving the fluid shear stress and atherosclerosis pathway. The changes in blood flow in patients with varicocele reflect the changes in the testicular microenvironment. Therefore, JWRJD may improve the sperm quality by improving the testicular microenvironment.
Considering age, grades of varicoceles, reproductive hormones, and seminal plasma composition, we found that JWRJD could regulate reproductive hormones and seminal plasma composition in men of different ages and grades to improve the sperm count, which is worthy of promotion and application.
5 CONCLUSION
JWRJD may promote spermatogenesis in cryptozoospermia patients with varicocele, which may be closely related to improving the testicular microenvironment, especially for >35-year-old and grade III varicocele patients.
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FSH follicle stimulating hormone
ΔFSH increment of the follicle stimulating hormone
PRL prolactin
E2 estradiol
T testosterone
OB oral bioavailability
DL pharmacodynamic
MF molecular function
CC cellular component citric acid
BP biological process
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KEGG Kyoto Encyclopedia of Genes and Genomes
BMI body mass index
AD abstinence days
MVW mean varicocele width
L-VW left varicocele width
R-VW right varicocele width
ΔM-VW increment of the mean varicocele width
ΔL-VW increment of the left varicocele width
ΔR-VW increment of the right varicocele width
SV semen volume
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SC sperm count
bSC sperm count before the treatment
ΔSC increment of the sperm count
Neu neutral α-glucosidase
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CRP Citrus aurantium L.
Hd Hirudo
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Hyperuricemia is a common biochemical disorder, which resulted from both excessive uric acid (UA) production and/or absolute or relative impairment of urinary UA excretion. Growing evidence has indicated that hyperuricemia is an independent risk factor for the development and progression of chronic kidney disease (CKD), causing hyperuricemia-induced CKD (hyperuricemic nephropathy, HN). The therapeutic strategy of HN is managing hyperuricemia and protecting kidney function. Adverse effects of commercial drugs make persistent treatment of HN challenging. Traditional Chinese medicine (TCM) has exact efficacy in lowering serum UA without serious adverse effects. In addition, TCM is widely applied for the treatment of CKD. This review aimed to provide an overview of efficacy and mechanisms of traditional Chinese herbs and natural products in hyperuricemia-induced CKD.
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1 INTRODUCTION
Hyperuricemia is a common biochemical disorder, which resulted from both excessive uric acid (UA) production and/or absolute or relative impairment of urinary UA excretion. According to previous experiences, hyperuricemia is defined as persistent serum UA concentrations of > 7 mg/dl (>420 μmol/L) in men and > 6 mg/dl (>360 μmol/L) in women (Johnson et al., 2018). With the improvement of the economic level and the change in people’s lifestyle and dietary structure, the global incidence and prevalence of hyperuricemia tend to increase steadily. Based on the findings from two nationally representative cross-sectional surveys in 2015–16 and 2018–19, the estimated prevalence of hyperuricemia among Chinese adults is 11.1% (Zhang et al., 2021).
It is already observed that urate in the crystal form could deposit in joints and tissues. The deposition maybe asymptotic at first; then clinical manifestations such as arthralgia, hypertension, abnormal glucose tolerance, and renal dysfunction occur gradually (Grassi et al., 2013). Previous studies have proven that hyperuricemia is an independent risk factor for the development and progression of chronic kidney disease (CKD) (Johnson et al., 2018; Pan et al., 2021). Growing numbers of evidence has indicated that elevated serum UA caused hyperuricemic nephropathy (HN), presented with uric acid–related kidney stones, renal obstruction, and acute or chronic renal dysfunction (Pan et al., 2019; Pan et al., 2021).
The strategy of HN treatment is managing hyperuricemia and protecting renal function. Several commercial UA-lowering drugs have been widely used in clinics, such as allopurinol, febuxostat, and benzbromarone. However, the adverse effects limited their application. Long-term clinical practice has demonstrated that traditional Chinese medicine (TCM) has exact efficacy in lowering serum uric acid without serious adverse effects (Sun et al., 2015). When it comes to renal-protective effects, TCM is widely applied for the treatment of CKD, such as Abelmoschus manihot (Huangkui), Cordyceps, and Danshen (Shao et al., 2021).
This review aimed to provide an overview of efficacy and mechanisms of traditional Chinese herbs and extracted natural products in hyperuricemic nephropathy.
2 SERUM URIC ACID REGULATION
The serum uric acid consists of the production and excretion. If the homeostasis of serum UA is demolished, patients will suffer from hyperuricemia (Gliozzi et al., 2016).
2.1 Production of uric acid
UA, produced in the liver, is the end-product of the metabolic pathway of purine nucleic acids; degradation of proteins and fructose metabolism also play important roles in generating uric acid (Sato et al., 2019). Xanthine oxidoreductase (XOR) is an enzyme with dehydrogenase activity. It catalyzes the last two steps of purine catabolism, the conversion of hypoxanthine to xanthine and xanthine to UA (Chen et al., 2016a). XOR is mainly present in the liver and also found in the intestines, gastrointestinal tract, muscle, and blood vessels (Chen et al., 2016a; Battelli et al., 2016).
2.2 Excretion of uric acid
Urate is freely filtered at the renal glomerulus, and most of the filtered urate is reabsorbed in the renal tubules. The reabsorption and excretion of UA in the kidney, mediated by rate reabsorption transporters and urate excretion transporters located in the renal tubular epithelium, are responsible for the metabolic balance of UA (VanWert et al., 2010; Xu et al., 2017; Li et al., 2019). Urate reabsorption transporters consist of urate anion transporter 1 (URAT1), organic anion transporter 4 (OAT4), and glucose transporter 9 (GLUT9) (Nigam et al., 2015; Benn et al., 2018). Urate excretion transporters mainly have four members: organic anion transporter 1 (OAT1), organic anion transporter 4 (OAT3), multidrug resistance protein 4 (MRP4/ABCC4), and ATP-binding cassette superfamily G member 2 (ABCG2) (VanWert et al., 2010; Pena-Solorzano et al., 2017; Benn et al., 2018). Because of lack of uricase in the human body, UA cannot convert to allantoin with high solubility in water.
3 MECHANISM OF HYPERURICEMIC NEPHROPATHY
The mechanism of HN is complex. The conventional view holds that hyperuricemia causes CKD due to the deposition of urate crystals in the renal tubules. However, growing evidence has indicated that uric acid could induce kidney damage through crystal-independent mechanisms.
3.1 Inflammation
Previous studies have reported that hyperuricemia could induce renal inflammation. Uric acid could increase the expressions of monocyte chemotactic protein-1 (MCP-1), which is known as a pro-inflammatory factor (Baldwin et al., 2011). Roncal et al. (2007) conducted a cisplatin-induced acute kidney injury mouse model and indicated that uric acid exacerbated renal injury via a pro-inflammatory pathway. In addition, uric acid activated the renal tubular NF-κB signaling pathway, thus inducing renal inflammation (Zhou et al., 2012).
3.2 Oxidative stress
A large number of studies have confirmed that oxidative stress and secondary injury of endothelial cells are contributors to the pathophysiology of CKD. Hyperuricemia induced intrarenal oxidative stress via increasing the expression of NADPH oxidase 4 (NOX-4) and angiotensin II (Sánchez-Lozada et al., 2008). Furthermore, serum uric acid could decrease nitric oxide (NO) bioavailability, leading to the injury of endothelia cells (Sánchez-Lozada et al., 2008). Notably, during production of uric acid, numerous numbers of reactive oxygen species (ROS) are generated, which significantly affect the endothelial function.
3.3 Fibrosis
Renal fibrosis is one of the main pathological changes of CKD. Uric acid could increase the expressions of intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), resulting in renal interstitial fibrosis (Zhou et al., 2012). In addition, uric acid could activate several intracellular profibrotic signaling pathways, including the TGF[image: image] pathway, ERK1/2 pathway, PI3K/Akt pathway, and JAK/STAT pathway (Lyngdoh et al., 2011).
4 COMMERCIAL DRUGS FOR HYPERURICEMIC NEPHROPATHY
The key to long-term management of hyperuricemia is maintaining the serum uric acid under the saturation level (Gliozzi et al., 2016). So far lowering uric acid mainly focuses on two targets, XOR and renal urate transporters. Since XOR is a critical enzyme in purine catabolism, it is a significant target of uric acid–lowering drugs. Commercial XOR-inhibitor drugs include allopurinol, febuxostat, and topiroxostat (Chen et al., 2016a). XOR-inhibitor drugs are viewed as the primary urate-lowering therapy (Gliozzi et al., 2016). However, their adverse effects limit the clinical use. It has been reported that allopurinol is associated with fatal bone marrow depression and hepatotoxicity (Chen et al., 2016a; Stamp et al., 2016). Impaired liver function is the most common adverse event of febuxostat (Chen et al., 2016a; Jordan and Gresser, 2018). In addition, clinicians also find febuxostat could result in serious hypersensitivity reactions such as Stevens–Johnson syndrome (SJS) and a higher incidence of Antiplatelet Trialists’ Collaboration (ATPC) events compared to allopurinol (Becker et al., 2010; Chen et al., 2016a). Currently, the safety of topiroxostat has been proven in animals. However, because topiroxostat is only shortly used in Japan, international clinical trials are needed to investigate its effects and safety (Chen et al., 2016a; Sezai et al., 2017). Uricosuric drugs could be used if XOR inhibitor does not work (Gliozzi et al., 2016). Benzbromarone is a urate transport inhibitor mainly inhibiting URAT1 in humans. Benzbromarone hepatotoxicity, such as liver dysfunction and serious hepatitis, limits its clinical use (Gliozzi et al., 2016; Strilchuk et al., 2019). Notably, uricosuric drugs are not appropriate for patients with impaired kidney function (eGFR < 20 ml/min) (Bach and Simkin, 2014; Vargas-Santos and Neogi, 2017).
5 UA-LOWERING EFFECTS OF TRADITIONAL CHINESE HERBS AND EXTRACTION OF NATURAL PRODUCTS FOR HYPERURICEMIC NEPHROPATHY
In the TCM theory, hyperuricemia results from dysfunction of the spleen and kidney (Chen et al., 2016b; Huijuan et al., 2017). Most patients are overweight and have a predilection for oily food. Unhealthy living habits lead to disorders of viscera, causing blood stasis with water retention, and dampness–heat pouring downward (Kong et al., 2004; Yu et al., 2018). Multiple Chinese herbs and formulas, aiming to clear heat and drain dampness, have been proven effective and safe in the treatment of hyperuricemia (Yu et al., 2018). In recent years, modern pharmacological studies have conducted the HN animal model to verify the protective effects of several traditional Chinese herbs, including UA-lowering effects and renal-protective effects. For lowering UA, there are two targets (liver XOR and renal urate transporters), similar to commercial drugs (Figure 1). The UA-lowering effects and related targets are summarized in Table1.
[image: Figure 1]FIGURE 1 | Summary of uric acid metabolism. AMP, adenosine monophosphate; XOR, xanthine oxidoreductase; GLUT9, glucose transporter 9; OAT1, organic anion transporter 1; ABCG2, ATP-binding cassette superfamily G member 2; URAT1, urate anion transporter 1; OAT3, organic anion transporter 3; GFR, glomerular filtration rate.
TABLE 1 | Uric acid–lowering effects of traditional Chinese herbs.
[image: Table 1]5.1 Inhibition of the liver xanthine oxidoreductase activity
5.1.1 Smilax china L
Smilax china L., also known as “Ba-Qia” (or “Jin-Gang-Teng”) in China, is a well-known traditional Chinese herb. It has been widely used in treatment of gout and rheumatoid arthritis (Chen et al., 2011). At present, several bioactive compounds have been isolated and identified from Smilax china L., such as flavonoids, polyphenols, steroidal saponins, and polysaccharides (Li et al., 2022). Chen et al. (2011) found that five fractions (petroleum ether, chloroform, ethyl acetate, n-butanol, and residual ethanol fraction) of Smilax china L. could significantly lower serum UA in HN mice. Moreover, in vitro studies have indicated that the aforementioned five fractions could markedly inhibit the liver activity of XOR.
5.1.2 Scutellariae radix
Scutellariae radix (named Huang-Cen in China) is widely used in Chinese folk formulas to reduce uric acid and treat gout. Baicalein is a natural flavonoid extracted from Scutellariae radix, which has great effects to treat inflammation, cancer, hepatic disorder, neuronal damage, and cardiovascular diseases (Li et al., 2017; Shi et al., 2018; Yan et al., 2018; Zhou et al., 2018). Meng et al. (2017)havefound that baicalein treatment could significantly suppress the viability of XOR in the HN mouse model (Meng et al., 2017). Hayashi et al. (1988) and Li et al. (2014a)also proved that baicalein possessed a strong effect to inhibit liver XOR activity.
5.2 Regulation of renal urate transporters
5.2.1 Liriodendron chinense (Hemsl.) Sarg
Liriodendron chinense (Hemsl.) Sarg (named E-Zhang-Qiu in Chinese) belongs to the Magnoliaceae family mainly distributed in East Asia. Liriodendron chinense (Hemsl.) Sarg is widely used in China to treat rheumatic fever, rheumatoid arthritis, and osteoarthropathy (Li et al., 2014b; Pan et al., 2021). In TCM theory, the barks of Liriodendron chinense (Hemsl.) Sarg have been proven to have good effects on gout. Pan et al. (2021)observed that the ethanol extract of the barks of Liriodendron chinense (Hemsl.) Sarg could significantly lower serum UA levels via upregulating renal OAT1, OAT3, and ABCG2 proteins.
5.2.2 Poria cocos
Poria cocos (named Fu-Ling in Chinese) is a classical TCM. As recorded in the Chinese Pharmacopoeia, Poria cocos have strong diuretic effects, widely used in treatment of edema, insomnia, and dyspepsia. Liang et al. (2021) reported that Poria cocos had excellent hypouricemic effects in HN mice and could remarkably elevate the expressions of renal ABCG2.
5.2.3 Dendrobium officinalis six nostrum
Dendrobium officinalis six nostrum (named Tie-Pi-Shi-Hu in Chinese) is widely used in TCM to regulate blood sugar and enhance immunity. Chen, X. et al. verified that oral administration of Dendrobium officinalis six nostrum could obviously lower serum UA levels in HR rats via regulating expressions of renal ABCG2 and GLUT9 (45).
5.3 Both inhibit liver xanthine oxidoreductase activity and regulate renal urate transporters
5.3.1 Fructus Gardenia
Fructus Gardenia (named Zhi-Zi in Chinese) is widely distributed throughout China. As a widely used traditional Chinese herb, Fructus Gardenia showed good treatment effects on hepatitis, hypertension, and diabetes (Ni et al., 2006; Liu et al., 2013). TCM considers that Fructus Gardenia has the functions of clearing heat and diuresis (Ni et al., 2006). Hu et al. (2013)found that extracts of Fructus Gardenia could significantly reduce serum UA levels in HN mice by regulating renal URAT1, GLUT9, OAT1, and OAT3 expressions. Geniposide is a key active ingredient in the fruits of Fructus Gardenia. A recent study showed that geniposide had a strong antihyperuricemia effect in HN mice by inhibiting liver XOR activity (Chen et al., 2022).
5.3.2 Smilax glabra
Smilax glabra usually grows on the hillside, near river, or under forests, mainly distributed in Southwest China, including the Yunnan and Sichuan provinces. The rhizome of Smilax glabra is named Tu-Fu-Ling in China, has a long history of cultivation in east and Southeast Asia, and is widely used for detoxification, anti-inflammation, analgesia, diuresis, and antitumor activity (Dong et al., 2017; Bao et al., 2018; Hua et al., 2018). Chemical components of Smilax glabra were initially investigated in 1993. Today nearly 200 components have been named, most of which are extracted from Tu-Fu-Ling. Flavonoids are the most famous components among them. According to the Chinese Pharmacopoeia 2015 edition, astilbin (a flavonoid glycoside), 3,3,4’,5,7-pentahydroxyflavanone 3–6 [-deoxy ([alpha]-L-mannopyranoside)], is used to determine the content of Smilax glabra (Hua et al., 2018). It is well acknowledged that astilbin has great immunosuppressive and anti-inflammatory effects. Smilax glabra is an essential component of several famous Chinese formulas to treat gout, such as Qi-Zhu-Xie-Zhuo-Fang (Huijuan et al., 2017), Xie-Zhuo-Chu-Bi-Fang (Sun et al., 2015), and Qu-Zhuo-Tong-Bi decoction (Chen et al., 2016b). Ji, W. et al. conducted a clinical study in patients with repeatedly attacking acute gouty arthritis to investigate the effects and adverse events of Re-Bi-Xiao granules (a TCM consisting of Hypoglauca yam, giant knotweed rhizome, Phellodendron bark, Smilax glabra rhizome, etc.). The results showed good effects of this compound to treat gout. No serious adverse events were observed. The following animal study revealed that both compounds and Tu-Fu-Ling could significantly reduce uric acid levels (Ji et al., 2005). Liu et al. (2015) proved compound Tu-Fu-Ling granules could lower serum uric acid levels by downregulating renal GLUT9 in a hyperuricemic mouse model (Liu et al., 2015). In recent years, the hypouricemic effects of astilbin have gradually caused concerns (Dong et al., 2017). Wang et al. (2019) treated uric acid nephropathy rats with the flavonoid-rich fraction extracted from Tu-Fu-Ling. These extracts could remarkably decrease urine uric acid levels. Huang et al. (2019) isolated four astilbin stereoisomers from Smilax glabra using HPLC analysis. Astilbin had notable effects of reducing serum uric acid levels. Further investigation also showed that astilbin could suppress the activity of XOR and increase the protein content of renal OAT.
5.3.3 Mesona procumbens Hemsl
Mesona procumbens Hemsl., called Xian-Cao in China, is an annual herb mainly used as ingredients of drinks and desserts in coastal areas of China. It is widely used in Chinese folk medicine to treat joint pain, lower blood pressure, and anti-inflammation. Recent pharmacological research studies also reported that Mesona procumbens Hemsl. took effects on protection of hepatic cell, myocardium, and renal tissue (Yang et al., 2008a; Yang et al., 2008b; Yeh et al., 2019). Jhang, J.J. et al. investigated the effects of Mesona procumbens Hemsl. on uric acid metabolism in potassium oxonate (PO)–challenged ICR mice and streptozotocin (STZ)-induced diabetic rats. Fifty percent of ethanol extracts could remarkedly decrease serum UA levels in these two animal models. In addition, 50% ethanol extract obviously inhibits the liver XOR activity in STZ-induced diabetic rats, which is less effective than allopurinol. An in vitro study also proved its XOR inhibitory effects. Moreover, these extracts could regulate the expressions of renal GLUT9 and OAT1 in STZ-induced diabetic rats (Jhang et al., 2016).
5.3.4 Morus alba L
Morus alba L., commonly named mulberry or Sang-Shu, is native to central and northern China. The leaves, fruits, and roots of Morus alba L. have been used in TCM dating back to 2000 years ago (Chan et al., 2016). Morus alba L. has several bioactivities, such as antioxidant properties, antimicrobial activity, antidiabetic properties, anti-obesity activity, anti-inflammatory activity, and antihyperuricemia activity (Chan et al., 2016; Phimarn et al., 2017; Yuan and Zhao, 2017; Yuvaraj and Geetha, 2018). Recently, several flavonoids, alkaloids, phenolic acids, and coumarins in Morus alba L. have been identified. Ramulus Mori is the dried twigs of Morus alba L, which is found to have excellent hypouricemic effects. The ethanol extract of Ramulus Mori could enhance the excretion of uric acid by regulating the expressions of renal URAT1, GLUT9, and OAT1. An animal experiment conducted in Hungary investigated metabolic effects of mulberry leaves. Extracts of mulberry leaves exerted antihyperuricemic actions as potential uricosuric agents. In vivo and in vitro studies both proved its XOR inhibitory activities (Hunyadi et al., 2013). Yao et al. (2019) also proved the hypouricemic effects of Ramulus Mori refined extract (Yao et al., 2019). Several chemical compounds isolated from Ramulus Mori could take effects on treating gout and hyperuricemia. Morin is a well-known flavonoid isolated from twigs of Morus alba L., which is widely used as a yellow dye. Both in vivo and in vitro studies have indicated that it possessed numerous pharmacological activities, such as antioxidant activities and inhibition activity of XOR (Caselli et al., 2016; Sinha et al., 2016). Yu et al. (2006) indicated that morin could significantly increase the excretion of uric acid via inhibiting the urate uptake in renal brush border membrane vesicles, and the inhibition effect was much stronger than that of probenecid. Furthermore, morin also showed the XOR inhibitory effect. In addition, mulberroside A is a major stilbene glycoside isolated from Morus alba L. Wang et al. (2011) found that mulberroside A could lower serum uric acid in mice with hyperuricemia, which is attributed to decrease the expressions of renal GLUT9 and URAT1.
5.3.5 Chrysanthemum morifolium Ramat
Chrysanthemum morifolium Ramat. (Ju-Hua in China) is one of the classical TCM and widely applied in the treatment of gout , chronic pain, dementia, and flu. Recent pharmacological studies have extracted a number of bioactive components, such as triterpenoids, flavonoids, volatile oils, and organic phenolic acids (Liu et al., 2020). Peng et al. (2019) have found that extracts of Chrysanthemum morifolium Ramat. significantly reduced serum UA levels in potassium oxonate–induced HN rats via inhibiting the liver XOR activity and regulating renal uric acid transport–related protein (ABCG2, URAT1, and GLUT9) expressions.
5.4 Others
Rhododendron oldhamii Maxim. (named Zhuan-Hong-Du-Juan in Chinese) is mainly distributed in Taiwan, China. The genus Rhododendron is widely used in TCM to treat arthritis, gout, asthma, and metabolic disorders. Nowadays, a large number of phenolic compounds have been isolated and identified from the genus Rhododendron (Liu et al., 2017). Tung et al. (2015)extracted four phenolic compounds from Rhododendron oldhamii Maxim. leaves, namely, (2R, 3R)-astilbin, hyposide, guaijaverin, and quercitrin. These four bioactive components could significantly lower serum UA levels in HN mice. But the mechanisms of its UA-lowering effect remain unknown.
6 RENAL-PROTECTIVE EFFECTS OF TRADITIONAL CHINESE HERBS AND EXTRACTED NATURAL PRODUCTS FOR HYPERURICEMIC NEPHROPATHY
In addition to UA-lowering effects, the aforementioned 11 traditional Chinese herbs and extracted natural products have renal-protective effects. For renal protection, researchers always used several markers to assess kidney damage, including serum creatinine, blood urea nitrogen (BUN), and renal pathology staining. In addition, several studies also explored the potential mechanisms of renal-protective effects, such as the inhibition of renal inflammation and fibrosis. The renal-protective effects and underlying mechanisms are summarized in Table2.
TABLE 2 | Renal-protective effects of traditional Chinese herbs.
[image: Table 2]6.1 Inhibition of renal inflammation
Among the aforementioned 11 traditional Chinese herbs, six herbs or their extracted natural products could inhibit renal inflammation. The barks of Liriodendron chinense (Hemsl.) Sarg have good renal-protective effects via inhibiting renal inflammation through NF-κB and ASK1/JNK/c-Jun signaling pathways in HN mice (Pan et al., 2021). Dendrobium officinalis six nostrum significantly decreased renal inflammatory factors in HN rats (Chen et al., 2020). Geniposide extracted from Fructus Gardenia could protect renal function in HN mice via inhibiting inflammation (Chen et al., 2022). Tu-Fu-Ling could significantly downregulates the expression of renal inflammatory factors (Wang et al., 2019). Mesona procumbens Hemsl. could effectively relieve renal inflammation in STZ-induced diabetic rats (Jhang et al., 2016). Chrysanthemum morifolium Ramat. obviously attenuated renal inflammation (Peng et al., 2019).
6.2 Alleviation of renal oxidative stress
An in vivo study has illustrated that Tu-Fu-Ling could increase the activity of catalase and thus alleviate the oxidative stress in rat kidneys caused by hyperuricemia (Hong et al., 2014). In addition, Wang et al. (2019) proved that the flavonoid-rich fraction extracted from Tu-Fu-Ling could significantly attenuate damages in renal tubular epithelial cells and alleviate the renal oxidative stress. Meng et al. (2017) have found that baicalein extracted from Scutellariae radix could alleviate the tubulointerstitial damage and NADPH oxidase–dependent renal oxidative stress in HN mice.
6.3 Inhibition of renal fibrosis
Geniposide extracted from Fructus Gardenia and baicalein extracted from Scutellariae radix could significantly inhibit renal fibrosis (Meng et al., 2017; Chen et al., 2022). Moreover, the barks of Liriodendron chinense (Hemsl.) Sarg remarkedly inhibited renal fibrosis via JAK2/STAT3 signaling pathways (Pan et al., 2021).
7 DISCUSSION
This review presented the results of the investigations on hypouricemic effects and renal-protective effects of traditional Chinese herbs conducted so far. Existing studies proved that the aforementioned 11 herbs could treat HN via lowering serum UA (by inhibiting liver XOR activity and regulating the expressions of renal urate transporters or both) and protecting renal function directly.
TCM always focuses on the clinical experiences of physicians. A large number of clinical studies have investigated the therapeutic effects of traditional Chinese herbs on hyperuricemia and hyperuricemia-induced CKD. A meta-analysis published in 2016 included 11 randomized controlled clinical trials with 838 patients and found the UA-lowering effects of traditional Chinese herbs were significantly superior to those of commercial drugs (RR: 1.11; 95% CI: 1.04–1.17; p = 0.0007) (Lin et al., 2016). Notably, the traditional Chinese herbs were better than commercial drugs in reducing adverse effects (RR: 0.30; 95% CI: 0.15–0.62; p = 0.001) (Lin et al., 2016). Although the efficacy of traditional Chinese herbs on hyperuricemic nephropathy is well-established, modern pharmacological studies were missing for a long period. With the development of TCM modernization, growing numbers of basic research studies explored the effects and underlying mechanisms of traditional Chinese herbs in animal models.
This review was conducted by searching major databases of published articles. After the systematic search of the literature, 11 traditional Chinese herbs were identified. All of them have both UA-lowering effects and renal-protective effects. Two herbs (Smilax china L. and Scutellariae radix) could inhibit liver XOR activity, three herbs (Liriodendron chinense (Hemsl.) Sarg, Poria cocos and Dendrobium officinalis six nostrum)could regulate expressions of renal urate transporters, five herbs could both inhibit liver XOR activity and regulate expressions of renal urate transporters, and one herb (Rhododendron oldhamii Maxim.) lowered serum UA with unclear mechanisms. When it comes to renal protection, six herbs could inhibit renal inflammation, three herbs could alleviate renal oxidative stress, and three herbs could inhibit renal fibrosis. Furthermore, the aforementioned 11 herbs have no apparent adverse reactions.
Notably, several limitations should be considered when applying traditional Chinese herbs in the treatment of HN. First, at present, the majority of basic research studies focused only on the evaluation of efficacy and the underlying mechanisms have not been thoroughly investigated. Second, it remains unclear whether the renal-protective effects of traditional Chinese herbs are UA-lowering effects dependent or not. Third, recently, integrated traditional Chinese and Western medicine therapy have been widely used in the treatment of multiple diseases. However, based on HN treatment, relevant high-quality studies are lacking. The combination of modern and traditional medicine could develop a new strategy to treat HN efficiently. Fourth, to some extent, rigorous large clinical trials are needed to confirm the efficiency and safety of traditional Chinese herbs or compounds.
In conclusion, traditional Chinese herbs have a good application prospect in the treatment of hyperuricemia-induced CKD. The detailed mechanism needs further investigation in the future.
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Background: Diabetic kidney disease (DKD) is a chronic progressive disorder which is a leading cause of chronic kidney disease (CKD). As an important pathogenesis of DKD, the overproduction of reactive oxygen species (ROS) and the inflammatory response have been considered central mediators in the progression of DKD. Herbal products are increasingly being applied as antioxidants and anti-inflammatory agents. Of those, the effect of hydroxyl safflower yellow A (HSYA) on oxidative stress and inflammatory reactions has gradually been investigated for DKD treatment, which may provide therapies for DKD with new insights and promote its application in clinical practice.
Methods: We searched CNKI, the Chinese Biomedical Literature Database, the Wanfang Database, PubMed, and Embase from the establishment date of the database to 22 April 2022. The included literature in our study was randomized controlled trials (RCTs) using HSYA to treat DKD. We performed a meta-analysis by calculating the standard mean difference (SMD) with a 95% confidence interval (CI). The inverse-variance method with a random effect was used in our meta-analysis using Stata software and RevMan software.
Results: A total of 31 articles with 31 groups containing a total of 2487 participants were included in this meta-analysis. The pooled results showed a statistical improvement in the following measurements: fasting blood glucose (FBG), postprandial blood glucose (PBG), blood urea nitrogen (BUN), urinary albumin excretion rates (UAER), serum creatinine (SCR), hypersensitive C-reactive protein (hsCRP), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), fasting insulin (FINS), total cholesterol (TC), triglycerides (TGs), hemoglobin A1c (HbA1C), homeostasis model assessment insulin resistance (HOMA-IR), and malondialdehyde (MDA).
Conclusion: HSYA can effectively treat DKD by inhibiting inflammatory reactions and oxidative stress, decreasing blood glucose and blood lipids, and improving renal function indices. However, more RCTs are still needed in the future to further demonstrate the effect of HSYA on biomarkers of oxidative stress and inflammatory reactions in patients with DKD due to the low quality and small sample size of the literature included in this study.
Systematic Review Registration: PROSPERO: CRD 42021235689
Keywords: diabetic kidney disease, oxidative stress, hydroxyl safflower yellow A, inflammatory, meta-analysis
INTRODUCTION
Of the long-term complications of diabetes, diabetic kidney disease (DKD) imposes the highest burden in terms of financial cost and daily life effects, leading to increasing cases of end-stage renal disease (ESRD) (Mottl et al., 2022; Thomas et al., 2015). Current Western medicine (WM) treatment for DKD focuses on the intense control of glycemic levels and blood pressure and is inadequate at postponing an apparent progression to end-stage renal disease (ESRD) in patients (Fernandez-Fernandez et al., 2014), forcing us to explore more effective treatments and further optimize protection in DKD.
Safflower (Carthamus tinctorius L.), a traditional Chinese medicine plant, is widely used to improve cardiovascular and cerebrovascular diseases in China and for scavenging oxygen-free radicals, reducing inflammatory infiltration, and inhibiting inflammatory apoptosis (Xue et al., 2021). Safflower yellow is the main active component extracted from safflower, containing safflower yellow A, safflower yellow B, and hydroxyl safflower yellow A (HSYA) (Xue et al., 2021; Qi et al., 2014). HSYA is the major bioactive index component among these components, accounting for 85% of safflower yellow (Fangma et al., 2021). HSYA has been commonly used in treating cardiovascular and cerebrovascular diseases in China and to scavenge oxygen-free radicals, reduce inflammatory infiltration, and inhibit apoptosis (Xue et al., 2021). Recently, several reviews and meta-analyses (SRs/MAs) have indicated that HSYA can significantly improve DKD by enhancing the total effective rate and reducing urinary albumin excretion rates (UAERs), serum creatinine (SCR), and blood urea nitrogen (BUN) levels (Yang et al., 2018; Wang et al., 2019a; Wang et al., 2019b; Jin et al., 2019; Xu et al., 2019). However, the underlying mechanism implicated in the role of HSYA in DKD remains unclear. In some human trials, some randomized controlled trials (RCTs) have discussed the therapeutic effect of HSYA on oxidative stress and the inflammatory response in patients with DKD (Yin, 2018; Zhang, 2018). However, there are some controversies about the therapeutic effect of HSYA on biomarkers of oxidative stress.
Additionally, multiple factors, including small sample sizes, the duration of intervention, and small study effects, can often affect the reliability of conclusions about the antioxidant or anti-inflammatory properties of HSYA in treating DKD. Moreover, the adverse effects of HSYA in managing patients with DKD remain unclear. Furthermore, whether the methodological quality and publication bias may overstate the efficacy of HSYA is still uncertain.
Therefore, this meta-analysis aimed to assess existing RCTs using HSYA to treat patients with DKD, clarifying the effect of HSYA on oxidative stress and inflammatory cytokines in patients with DKD. The effect of HSYA on indices related to renal function, blood glucose, and lipids was further assessed in this study. Additionally, the pathogenesis of DKD from the ROS and inflammatory response perspective was further elucidated in this study. The multitargeted antioxidative stress and anti-inflammatory properties of HSYA provide valuable references and implications for alternative therapies and promote the application of HSYA in clinical practice.
METHODS
We performed this meta-analysis by following the guidelines in the Cochrane handbook, preferred reporting items for systematic reviews and meta-analyses protocols (PRISMA-P) (Moher et al., 2016), and PRISMA (Page et al., 2021) (see Supplementary Table S3). Our study was registered in PROSPERO (CRD 42021235689). The PRISMA-ScR checklist was utilized to check the study.
Search Strategies
In this study, RCTs on the effect of HSYA combined with WM on antioxidant and anti-inflammatory properties in patients with DKD were searched for in the CNKI, Chinese Biomedical Literature Database, Wanfang Database, PubMed, and Embase databases. The included literature was only in Chinese or English, and the retrieval date was from the establishment date of the database to 22 April 2022. We also searched all ongoing RCTs on related websites, such as ISRCTN (the International Standard Randomized Controlled Trial Number register). The keywords were as follows: (“hydroxyl safflower yellow A” or “hydroxyl safflower yellow pigment A” or “safflower yellow”) and (“nephropathies, diabetic” or “nephropathy, diabetic” or “diabetic nephropathy” or “diabetic kidney disease” or “diabetic kidney diseases” or “kidney disease, diabetic” or “kidney diseases, diabetic” or “diabetic glomerulosclerosis” or “glomerulosclerosis, diabetic” or “intracapillary glomerulosclerosis” or “nodular glomerulosclerosis” or “glomerulosclerosis, nodular”). In addition, references were manually searched to avoid missing relevant literature studies. The related literature was imported into document management software (EndNote version X9).
Inclusion and Exclusion Criteria
We checked each article by following predefined criteria. The literature inclusion criteria were as follows: 1) participants: the included participants were patients with DKD; 2) interventions: based on the treatment of the control group, HSYA was given intravenously, and the dose, frequency, or duration was not restricted; 3) comparison: the comparison was set as Western medicine, other conventional treatments, Western medicine combined with other conventional treatments, or other traditional Chinese medicine injections; 4) outcomes: the primary outcomes were measurement fasting blood glucose (FBG), serum creatinine (SCR), postprandial blood glucose (PBG), UAER, and blood urea nitrogen (BUN) levels. The secondary outcomes were indices related to antioxidant and anti-inflammatory properties, which were mainly superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), nuclear factor-κB (NF-κB), interleukin-10 (IL-10), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and hypersensitive C-reactive protein (hsCRP). Other outcomes were biochemical indices, including fasting insulin (FINS), homeostasis model assessment of insulin resistance (HOMA-IR), adverse reactions, triglycerides (TGs), total cholesterol (TC), and hemoglobin A1c (HbA1c) levels.
The literature exclusion criteria were as follows: the research subject was non-DKD, and the research objects were cells or animal models, conference articles, letters, commentary articles, editorials, and studies where complete data could not be obtained from the literature by contacting the corresponding authors; HSYA was administered by nonvenous means. We only included RCTs published in English and Chinese, whereas non-RCTs, such as reviews, meta-analyses, or case reports, were excluded.
Study Selection
We searched the literature by reference to the predefined keywords. The retrieved literature was imported into EndNote X9 software, and then, by reading titles and abstracts, two researchers independently screened the literature. Finally, the full text was checked to ensure that it met the inclusion criteria. Any difference between the two researchers was further resolved by discussion with a third researcher.
Data Extraction
Two researchers independently carried out data extraction, and a third researcher checked the extracted data. The following data were extracted: the first author, the published year, the number of participants in the intervention group and the control group, the duration of intervention, the dose of HSYA, and the measured outcomes, including IL-1β, IL-6, IL-10, TNF-α, NF-κB, SOD, GSH-Px, MDA, FBG, SCR, PBG, UAER, and BUN.
Study Quality Assessment
By using the Cochrane Collaborations tool (Higgins et al., 2011), we evaluated the study’s quality using the following seven criteria: 1) randomness of sequence generation, 2) the concealment of allocation, 3) blindness of participants and staff, 4) blindness in outcome assessment, 5) incompleteness of resulting data, 6) selective reporting bias, and 7) other possible biases. Two authors independently performed this process. A third person resolved any ambiguity or discrepancy in this course.
Strategy for Data Analysis
When pooling the results, for all the included data that were continuous variables, the standard mean difference (SMD) with 95% confidence interval (CI) by inverse-variance with a random effect was calculated. I2 statistics or Cochran’s Q test was calculated to detect the magnitude of heterogeneity (Fu et al., 2022). For Cochrane’s Q test, when p < 0.1, we considered the results to indicate significant heterogeneity; for I2 statistics, when the I2 value was > 50%, we considered the results to indicate significant heterogeneity. The publication bias and small-study effect were estimated by Begg’s test and Egger’s test. The subgroup was taken by the dose and duration of intervention. Sensitivity analyses were performed by removing one study at a time to evaluate the robustness of the results. All statistical analyses were performed by Review Manager software (RevMan, V.5.3 for Macintosh; The Cochrane Collaboration) and Stata software version 15.1 (Stata Corporation).
RESULTS
Literature Screening Results
A total of 176 literature items were initially obtained, and the flow chart is presented in Figure 1. After removing duplicate studies, 85 articles remained. Based on the title or abstracts, we excluded 40 articles. Forty-five articles were checked by browsing the full-text review. According to the predefined inclusion and exclusion criteria, we only selected a total of 31 articles (Yin, 2018; Zhang, 2018; Guo et al., 2008; Guo and Jiao, 2010; Yang and Yang, 2010; Zhang, 2010; Yang et al., 2011; Bai et al., 2012; Zhi and Wang, 2012; Qiu et al., 2013; Zhao and Zhao, 2013; Xu and He, 2014; Yu et al., 2014; Zhang, 2014; Gao et al., 2015a; Gao et al., 2015b; Gao et al., 2015c; Fang, 2015; Shi, 2015; Wang et al., 2016; Bao et al., 2017a; Bao et al., 2017b; Wang et al., 2017; Yang, 2017; Xie et al., 2018; Liu et al., 2019; Wu et al., 2019; Xiao and Gu, 2019; Xu and Shou, 2019; Guo, 2020; Wang et al., 2021a) for the meta-analysis. All the included articles were published in China, all the included populations were Chinese, and a total of 2487 participants were involved in this study. (See Supplementary Table S3 for details).
[image: Figure 1]FIGURE 1 | Flow chart.
QUANTITATIVE DATA ANALYSIS
Effect of Hydroxyl Safflower Yellow A on Indicators Related to Blood Glucose and Blood Lipids
Compared with the control group, the pooled results of 14 trials showed that the HSYA group had lower FBG levels (SMD = −0.63; 95% CI: −1.05, −0.21; p = 0.003; PHe < 0.001; I2 = 91.8%) (Supplementary Figure S1). Eight groups evaluating PBG levels demonstrated similar results (SMD = −0.51; 95% CI: −0.98, −0.03; p = 0.038; PHe < 0.001; I2 = 90.7%) (Supplementary Figure S2). The HSYA group also had a better effect on HOMA-IR (SMD = −1.35; 95% CI: −2.06, −0.65; p < 0.001; PHe < 0.001; I2 = 90.8%) (Supplementary Figure S3) and on HbA1C (SMD = −0.55; 95% CI: −1.11, −0.00; p = 0.05; PHe < 0.001; I2 = 87.4%) (Supplementary Figure S4). Similarly, the HSYA group had lower TC (SMD = −1.03; 95% CI: −1.25, −0.80; p < 0.001; PHe < 0.001; I2 = 85.8%) (Supplementary Figure S5), TG levels (SMD = −1.05; 95% CI: −1.28, -0.82; p = 0.002; PHe < 0.001; I2 = 89.5%) (Supplementary Figure S6), and the FINS level was also lower than that of the control group (SMD = −1.58; 95% CI: −2.80, −0.36; p = 0.011; PHe < 0.001; I2 = 95.1%) (Supplementary Figure S7). However, one problem we cannot ignore is that the results of all the aforementioned indicators had significant heterogeneity.
Effect of Hydroxyl Safflower Yellow A on Biomarkers of Inflammation
In this meta-analysis, the effects of HSYA on the following inflammatory biomarkers were recorded: hsCRP, IL-6, IL-10, and TNF-α. The results were pooled by using a random effects model. There was a significant decrease following HSYA administration in hsCRP (SMD = −1.96; 95% CI: −2.55, −1.38; p = 0.000; PHe < 0.001; I2 = 91.7%) (Supplementary Figure S8), IL-6 (SMD = −1.94; 95% CI: −2.79, −1.10; p = 0.000; PHe < 0.001; I2 = 94.9%) (Supplementary Figure S9), IL-10 (SMD = −0.96; 95% CI: −1.29, −0.64; p = 0.000; PHe = 0.507; I2 = 0%), and TNF-α (SMD = −1.32; 95% CI: −1.96, −0.67; p = 0.000; PHe < 0.001; I2 = 89.7%) (Supplementary Figure S10).
Effect of Hydroxyl Safflower Yellow A on Biomarkers of Oxidative Stress
The indicators of the effect of HSYA on oxidative stress in patients with DKD included SOD, MDA, and GSH-Px. A total of three articles reported that HSYA can produce a change in SOD levels (SMD = 0.76; 95% CI: 0.00, 1.52; p = 0.050; PHe < 0.001; I2 = 89.9%) (Supplementary Figure S11). Consistently, a total of four articles assessed whether HSYA can decrease MDA levels (SMD = −1.63; 95% CI: −2.69, −0.57; p = 0.003; PHe < 0.001; I2 = 95.0%) (Supplementary Figure S12). Only two articles evaluated the effects of HSYA on GSH-Px (SMD = 0.88; 95% CI: 0.57, 1.19; p = 0.000; PHe < 0.001; I2 = 92.7%), which indicated that HSYA increased GSH-Px levels. According to the results, we can conclude that HSYA therapy may have a significant effect on increasing SOD and GSH-Px levels and decreasing MDA levels in DKD. Publication bias was not conducted due to the limited number of articles included.
Effect of Hydroxyl Safflower Yellow A on Renal Indicators
Compared with the control group, the pooled results of 13 trials showed that HSYA could significantly decrease BUN levels (SMD = −1.67; 95% CI: −2.25, −1.08; p = 0.000; PHe < 0.001; I2 = 94.6%) (Supplementary Figure S13). The pooled results of 24 groups assessing the UAER indicated a significant decrease (SMD = −1.58; 95% CI: −2.04, −1.12; p = 0.000; PHe < 0.001; I2 = 94.4%) (Supplementary Figure S14). Similarly, 15 groups reported that the HSYA group had a lower SCR (SMD = −0.77; 95% CI: −1.27, −0.26; p = 0.003; PHe < 0.001; I2 = 94.4%) (Supplementary Figure S15). However, there was significant heterogeneity in the results of all the aforementioned indicators.
Publication Bias
We used Begg’s test and Egger’s test to detect publication bias. There were no publication biases for FBG by Begg’s test (p = 0.208) and Egger’s test (p = 0.206), for PBG by Begg’s test (p = 0.322) and Egger’s test (p = 0.227), for TNF-α by Begg’s test (p = 0.624) and Egger’s test (p = 0.248), and for SCR by Begg’s test (p = 0.216) and Egger’s test (p = 0.053). There were significant publication biases for hsCRP by Begg’s test (p = 0.012) and Egger’s test (p = 0.005), for IL-6 by Egger’s test (p = 0.009), for BUN by Begg’s test (p = 0.002) and Egger’s test (p = 0.000), and for the UAER by Begg’s test (p = 0.000) and Egger’s test (p = 0.003). We used the Duval and Tweedie nonparametric/trim and fill method in missing theoretical studies. However, the pooled SMDs of BUN, IL-6, hsCRP, and UAER were not significantly changed. We did not detect publication bias for IL-10, SOD, MDA, TG, TC, HbA1c, HOMA-IR, FINS, IL-10, and GSH-Px due to the limited number of studies.
Subgroup Analysis and Sensitivity Analysis
We performed subgroup analysis by dosage and duration to explore the possible source of heterogeneity (see Supplementary Table S3 for details). We did not perform the subgroup analysis for the limited number of included studies in some indicators. According to the results of subgroup analysis, we found that when the dosage of HSYA was ≤ 100 mg or the duration was ≤ 4 weeks, the pooled results were more significant than when the dosage of HSYA was > 100 mg or the duration was > 4 weeks, which applies to other indicators as well, such as hsCRP, BUN, and UAER. For the underrepresentation in trials, whether the duration or dosage made a difference in IL-10, TNF-α, HOMA-IR, TC, TG, and MDA levels is unclear. It was suggested that the heterogeneity remained high for those indicators, including hsCRP, IL-6, TNF-α, FBG, BUN, UAER, and SCR. The heterogeneity was reduced when the dosage of HSYA was >100 mg, and the duration was >4 weeks for the UAER. When the duration was <4 weeks, heterogeneity for FBG, TG, and TC was reduced.
Additionally, we found that subgroup analysis failed to identify changes in FBG when the dosage of HSYA was >100 mg (SMD = −0.37; 95% CI: −1.32, 0.57; p = 0.437; I2 = 86.1%; PHe = 0.007) or when the duration was <4 weeks (SMD = −0.52; 95% CI: −1.17, 0.12; p = 0.112; I2 = 93.5%; PHe < 0.001). The effect of HSYA on UAER was not significantly different when the duration was 3 weeks (SMD = −0.70; 95% CI: −2.70, 1.29; p = 0.499; I2 = 98.0%; PHe < 0.001). The effect of HSYA on SCR was not significantly different when the duration was <4 weeks (SMD = −0.58; 95% CI: −1.36, 0.21; p = 0.148; I2 = 95.4%; PHe < 0.001).
In addition, we performed sensitivity analysis for all the included indicators. More details are shown in Supplementary Table S3. The results for sensitivity-pooled SMD were not significant for PBG when excluding the study reported by Guo (2020) and for SOD as well as FINS when excluding the study reported by Bao et al. (2017a).
Quality Assessment
We assessed all the included studies' methodological quality and bias by using the Cochrane Collaborations tool. The ROB summary is shown in Figure 2 and Figure 3. Overall, the included studies were of low quality.
[image: Figure 2]FIGURE 2 | Methodological quality of the included studies (risk of bias).
[image: Figure 3]FIGURE 3 | Methodological quality of the included studies (risk of bias).
DISCUSSION
DKD is characterized by a complex interaction of hemodynamic and metabolic factors, including overproduction of advanced glycation end-products (AGEs) and increased expression of proinflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) (Mottl et al., 2022; Navarro-González et al., 2011a). For the etiology of DKD at the cellular and molecular levels, oxidative stress and inflammatory reactions are currently considered critical pathophysiological mechanisms in the progression of DKD (Navarro-González et al., 2011a; Navarro-González et al., 2011b; Arora and Singh, 2014). Therefore, by targeting the inflammatory mechanisms and oxidative stress involved in DKD, more innovative anti-inflammatory and antioxidant therapeutic strategies have been gradually identified.
To optimize therapeutic strategies in DKD, increasing attention is given to Chinese herbal medicine (CHM) and its bioactive ingredients in DKD drug research. This, in combination with conventional treatments, can exert a pleiotropic action profile and may simultaneously obtain higher efficacy in treating DKD by intervening in the fundamental processes in the pathogenesis of DKD (Meresman et al., 2021). Hydroxyl safflower yellow A (HSYA), belonging to the monochalcone glycoside structure, is extracted from safflower (Carthamus tinctorius L.) and is a chief bioactive compound (Li et al., 2021a). Modern pharmacology and molecular biology studies have verified that HSYA can exert anti-inflammatory, antioxidant (He et al., 2021), and antiischemia reperfusion injury (Bai et al., 2020) effects and is widely used in the treatment of acute or chronic cardiovascular and cerebrovascular diseases (Xu et al., 2021; Geng et al., 2018). It has been shown to play a role in ameliorating cognitive impairment (Zhang et al., 2021a), rheumatic diseases (Tsiogkas et al., 2021), and osteoporosis (Wang et al., 2021b) and regulating glucose and lipid metabolism (Sun et al., 2021), providing new perspectives for exploring the development and application of HSYA in the health care industry (Sun et al., 2021).
This meta-analysis analyzed and summarized the levels of oxidative stress indicators and inflammatory mediators in patients with DKD. The pooled results indicated that the intravenous infusion of HSYA can significantly improve oxidative stress and the inflammatory response and could produce a better therapeutic effect than conventional Western medicine alone. The results in this meta-analysis also showed that the effect of HSYA can significantly reduce the level of SCR and UAER, which is consistent with the results reported by other meta-analyses (Jin et al., 2019; Wang et al., 2019b). Moreover, no adverse effects occurring in these clinical trials were reported by researchers. Therefore, the efficacy of HSYA on patients with DKD was significant and resulted in a better effect on antioxidant and anti-inflammatory indicators in combination with conventional Western medical treatment. Antioxidant and anti-inflammatory therapies of HSYA may contribute to relieving the degree of oxidative stress and inflammatory response and improving renal function, glucose metabolism, lipid metabolism, survival rate, and even the quality of life.
The potential relationship between oxidative stress and diabetes has generated considerable interest over the past decade. Oxidative stress is mainly due to the imbalance between oxidation and endogenous antioxidant capacity (Salim, 2014; Sureshbabu et al., 2015; Gyurászová et al., 2020), which can activate an inflammatory cascade, thus causing chronic local inflammatory stress in the kidney. The production of oxygen-free radicals increases in persistent hyperglycemia caused by autoxidation of glucose, which may further produce a series of disturbances in glucose and lipid metabolism and ultimately result in tissue and organ damage (Forman and Zhang, 2021; Sies, 2015). HSYA is regarded as a natural antioxidant with many beneficial effects in decreasing ROS and oxidative stress in cells. Several animal studies and cell studies demonstrated that HSYA could improve DKD by attenuating oxidative stress. In some animal studies, treatment with HSYA can significantly increase SOD and GSH-Px levels and protect kidney function in DKD in HFD- and STZ-induced rats while significantly decreasing malondialdehyde (MDA) in serum and renal tissues (Zhou et al., 2017; Lee et al., 2020; Zhao et al., 2021a; Zhao, 2021). In cell studies, HSYA was demonstrated to protect against renal podocyte damage (Xie and Zhou, 2021) and injury in glomerular mesangial cells (Xiao et al., 2016) induced by high glucose by inhibiting oxidative stress. Furthermore, HSYA can have a protective effect on H2O2-induced oxidative stress injury of endothelial cells (Cui et al., 2019) and can retard the calcification of vascular smooth muscle cells induced by hyperphosphatemia through the inhibition of oxidative stress (Han, 2020). In human trials, mounting evidence has demonstrated that HSYA can attenuate oxidative stress in some acute or chronic diseases (Du and Deng, 2019; Li and Zhang, 2020; Liu et al., 2020), such as coronary heart disease and cerebral infarction, which is similar to the results of our meta-analysis. Based on the experiments mentioned earlier, we speculate that HSYA can have a renoprotective role in DKD, and the underlying mechanisms of HSYA in DKD may be linked to its antioxidant properties.
Inflammatory cytokines, including TNF-α, IL-10, and IL-6, are considered a cardinal pathogenetic mechanism in the genesis and progression of DKD (Navarro-González et al., 2011a). Compared with healthy controls, patients with DKD can secrete a higher serum and urinary level of TNF-α, indicating that TNF-α can be a potential prognostic biomarker in postponing the progression of DKD (Moriwaki et al., 2003). The results reported indicate that genetic variations at the IL-10 promoter increase the risk of DKD, which may be a potential DKD genetic-susceptibility locus (Mtiraoui et al., 2009). Moreover, compared with diabetic patients without DKD, those with DKD can present with higher serum IL-6 levels, and certain polymorphisms in the IL-6 gene are carried in patients with type 2 diabetes mellitus (T2DM), which can contribute to the development of DKD (Feigerlová and Battaglia-Hsu, 2017). Thus, by targeting these inflammatory pathways in the context of DKD, the therapeutic strategy of HSYA is translated into the treatment of DKD. Many researchers have demonstrated that HSYA can decrease inflammatory cytokine levels, such as TNF-α, nuclear factor-κB (NF-κB), IL-6, IL-β, and IL-10, in animal models of STZ-induced DKD (Lee et al., 2020; Zhao, 2021; Zhao et al., 2021b; Xing, 2021). Consistent with the results mentioned earlier, our meta-analysis also showed that HSYA could exert an anti-inflammatory effect in patients with DKD. In addition, HSYA can alleviate hsCRP serum levels. Therefore, we may conclude that HSYA can have a potential effect of lowering some inflammatory markers among patients with DKD. Nevertheless, for the limited studies included, the result in our meta-analysis showed that HSYA may contribute to lower IL-10, which is contrary to the anti-inflammatory properties of HSYA. Moreover, it is still necessary to conduct additional prospective studies to explore different doses of HSYA and different durations of supplementation and their effects on biomarkers of inflammation. Dyslipidemia and hyperglycemia together lead to a microinflammatory state and the production of reactive oxygen species (ROS), which can thus promote inflammation, oxidative stress, lipid peroxidation, and vesicular transport dysfunction (Martínez-García et al., 2015; Meex et al., 2019), further contributing to cellular damage. Thus, the regulation of lipid and glucose metabolism is critical for alleviating DKD. A series of studies have shown that HSYA can regulate glucose and lipid metabolism by inhibiting the apoptosis of pancreatic β-cells, improving insulin resistance, and regulating glycolipid metabolism, which is related to its antioxidant and anti-inflammatory activities in vitro (Liao et al., 2019). In our meta-analysis, the results showed that HSYA can significantly reduce FBG, PBG, FINS, HOMA-IR, TG, TC, and HbA1c levels, contributing to the promotion of the use of HSYA in clinical practice for diabetes.
Multiple signaling pathways may be involved in the molecular mechanisms of antioxidant and anti-inflammatory HSYA properties in the treatment of DKD. Molecular targets and signaling pathways related to protecting the kidney from injury led by oxidative stress and inflammatory reactions caused by hyperglycemia might include the inhibition of protein kinase C-/rat sarcoma-rapidly accelerated fibrosarcoma-MEK-extracellular signal-regulated kinase (PKC/Ras-Raf-MEK-ERK) signaling pathway (Zhao, 2021), the inhibition of the c-Jun NH(2)-terminal kinase (JNK) signaling pathway activation (Xie and Zhou, 2021), the inhibition of vascular endothelial growth factor (VEGF) protein (Xie and Zhou, 2021), the inhibition of cleaved caspase-12, cleaved-PARP, CHOP, p-eIF2α, GRP78, and miR-302a-3p (Zhang et al., 2021b), the inhibition of miR-516a-5p (Li et al., 2021b), and the activation of sirtuin1-nuclear factor-erythroid 2-related factor 2 (SIRT1-Nrf2) (Zhang, 2020). To have a good logic flow, a figure is given to indicate how HSYA benefits on DKD (Supplementary Image S1). Overall, the antioxidant and anti-inflammatory properties of HSYA could intervene in the progression of DKD through multiple signaling pathways.
Several limitations should be considered in this systematic review and meta-analysis. Significant heterogeneity was found in most pooled results, and subgroup analysis by dosage and duration hardly reduced the heterogeneity and the ultimate pooled results on most targeted outcomes. However, the duration can affect the stability of the results on SCR, UAER, and FBG outcomes, thus deserving further study. The methodological quality of the included studies was low, which may partly reduce the reliability of the pooled studies. In addition, it is unclear whether different doses of HSYA influence the therapeutic effect on IL-6, IL-10, TNF-α, HOMA-IR, and MDA levels. Furthermore, a firm conclusion cannot be drawn from the limited number of articles, and small populations included some biomarkers of inflammation and oxidative stress, such as SOD, MDA, IL-10, and GSH-Px. The included populations were mainly Chinese, which may also hinder the promotion of this treatment for other races. Based on our findings, it is necessary to explore the effect of HSYA and the association between dose and intervention duration and adverse effects by following the strict methodology of RCTs and by including more populations. Last but not least, for the treatment of DKD, it is imperative to pay attention to long-term patient management; intravenous administration can significantly reduce patient compliance, and no clinical studies have been conducted on the oral effect of HSYA in patients with DKD.
CONCLUSION
It is prudent to develop and apply HSYA to treat and manage DKD. By improving biomarkers of oxidative stress and the inflammatory response, HSYA can efficiently attenuate the overactivation of ROS, inhibit the production of proinflammatory cytokines, regulate blood glucose and lipid levels, and improve renal function indices. The mechanism of action of HSYA in patients with DKD may be linked to its beneficial antioxidant and anti-inflammatory effects. Exploration of the cellular and molecular basis of signaling pathways will promote the application of HSYA for patients with DKD and contribute to developing more and better treatments for DKD. However, a multicenter, multiethnic, high-quality randomized clinical trial is still needed in the future to further demonstrate the effect of HSYA on oxidative stress and inflammatory mediators in patients with DKD. It is also imperative to conduct a study on the oral administration of HSYA.
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GLOSSARY
RAAS renin angiotensin aldosterone system
PKC protein kinase C protein kinase C
TGF-β transforming growth factor-β
TNF-α tumor necrosis factor-α
ESRD end-stage renal disease
DKD diabetic kidney disease
eGFR estimated glomerular filtration rate
ROS reactive oxygen species reactive oxygen species
HSYA hydroxyl safflower yellow A
UAER urinary albumin excretion rate
FBG fasting blood glucose
SCR serum creatinine
BUN blood urea nitrogen
SRs/MAs systematic review and meta-analysis
ROS reactive oxygen species reactive oxygen species
WM Western medicine
SOD superoxide dismutase
GSH-Px glutathione peroxidase
MDA malondialdehyde
PBG postprandial blood glucose
HbA1c hemoglobin A1c
RCTs randomized controlled trials
FINS fasting insulin
HOMA-IR homeostasis model assessment insulin resistance
Cysc serum cystatin C
Hcy homocysteine
PKC protein kinase C protein kinase C
IL-1β interleukin-1β
IL-6 interleukin-6
NF-κB nuclear factor-κB
IL-10 interleukin-10
hsCRP hypersensitive c reactive protein
total cholesterol TC
triglycerides TGs
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Total extract of Abelmoschus manihot L. alleviates uric acid-induced renal tubular epithelial injury via inhibition of caspase-8/caspase-3/NLRP3/GSDME signaling
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Purpose: The incidence of uric acid (UA)-induced kidney injury is increasing owing to the high incidence of hyperuricemia in recent years. The flower of Abelmoschus manihot (Linneus) Medik is a traditional Chinese medicinal herb widely used in the treatment of some kidney diseases. In our previous study, we reported that the total extract of A. manihot L. flower (TEA) attenuated adriamycin-induced renal tubular cell injury. In this study, we aimed to evaluate the role of TEA in UA-induced tubular cell injury.
Methods: Normal rat proximal epithelial NRK-52E cells were incubated with UA to mimic hyperuricemia conditions. The role of TEA in the renal tubular cells was also assessed. The cellular morphology was observed using phase-contrast microscopy, and cell viability was analyzed using the Cell Counting kit-8. Living and dead cells were stained using a Calcein-AM/PI double stain kit. The release of lactate dehydrogenase (LDH) was analyzed by LDH cytotoxicity Assay Kit. The expression of target proteins was analyzed using western blot analysis.
Results: UA triggered NRK-52E cell injury, as evidenced by morphological changes, detachment of cells from the bottom, cell swelling, large bubbles blowing from cell membrane and loss of cell viability. UA increased release of LDH. UA induced the expression of p-ERK1/2 and the subsequent activation of caspase-8, caspase-3, and NLRP3 inflammasomes. Pyroptosis was elicited by UA after gasdermin E N-terminal (GSDME-NT) was cleaved from gasdermin E (GSDME). Z-DEVD-FMK, a caspase-3 inhibitor, suppressed the expression of both NLRP3 and GSDME-NT, but not that of caspase-8. INF39, an NLRP3 inhibitor, altered the expression of GSDME-NT expression, but not that caspase-3 and caspase-8. TEA alleviated UA-induced cell injury by suppressing ERK1/2/caspase-8/caspase-3/NLRP3/GSDME signaling.
Conclusion: GSDME-mediated pyroptosis was involved in UA-induced renal tubular cell injury. This is the first study to report that TEA protects renal tubular epithelial cells against UA by inhibiting the ERK/1/2/caspase-8/caspase-3/NLRP3/GSDME pathway.
Keywords: pyroptosis, uric acid, caspase-8, caspase-3, NLRP3, GSDME, total extract of Abelmoschus manihot L. flower
INTRODUCTION
The incidence of hyperuricemia is gradually increasing with lifestyle changes. The overall prevalence of hyperuricemia among adults in the United States was 20.1% between 2015-2016 (Chen-Xu et al., 2019). In China, the pooled prevalence of hyperuricemia was 13.3% between 2000-2014 (Liu et al., 2015). Recent reports have confirmed that hyperuricemia is associated with cardiovascular and renal diseases. Serum uric acid (UA) is a major predictor of the development of kidney diseases, and its increased level is associated with decreased kidney function (Domrongkitchaiporn et al., 2005; Obermayr et al., 2008; Rosolowsky et al., 2008; Bellomo et al., 2010). Nephrologists are currently faced with the challenges of dissecting the molecular mechanism underlying UA-induced renal damage and exploring new therapeutic drugs.
UA, which is the end product of purine-derivative metabolism, has dual roles, including antioxidative and pro-oxidative effects (Kang and Ha, 2014). The anti-oxidative effect is observed at normal UA concentrations, whereas UA exerts pro-oxidative function at high concentrations. Studies have shown that UA induces renal tubular epithelial injury by promoting oxidative stress (Verzola et al., 2014; Li et al., 2016; Yang et al., 2019) or inflammation (Zhou Y. et al., 2012; An et al., 2014; Braga et al., 2020; Wu et al., 2021). Pyroptosis (Rashidi et al., 2019; Shen et al., 2021) and apoptosis (Verzola et al., 2014; Yang et al., 2019; Li D. et al., 2021) are involved in UA-induced cell death. However, the mechanism of pyroptosis underlying UA cytotoxicity is not fully understood.
Pyroptosis is a type of gasdermin-mediated programmed inflammatory necrotic cell death (Shi et al., 2017). The canonical pathway of pyroptosis involves NOD-like receptors (NLRs) that recognize stimulus signals, reassemble the NLR family pyrin domain-containing 3 (NLRP3) inflammasome, activate caspase-1, cleave gasdermin D (GSDMD) to form GSDMD-N terminal, generate membrane pores, and release proinflammatory cytokines, resulting in cell swelling and eventual lysis (Shi et al., 2017; Wang et al., 2021). Recent studies have reported the involvement of both gasdermin E (GSDME) and caspase-3 in renal pyroptosis, including in diabetic nephropathy and obstructive nephropathy (Li W. et al., 2021; Li Y. et al., 2021). Caspase-8, a typical cysteine protease, induces pyroptosis by cleaving GSDMD and GSDME (Orning et al., 2018; Sarhan et al., 2018). Caspases are important upstream regulators of NLRP3; however, the detailed role of specific caspases in pyroptosis has not been fully studied.
The flower of Abelmoschus manihot (Linneus) Medik. is a traditional Chinese herb with a long history of treating chronic kidney disease (CKD) in China. Compounds of the flower of A. manihot (Linneus) Medik. have been isolated and purified using chromatographic techniques. Their structures were identified by analyzing physicochemical properties and spectral data, as described in our previous reports (Li et al., 2019). Several studies have confirmed the renal protective properties of A. manihot (Chen et al., 2016). A prospective, multicenter randomized controlled clinical trial (RCT) confirmed that A. manihot could lower proteinuria in patients with CKD stages 1-2 (Zhang et al., 2014). Further studies suggest that A. manihot is more effective than losartan in reducing proteinuria in patients with primary glomerular disease (Carney, 2014). A. manihot prevents podocyte apoptosis in streptozotocin-induced (STZ) diabetic nephropathy (DN) by inhibiting caspase-3 and caspase-8 expressions (Zhou L. et al., 2012). Our previous studies reported that the total extract of A. manihot L. (TEA) attenuates renal tubular cell oxidative injury (Zhou L. et al., 2012; Li et al., 2019). In traditional Chinese medicine (TCM), A. manihot has also been used to treat hyperuricemia. However, the role of A. manihot in UA-induced renal tubular epithelial cell injury remains unclear.
Thus, in the current study, we employed an in vitro model of UA-induced renal tubular epithelial cell injury to investigate the role of pyroptosis and explore the possible mechanisms underlying the effect of TEA on this type of injury.
MATERIALS AND METHODS
Cell culture
Normal rat proximal epithelial cell line, NRK-52E, was obtained from the University of Yamanashi (Yamanashi, Japan) and cultured in Dulbecco’s modified Eagle’s medium/F-12 (DMEM/F12, Gibco, United States) containing 100 U/mL penicillin G, 100 mg/ml streptomycin (Gibco, United States), and 5% fetal bovine serum (FBS, Gibco, United States). The NRK-52E cells were incubated at 37°C in an incubator with 5% CO2. All experiments were performed after the cells were seeded in a medium containing 1% FBS for 24 h.
Preparation of total extract of A. manihot L
TEA was extracted by the Department of Drug Preparation of the Affiliated Hospital of Nanjing University of Chinese Medicine. TEA was prepared as described in our previous study (Li et al., 2019). In brief, 500 g of raw A. manihot (Linneus) Medik flowers was soaked in 8,000 ml of 75% ethanol for 1 h; then the mixture was warmed to 90°C and maintained at that temperature for another 1 h to allow alcohol extraction of the ambrette fluid. After filtration, the ambrette fluid extract was evaporated to obtain a dry extract powder under vacuum at 60°C. The dried residue was dissolved in water for subsequent experiments. The profile composition of TEA was characterized using high-performance liquid chromatography (HPLC). The HPLC profile of TEA was shown in Supplementary Material S1. TEA was composed of the following compounds: Hyperoside (43.2%), hibifolin (27.1%), isoquercetin (13.7%), Quercetin-3′-O-glucoside (8.8%), quercetin-3-O-robinobioside (3.8%), myricetin (3.2%), and quercetin (0.2%) (Zhou L. et al., 2012).
Reagents and antibodies
Primary antibodies against phospho-ERK (lot no. 4370, CST), caspase-3 (lot no. 14220, CST), and caspase-8 (lot no. 4790) were purchased from Cell Signaling Technology (CST) Shanghai Biological Reagents Co., Ltd. (Shanghai, China). Primary antibodies against NLRP3 (lot no. ab263899, Abcam) and DFNA5/GSDME (lot no. ab215191; Abcam) were purchased from Abcam (Cambridge, UK). INF 39 (NLRP3 inhibitor, HY-101868) was purchased from MedChemExpress (NJ, United States). Z-DEVD-FMK (caspase-3 inhibitor, RM02811) was purchased from ABclonal Technology Co., Ltd. (Hubei, China). Primary antibody against β-tubulin (lot no. T0023; Affinity Biosciences) was purchased from Affinity Biosciences (Jiangsu, CN). Primary antibody against β-actin (lot no.66009-I-Ig, Proteintech) was purchased from Proteintech (Chicago, United States). Horseradish peroxidase-conjugated anti-rabbit IgG and horseradish peroxidase-conjugated anti-mouse IgG were purchased from Biosharp (Shanghai, China). UA was purchased from Macklin (Shanghai, China).
Assessment of cell viability with Cell Counting Kit-8
Cells were seeded in 96-well plates and exposed to specific stimuli. CCK-8 reagent (lot no. K10189133EF5E, APEXBIO) was added to each well, and cells were incubated at 37°C in an incubator with 5% CO2 for 1 h. The absorbance was measured at 450 nm using a microplate reader (ELX-800, BIOTEK). Cell viability was expressed as the percentage of control cells.
Western blot analysis
Protein concentrations were determined using the BCA (bicinchoninic acid) Protein Assay Kit (Beyotime Biotechnology, China), following the manufacturer’s instructions. Equal amounts of protein were added to sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels, separated by electrophoresis, and then transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were incubated with the primary antibody overnight at 4°C after blocking with 5% non-fat dried milk in phosphate-buffered saline (PBS) containing 0.2% Tween-20 (PBST) for 1 h at room temperature. After washing with PBST, membranes were incubated with horseradish peroxidase-conjugated anti-rabbit or anti-rat IgG for 1 h at room temperature. The bands were scanned using a ChemiDoc XRS + Imaging System (Bio-Rad, United States). The scanned signal was quantitatively analyzed using the ImageJ software (1.8.0). β-actin or β-tubulin was used as loading controls.
Calcein-AM/PI double staining
Dual staining of live and dead cells was performed using the Calcein-AM/PI double stain kit (lot no. 40747ES76; Yeasen Biotechnology Ltd. [Shanghai, China]), following the manufacturer’s instructions. NRK-52E cells were seeded in 96-well plates and treated with UA or TEA for 24 h. The cells were then incubated with a dyeing working fluid consisting of 2 μM calcein-AM and 4.5 μM PI for 15 min at 37°C. Cells were visualized and captured under an inverted fluorescence microscope (ECLIPSE Ts2R; Nikon, Japan). ImageJ software (version 1.8.0) was used to count the percentage of fluorescent cells.
The release of lactate dehydrogenase (LDH) assay
Cells were seeded in 96-well plates and exposed to specific stimuli. LDH reagent (lot no. C0016, Beyotime) was added to cell culture in supernatant of each well, and were incubated avoid light at 25°C for 30 min. The absorbance was measured at 490 nm using a microplate reader (ELX-800, BIOTEK). The release of LDH was expressed as the percentage of control group.
Statistical analysis
The results are expressed as the mean ± standard deviation. Differences among groups were analyzed using Student’s t-test or one-way analysis of variance. Data were analyzed using the SPSS software (version 23.0; IBM Corp. NY, United States). Values with p < 0.05 were considered statistically significant.
RESULTS
UA triggers renal tubular cell injury and induces cell death
First, we confirmed the cytotoxic effects of UA in NRK-52E cells. As shown in Figures 1A,B, after incubation with different concentrations of UA for 24 h, the cells showed morphological changes (cell swelling, large bubbles blowing from cell membrane), loss of cell-to-cell contact, and detachment from the bottom of the dish in a dose-dependent manner. Meanwhile, cell viability was lost after treatment of cells with UA at 640 μg/ml concentration, which was determined as the concentration of the subsequent experiment (Figure 1B). As shown in Figures 1C,D, after treatment with UA, the number of living cells was reduced, as visualized by using calcein-AM/PI double staining. The release of LDH from UA treated cells was greatly increased in a dose-dependent manner (Figure 1E). These results suggest that high UA concentrations trigger renal tubular cell injury and death.
[image: Figure 1]FIGURE 1 | Uric acid (UA)-induced NRK-52E cell injury. (A) Effect of UA on morphological changes. NRK-52E cells were treated with different concentrations of UA (0, 320, and 640 μg/ml) for 24 h. Cell morphology was analyzed using phase-contrast microscopy (magnification,×100, ×400). (B) Effects of UA on cell viability. NRK-52E cells in 96-well plates were exposed to different concentrations (0, 320, and 640 μg/ml) of UA for 24 h. Cell viability was evaluated using a CCK-8 assay. Data are expressed as the percentages of living cells versus the control group (0 μg/ml) (means ± SD, n = 5 in each group). ∗∗∗p < 0.001 versus the control group. (C) Living and dead cells were stained with calcein-AM or PI and then visualized by inverted fluorescence microscopy (magnification, ×200). The cells emitting green fluorescence were living cells, and those emitting red fluorescence were dead cells. (D) The number of different cells was calculated by ImageJ software. Data are expressed as the number of positively stained cells. Experiments were performed three times. ∗∗p < 0.01 or ##p < 0.01 versus control (0 μg/ml) group. (E) The LDH release rate of UA on cells. NRK-52E cells in 96-well plates were exposed to different concentrations (0, 320, and 640 μg/ml) of UA for 24 h. LDH release rate was analyzed by LDH cytotoxicity Assay Kit. All data were corrected with respect to the control group (0 μg/ml) (means ± SD, n = 6 in each group). ∗∗∗p < 0.001 versus the control group.
TEA ameliorates UA-induced renal tubular cell injury
Next, we sought to determine if TEA could attenuate UA-induced cell injury. As shown in Figure 2A, TEA restored the cellular morphological changes induced by UA. Furthermore, TEA ameliorated the UA-induced decrease in cell viability (Figure 2B). Calcein-AM/PI double staining showed similar results (Figure 2C). These results show that TEA ameliorates UA-induced renal tubular cell injury. However, the exact mechanism by which TEA ameliorates UA-induced renal tubular cell injury remains to be elucidated.
[image: Figure 2]FIGURE 2 | Abelmoschus manihot L. flower (TEA) can alleviate uric acid (UA)-induced NRK-52E cell injury. (A) Effect of UA and TEA on morphological changes. NRK-52E cells were treated with UA and TEA for 24 h. Cell morphology was analyzed using phase-contrast microscopy (magnification, ×100). (B) Effects of TEA on cell viability. NRK-52E cells in 96-well plates were treated with TEA and UA for 24 h. Cell viability was evaluated using a CCK-8 assay. Data are expressed as the percentages of living cells versus the control group (CONT, 0 μg/ml) (means ± SD, n = 3 in each group). ∗∗∗p < 0.001 versus the CONT group; or ###p < 0.001 versus UA group in CONT. (C) Living and dead cells were stained with calcein-AM or PI and then visualized by inverted fluorescence microscopy (magnification, ×200). The cells emitting green fluorescence were living cells, and those emitting red fluorescence were dead cells.
TEA attenuates UA-induced pyroptosis by inhibiting expression of GSDME-NT, NLRP3, and caspases
We previously reported that TEA inhibits expression of ERK1/2-NLRP3 in Adriamycin-induced renal tubular cell injury (Li et al., 2019). Therefore, we explored that whether ERK1/2-NLRP3 signaling is also involved in TEA attenuates UA-induced injury. As indicated by the western blot analysis, TEA suppressed the UA-induced increase in ERK1/2 and NLRP3 expression (Figure 3A). Pyroptosis occurs downstream of NLRP3 activation. Caspase-8 is the inducer and gasdermin E (GSDME) is an executor of pyroptosis (Sarhan et al., 2018). Therefore, we evaluated the occurrence of pyroptosis during UA-induced cell injury. Notably, the UA-induced increase in expression of both caspase-8 and GSDME-N terminal (GSDME-NT) was simultaneously inhibited by TEA (Figures 3C,D). Interestingly, caspase-3 was also cleaved by UA (Figures 3E,F). Furthermore, TEA inhibited UA-induced activation of caspase-3, indicating that TEA attenuated UA-induced pyroptosis by inhibiting the expression of caspase-8, caspase-3, NLRP3, and GSDME-NT. However, whether the expression of caspases is associated with NLRP3 expression remains to be investigated. Moreover, TEA significantly reduced the release of LDH induced by UA (Figure 3G).
[image: Figure 3]FIGURE 3 | Abelmoschus manihot L. flower (TEA) attenuates uric acid (UA)-induced pyroptosis by inhibiting the expression of GSDME-NT, NLRP3, and caspases. (A) Effects of TEA on ERK1/2 phosphorylation and NLRP3 expression induced by UA. NRK-52E cells in 6-well plates were treated with TEA and UA for 24 h. (B) Statistical analyses of ERK1/2 phosphorylation and NLRP3 expression (means ± SD, n = 3 in each group). All data were corrected with respect to the control group. ∗∗∗p < 0.001 versus the model group (UA in 640 μg/ml); ∗∗p < 0.01 versus the model group (UA in 640 μg/ml); ∗p < 0.05 versus the model group (UA in 640 μg/ml). (C) Effects of TEA on caspase-8 and GSDME expression induced by UA. NRK-52E cells in 6-well plates were treated with TEA and UA for 24 h. (D) Statistical analyses of caspase-8 and GSDME expression (means ± SD, n = 3 in each group). All data were corrected with respect to the control group. ∗∗∗p < 0.001 versus the model group (UA in 640 μg/ml); ∗∗p < 0.01 versus the model group (UA in 640 μg/ml); ∗p < 0.05 versus the model group (UA in 640 μg/ml). (E) Effects of TEA on caspase-3 expression induced by UA. NRK-52E cells in 6-well plates were treated with TEA and UA for 24 h. (F) Statistical analyses of caspase-3 expression (means ± SD, n = 3 in each group). All data were corrected with respect to the control group. ∗∗∗p < 0.001 versus the model group (UA in 640 μg/ml); ∗∗p < 0.01 versus the model group (UA in 640 μg/ml); ∗p < 0.05 versus the model group (UA in 640 μg/ml). (G) The LDH release rate of UA and TEA on cells. NRK-52E cells in 96-well plates were treated with UA and TEA for 24 h. LDH release rate was analyzed by LDH cytotoxicity Assay Kit. All data were corrected with respect to the control group (0 μg/ml) (means ± SD, n = 6 in each group). ∗∗∗p < 0.001 versus the model group (UA in 640 μg/ml).
UA induces pyroptosis through the caspase-8/caspase-3/NLRP3/GSDME pathway
To further investigate the regulatory mechanism of UA-induced pyroptosis, we evaluated the association between caspase-3 and NLRP3. UA-induced NRK-52E cells were treated with the specific caspase-3 inhibitor (Z-DEVD-FMK) and NLRP3 inhibitor (INF39). Since cleave of GSDME is regulated by caspase-8 (Sarhan et al., 2018), we investigated the role of caspase-8 in UA-induced pyroptosis. As expected, blocking cleaved caspase-3 expression by Z-DEVD-FMK led to a significant downregulation of NLRP3 (p < 0.001) and GSDME-NT expression (Figures 4A,B, p < 0.05). Interestingly, caspase-3 upregulation did not affect caspase-8 expression. Furthermore, blocking NLRP3 expression by INF39 led to a significant downregulation of GSDME-NT (p < 0.05) but did not disturb the expression of cleaved caspase-3 and caspase-8 (Figures 4C,D). Thus, caspase-8 acts upstream of caspase-3, and both caspase-8 and caspase-3 are involved in UA-induced pyroptosis. Thus, UA induces pyroptosis through the caspase-8/caspase-3/NLRP3/GSDME pathway.
[image: Figure 4]FIGURE 4 | Application of Z-DEVD-FMK and INF39 suppressed caspase-3 and NLRP3 expression. (A) Effects of Z-DEVD-FMK on NLRP3, GSDME and caspase-3 expression induced by UA. NRK-52E cells in 6-well plates were treated with Z-DEVD-FMK and UA for 24 h. (B) Statistical analyses of caspase-8, caspase-3, NLRP3, and GSDME expression (means ± SD, n = 3 in each group) after treatment of cells with Z-DEVD-FMK and UA. All data were corrected with respect to the control group. ∗∗p < 0.01 versus the model group (UA in 640 μg/ml); ∗p < 0.05 versus the model group (UA in 640 μg/ml). (C) Effects of INF39 on NLRP3, GSDME, and caspase-3 expression induced by UA. NRK-52E cells in 6-well plates were treated with INF39 and UA for 24 h. (D) Statistical analyses of caspase-8, caspase-3, NLRP3, and GSDME (means ± SD, n = 3 in each group) after treatment of cells with INF39 and UA. All data were corrected with respect to the control group. ∗∗∗p < 0.001 versus the model group (UA in 640 μg/ml); ∗∗p < 0.01 versus the model group (UA in 640 μg/ml); ∗p < 0.05 versus the model group (UA in 640 μg/ml).
DISCUSSION
The present study confirmed the role of pyroptosis in UA-induced renal tubular epithelial cell injury and explored the association between caspase-8, caspase-3, and NLRP3. The present study is the first to report that TEA attenuates UA-induced pyroptosis by suppressing the caspase-8/caspase-3/NLRP3/GSDME pathway (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic of the mechanism by which TEA alleviates uric acid (UA)-induced renal tubular epithelial cell injury. First, UA activates ERK1/2 phosphorylation and caspase-8. Subsequently, activated caspase-3 and NLRP3 participate in GSDME-mediated pyroptosis. TEA alleviates UA-induced cell injury through the ERK1/2/caspase-8/caspase-3/NLRP3/GSDME signaling pathway.
Pyroptosis is traditionally defined as programmed inflammatory cell death characterized by gasdermin-dependent membrane pore formation and inflammatory factor release (Galluzzi et al., 2018). The canonical characteristic of pyroptosis is the activation of the pore-formation protein GSDMD (Xu et al., 2018). GSDME, which is expressed in most normal tissues, is also involved in pyroptosis. However, in the present study, GSDMD did not participate in UA-induced cell injury (data not shown). Therefore, we focused only on GSDME. Because of the increase in GSDME-NT triggered by UA, we confirmed that UA elicited GSDME-mediated pyroptosis. Caspase-8/caspase-3 acts upstream of GSDME (Sarhan et al., 2018; Jiang et al., 2020) and can cleave GSDME to generate GSDME-NT, which forms pores in the membrane. Recently, researchers have observed that caspase-3/GSDME-mediated pyroptosis causes ureteral obstruction-induced renal tubule injury (Li Y. et al., 2021) and diabetic nephropathy (Li W. et al., 2021). Studies have also found that GSDME may convert apoptosis into pyroptosis (Rogers et al., 2017; Jiang et al., 2020) in tumors. However, there have been no reports on the involvement of GSDME in UA-induced cell injury. Our findings demonstrate that UA can induce renal tubular epithelial cell pyroptosis through activation of caspase-8 and subsequently caspase-3 to cleave GSDME to form GSDME-N terminal (GSDME-NT). Additionally, TEA can interfere with this process by inhibiting caspase-8/caspase-3/NLRP3/GSDME-NT signal transduction. Our study reveals an important role for caspase-8 and caspase-3 in NLRP3-mediated pyroptosis. NLRP3 participates in the progression of various inflammatory diseases, including gout and arthritis (Wang et al., 2020). Additionally, caspases are one of the most important upstream regulators of NLRP3. The canonical activation of pyroptosis depends on NLRP3/ASC/caspase-1 inflammasome activation to cleave GSDMD (Huang et al., 2021). Some reports suggest that caspase-3 or caspase-8 activates NLRP3 and cleaves the pore formation protein GSDME (Chi et al., 2014; Sarhan et al., 2018; Vince et al., 2018; Zeng et al., 2019). However, it is not clear how upstream molecules of NLRP3 regulate the activation of GSDME in UA-induced cell injury. The present study’s results were consistent with reports demonstrating that UA upregulates NLRP3 (Cabău et al., 2019; Yin et al., 2020; Li D. et al., 2021). We used NLRP3 and caspase-3 specific inhibitors to explore the relationship between NLRP3 and caspase-8/caspase-3/GSDME in UA-induced pyroptosis. Our data indicate that blocking the expression of NLRP3 disturbs the expression of GSDME-NT, but not caspase-3 and caspase-8. In addition, blocking the expression of caspase-3 can disturb both NLRP3 and GSDME-N expression, but not that of caspase-8. Together, these results suggest that UA induces pyroptosis via the caspase-8/caspase-3/NLRP3/GSDME pathway.
Hyperuricemia is not only associated with cardiovascular diseases (Li L. et al., 2021; Yanai et al., 2021), but also increases the risk of kidney diseases (Obermayr et al., 2008; Bellomo et al., 2010). UA activates the immune system and plays a critical role in inflammation, which is an important pathophysiological mechanism in most kidney diseases (Jung et al., 2020). UA, acting as a damage-associated molecular pattern (DAMP), activates NLRP3 inflammasomes and induces ERK1/2 phosphorylation (Li, 2017; Tao et al., 2019; Yin et al., 2020; Li D. et al., 2021). ERK1/2, which is an abbreviation for extracellular signal-regulated kinases 1 and 2, transmits extracellular signals into the nucleus in response to various stimuli (Ramos, 2008). Our previous study confirmed that TEA inhibited ERK1/2 signal transduction and suppressed the activation of NLRP3 inflammasomes (Li et al., 2019). Our current study confirmed that TEA inhibited UA-induced activation of NLRP3 and phosphorylation of ERK1/2, which was consistent with previous reports.
TEA has been widely used for the treatment of CKD in China. Studies have reported that TEA reduces proteinuria via its anti-inflammatory effect in diabetic nephropathy and adriamycin induced-nephropathy (Tu et al., 2013; Mao et al., 2015). TEA can ameliorate renal tubular epithelial cell injury in streptozotocin (STZ)-induced diabetic nephropathy (DN) mice (Kim et al., 2018), prevent tubulointerstitial fibrosis in chronic renal failure (CRF) rats (Cai et al., 2017) and attenuate tubular cell apoptosis in ischemia/reperfusion (IR)-induced AKI mice (Wu et al., 2019). In a rat model of diabetic nephropathy, TEA ameliorated podocyte apoptosis by inhibiting the expression of caspase-3 and caspase-8. Both podocyte and renal tubular injury contribute to proteinuria. Our previous study has verified that TEA attenuates adriamycin-induced renal tubular injury via activation of the ROS/ERK1/2/NLRP3 signal transduction (Li et al., 2019). In the present study, we confirmed that TEA attenuated UA-induced renal tubular pyroptosis by downregulating caspase-8/caspase-3/NLRP3/GSDME signaling. However, the mechanism by which caspases and gasdermins are involved in kidney damage requires further investigation.
CONCLUSION
Collectively, our study is the first to report that caspase-8/caspase-3/NLRP3/GSDME signaling is involved in UA-induced renal tubular cell injury. TEA protects against UA-induced cell injury through its anti-pyroptotic effect. This study provides a basis for the development of novel therapeutic targets and strategies for the treatment of hyperuricemia.
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Oroxylin A ameliorates AKI-to-CKD transition through maintaining PPARα-BNIP3 signaling-mediated mitochondrial homeostasis
Mengying Yao1,2†, Shaozong Qin2†, Jiachuan Xiong2, Wang Xin2, Xu Guan2, Shuiqin Gong2, Jing Chen2, Yong Liu2, Bo Zhang2, Jinghong Zhao2* and Yinghui Huang2,*
1School of Medicine, Chongqing University, Chongqing, China
2Department of Nephrology, The Key Laboratory for the Prevention and Treatment of Chronic Kidney Disease of Chongqing, Chongqing Clinical Research Center of Kidney and Urology Diseases, Xinqiao Hospital, Army Medical University (Third Military Medical University), Chongqing, China
Edited by:
Jianping Chen, Shenzhen Traditional Chinese Medicine Hospital, China
Reviewed by:
Wenju Li, National Renal Disease Clinical Medicine Research Center, China
Nor Azian Abdul Murad, National University of Malaysia, Malaysia
* Correspondence: Jinghong Zhao, zhaojh@tmmu.edu.cn; Yinghui Huang, ikkyhuang@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Renal Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 04 May 2022
Accepted: 12 July 2022
Published: 23 August 2022
Citation: Yao M, Qin S, Xiong J, Xin W, Guan X, Gong S, Chen J, Liu Y, Zhang B, Zhao J and Huang Y (2022) Oroxylin A ameliorates AKI-to-CKD transition through maintaining PPARα-BNIP3 signaling-mediated mitochondrial homeostasis. Front. Pharmacol. 13:935937. doi: 10.3389/fphar.2022.935937

Background: Acute kidney injury (AKI) occurs in approximately 7–18% of all hospitalizations, but there are currently no effective drug therapy for preventing AKI or delaying its progression to chronic kidney disease (CKD). Recent studies have shown that Scutellaria baicalensis, a traditional Chinese herb, could attenuate cisplatin-induced AKI, although the mechanism remains elusive. Further, it is unknown whether its major active component, Oroxylin A (OA), can alleviate kidney injury.
Methods: The therapeutic effect of OA was evaluated by using ischemia-reperfusion (IR) and cisplatin mediated-AKI mice and HK-2 cells under hypoxia-reoxygenation (HR) conditions. HE staining, transmission electron microscopy, flow cytometry, immunofluorescence, qPCR, Western blot, PPARα inhibitor, BNIP3 siRNA and ChIP assay were used to explore the role and mechanism of OA in AKI.
Results: OA ameliorated tubular damage and dramatically decreased serum creatinine (Scr) and urea nitrogen (BUN), and the expressions of renal injury markers (Kim-1, Ngal) in AKI mice induced by both IR injury and cisplatin, as well as attenuating AKI-to-CKD transition. In vitro experiments showed that OA alleviated HR-induced mitochondrial homeostasis imbalance in renal tubular epithelial cells. Mechanistically, OA dose-dependently induced the expression of Bcl-2/adenovirus E1B 19-kDa interacting protein (BNIP3), while knockdown of BNIP3 expression reversed the protection of OA against HR-mediated mitochondrial injury. Network pharmacological analysis and experimental validation suggested that OA enhanced BNIP3 expression via upregulating the expression of peroxisome proliferator activated receptor alpha (PPARα), which induced the transcription of BNIP3 via directly binding to its promoter region. Both in vitro and in vivo experiments confirmed that the renoprotective effect of OA was dramatically reduced by GW6471, a PPARα antagonist.
Conclusion: Our findings revealed that OA ameliorates AKI-to-CKD transition by maintaining mitochondrial homeostasis through inducing PPARα-BNIP3 signaling pathway, indicating that OA may serve as a candidate therapeutic strategy for alleviating AKI and CKD.
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INTRODUCTION
Acute kidney injury (AKI) is a common critical illness, characterized by a sharp decrease of glomerular filtration rate, accompanied by retention of nitrogen products (such as creatinine and urea nitrogen) (Bellomo et al., 2012; Levey and James, 2017; Ronco et al., 2019). AKI is also one of the significant risk factors for progressive chronic kidney disease (CKD) and end-stage renal disease (ESRD) (Chawla et al., 2014; Kramann et al., 2014; Chen et al., 2019). Although the kidney can gradually recover from AKI through regenerative capacity and repair, accumulating evidence suggests that there is a high risk of developing CKD after AKI (Bucaloiu et al., 2012; Coca et al., 2012; Wu et al., 2014). Yet, no effective drug is clinically applicable for AKI or AKI-to-CKD transition. Therefore, novel therapeutic strategies to alleviate AKI are highly desired.
Traditional Chinese medicine reveals that chronic renal failure is located in the spleen and kidney, and the pathogenesis can be summarized as deficiency of the yang qi of spleen, while kidney is the cause and the internal stagnation of dampness, turbidity, stasis and toxin is the symptom (Liu et al., 2014). Recently, traditional Chinese medicine suggests that herbal medicines that are capable of invigorating the spleen and kidney, promoting blood circulation, and removing turbidity may be effective in the treatment of CKD and renal fibrosis (Zhao et al., 2022). Scutellaria baicalensis Georgi (SB), a traditional Chinese medicine, has been prescribed to treat diseases in China for thousands of years, such as inflammation (Guan et al., 2020) and fibrosis (Kong et al., 2011; Pan et al., 2012), even though the mechanism remains elusive. SB can alleviate chemotherapy-induced AKI and protect against CKD (Huang et al., 2019; Guan et al., 2020). Simultaneously, baicalenin (a component of SB) can protect the kidney injury induced by renal ischemia-reperfusion injury (IRI) (Lin et al., 2014) or myocardial IR (Lai et al., 2016). Oroxylin A (OA), the main active component of SB, can alleviate lipopolysaccharide (LPS)-mediated acute injury of liver and lung (Tseng et al., 2012; Huang et al., 2015). However, the role and mechanism of OA in the process of AKI-to-CKD transition remain unclear.
Given the function of the kidney to remove waste from the blood by filtration and regulate fluid and electrolyte balance, it is destined to consume a large amount of energy, which is mainly provided by mitochondrial fatty acid β-oxidation (FAO) (Bhargava and Schnellmann, 2017; Sun et al., 2019). Mitochondrial energy metabolism is one of the important components of mitochondrial homeostasis, and maintaining mitochondrial homeostasis will benefit for the restoration of renal function (Emma et al., 2016; Bhargava and Schnellmann, 2017; Sun et al., 2019; Tang et al., 2021). Mitochondrial damage in proximal tubule cells has gradually evolved as a feature of various forms of AKI (Parikh et al., 2015; Sun et al., 2019). Accumulating evidences, including ours, suggested mitochondrial injury as a major contributor to acute and chronic kidney disease (Huang et al., 2020a; Huang et al., 2020b; Yu et al., 2020; Huang et al., 2022). Therefore, exploring therapeutic strategies aimed at restoring mitochondrial homeostasis may hold great potential for improving renal function (Emma et al., 2016; Bhargava and Schnellmann, 2017; Sun et al., 2019; Tang et al., 2021).
In the present study, based on the effect of OA in alleviating acute liver injury and acute lung injury (Tseng et al., 2012; Huang et al., 2015), the therapeutic potential of OA in AKI was evaluated and its molecular mechanism was explored. Our findings suggest that OA maintains mitochondrial homeostasis via inducing peroxisome proliferator activated receptor alpha (PPARα)-Bcl-2/adenovirus E1B 19-kDa interacting protein (BNIP3) signaling pathway, thereby alleviating AKI and its progression to CKD.
MATERIALS AND METHODS
Additional details for all methods are provided in the Supplementary Methods.
Materials
Oroxylin A (OA) and Cisplatin were obtained from MedChemExpress (MCE, Monmouth Junction, NJ, United States). GW6471 (PPARα antagonist) and WY-14643 (PPARα agonist) were bought from Selleckchem (Houston, TX, United States).
Animal study
Male C57BL/6J mice (8-week-old) were purchased from Chongqing Tengxin Bioscience (Chongqing, China). The construction of IRI-induced AKI mouse model was previously described (Hu et al., 2017).
Cell treatment
For the hypoxia-reoxygenation (HR) model, HK-2 cells were incubated in a hypoxic incubator at 1% O2 for 24 h, and then the cells were put back into the normal incubator and reoxygenated for 6 h. After treatment with OA, the cells were harvested for the subsequent analysis.
Transmission electron microscopy observation
The collected HK-2 cells and mouse kidney tissue were immersed in a transmission electron microscopy solution containing 2.5% glutaraldehyde and 4% paraformaldehyde, and the samples were treated in the transmission electron microscopy room of the Central Laboratory of Army Medical University. The microstructure of mitochondria was observed using TEM (JEM-1400PLUS, Japan).
Statistical analysis
All data were presented as mean ± SEM. Unpaired t test or one-way analysis of variance (ANOVA) with Tukey’s test were used for statistical analysis. Statistical significance was defined as P < 0.05.
RESULTS
Oroxylin A alleviates ischemic-reperfusion and cisplatin-induced acute kidney injury in vivo
The chemical formula of OA was shown in Figure 1A. To determine the therapeutic effect of OA, OA (20 mg/kg) was intravenously injected into sham and AKI mice. HE staining showed that OA improved renal damage in AKI mice (Figures 1B,C). In AKI mice, the levels of Scr, BUN and the expressions of kidney injury markers (Kidney injury molecule-1, Kim-1; and Neutrophil gelatinase-associated lipocalin, Ngal) and apoptosis-related proteins, including B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated x (Bax), were markedly elevated, which were significantly ameliorated by OA treatment (Figures 1D–H). Meanwhile, we also found that OA alleviated cisplatin-induced renal tubular damage, increased levels of Scr and BUN, and upregulated expressions of Kim-1 and Ngal (Supplementary Figures 1A–E). These data suggest that OA can ameliorate IR and Cisplatin-induced AKI.
[image: Figure 1]FIGURE 1 | OA alleviates IRI-induced AKI in vivo. (A) The chemical structure of OA. (B) Representative micrographs of HE staining of kidney sections from sham and IRI-induced AKI mice intravenously injected with control or OA. Scale bars, 1.25 mm (top) and 50 μm (bottom). (C) Scoring of injury score according to HE staining of kidney sections from mice in (A) (n = 8). Effects of OA on Scr (D) and BUN (E) of mice in (A) (n = 8). The mRNA levels of Kim-1 (F) and Ngal (G) were analyzed by qPCR (n = 8). (H) The expressions of Bcl-2 and Bax in kidney tissues from mice in (A) were analyzed by Western blot (n = 3). Data are expressed as means ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001.
Oroxylin A attenuates hypoxia-reoxygenation-Mediated mitochondrial homeostasis imbalance in vitro
Subsequently, we analyzed the kidney tissues by TEM observation, and found that mitochondrial morphological damage, including mitochondrial swelling and vacuolation with disorganized or fragmented cristae, and the accumulation of lipid droplets in AKI mice were significantly improved after OA treatment (Figure 2A). Meanwhile, the decreased expressions of mitochondrial oxidative phosphorylation (OXPHO)-related genes (synthase H+ transporting mitochondrial F1 complex alpha subunit 1, Atp5a1; NADH ubiquinone oxidoreductase alpha subunit, Ndufa; NADH ubiquinone oxidoreductase flavoprotein, Ndufv and Cytochrome c, Cytc) and fatty acid oxidation (FAO)-related genes (Carnitine palmityl transferase 1b, Cpt1b; Long Chain Acyl Coenzyme A Synthetase 1, ACSL-1; O-octanoyltransferase, CROT; Acyl Coenzyme A Dehydrogenase Medium chain, ACADM) and lipid deposition in AKI mice were also restored by OA (Supplementary Figures 2A–C). Further, CCK-8 assays demonstrated that OA did not inhibit the viability of HK-2 cells, when its concentration was less than 100 μM (Figure 2B). To verify the effect of OA in vitro, HK-2 cells were incubated with OA (10 μM) after HR treatment. It was found that OA could alleviate mitochondrial damage, as evidenced by reducing apoptosis and ROS production, as well as restoring mitochondrial membrane potential, ATP level and the expression levels of OXPHO- and FAO-related gene (Figures 2C–I). Further, OA attenuated HR-mediated disorder of mitochondrial biogenesis, as evidenced by downregulated transcription factor A, mitochondrial (TFAM) expression and reduced mtDNA copy number (Figures 2J,K). These findings reveal that OA improves HR-induced mitochondrial morphological and functional damage.
[image: Figure 2]FIGURE 2 | OA ameliorates hypoxia-reoxygenation (HR)-mediated mitochondrial homeostasis imbalance in vitro. (A) Representative TEM images of kidney tissues from sham and AKI mice treated with control or OA (20 mg/kg) for 24 h. Scale bar, 1 μm. (B) Cell viability of HK-2 cells incubated with indicated concentrations of OA for 48 h was determined using CCK-8. (C–I) HK-2 cells under HR exposure were treated with control or OA (10 μM), then the mitochondrial membrane potential (C), apoptosis (D,E), ROS (F), ATP (G), the expressions of Atp5a1, Ndufa, ACADM and ACSL-1 (H,I) were analyzed (n = 3). (J,K) HK-2 cells under HR exposure were treated with control or OA (10 μM), the expression of TFAM (J) and relative mitochondrial DNA copy number (K) were analyzed by qPCR (n = 3). Data are expressed as means ± SEM. ns: no significance. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
Oroxylin A ameliorates mitochondrial homeostasis via upregulating BNIP3 expression
Since recent studies reported that BNIP3 was essential for mitochondrial quality control and bioenergetics (Choi et al., 2016), we evaluated its role in OA-mediated effects. We found that OA dose-dependently induced BNIP3 expression at both transcriptional and translational level (Figures 3A,B). Simultaneously, BNIP3 expression was further enhanced in both OA-treated cells exposed to HR and kidney tissues from AKI mice (Figures 3C–F).
[image: Figure 3]FIGURE 3 | OA enhances BNIP3 expression in vitro and in vivo. (A,B) qPCR (A) and Western blot (B) analysis of the expression of BNIP3 in HK-2 cells treated with OA for 24 h (n = 3). (C,D) The mRNA and protein expression of BNIP3 in HK-2 cells exposed to HR followed by incubation with control or OA were analyzed by qPCR (C) and Western blot (D) (n = 3). (E,F) qPCR (E, n = 8) and Western blot (F, n = 3) analysis of the expression of BNIP3 in kidney tissues from sham and AKI mice treated with control or OA. Data are expressed as means ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001.
To verify whether OA maintains mitochondrial homeostasis by inducing BNIP3 expression, we first transfected siRNAs against BNIP3 (siBNIP3) into HK-2 cells, and then treated the cells with HR model (Figures 4A,B). We found that OA cannot improve mitochondrial injury when BNIP3 was silenced, as evidenced by increased ROS production and apoptosis, decreased ATP levels, and downregulated expressions of OXPHO-related gene Atp5a1 and FAO-related gene ACADM (Figures 4C–I). As BNIP3 is well known for mitophagy induction that can protect against AKI (Fu et al., 2020), we also investigated the role of mitophagy after OA treatment. We treated HK-2 cells exposed to normoxia or HR injury with control or OA. However, the Western blot assay and immunofluorescence observations showed that OA neither induced mitophagy under normoxia conditions nor aggravated HR-mediated mitophagy (Supplementary Figures 3A–C). Further, OA could not regulate mitophagy in AKI mice either (Supplementary Figure 3D). These results collectively indicate that OA maintains mitochondrial homeostasis through inducing the expression of BNIP3 without regulating mitophagy in renal tubular epithelial cells.
[image: Figure 4]FIGURE 4 | OA improves mitochondrial homeostasis imbalance through inducing BNIP3 expression. (A–I) After 24 h transfection with siBNIP3, HK-2 cells were exposed to HR and treated with control or OA. The protein expression level of BNIP3 (A), the levels of BNIP3 mRNA (B), ROS (C), apoptosis (D–F), ATP (G), the expression levels of OXPHO-related gene (H) and FAO-related gene (I) were detected (n = 3). Data are expressed as means ± SEM. ∗P < 0.05, ∗∗∗P < 0.001.
Transcription factor PPARα induces BNIP3 expression via directly binding to its promoter region
To investigate the upstream transcription factors of BNIP3, JASPAR, Genecard and SwissTarget prediction (network pharmacology analysis) were used, which predicted three potential transcription factors, including PPARα, signal transducer and transcription 3 (STAT3) and hypoxia-inducible factor 1 activator of subunit alpha (HIF-1α) (Figure 5A). After screening, we found that only the expression of PPARα was restored by OA in HK-2 cells exposed to HR and kidney tissues from AKI mice (Figures 5B–D). The expressions of PPARα and BNIP3 were also enhanced by a PPARα agonist, WY14163 (Figure 5E). Further, ChIP assay demonstrated that PPARα could induce BNIP3 transcription via directly binding to its promoter region (Figures 5F,G).
[image: Figure 5]FIGURE 5 | Transcription factor PPARα induces BNIP3 expression via directly binding to its promoter region. (A) JASPAR, Genecard and SwissTarget (network pharmacology analysis) were employed to predict the upstream transcription factors of BNIP3, and three potential transcription factors were obtained, including PPARα, STAT3 and HIF-1α. (B) Expression of PPARα, STAT3, and HIF-1α in HK-2 cells incubated with control or OA after HR treatment (n = 3). (C,D) Expression of PPARα in kidney tissue from sham and AKI mice treated with control or OA (n = 3–8). (E) Expressions of PPARα and BNIP3 in HK-2 cells treated with Control or PPARα agonist (n = 3). (F,G) The binding ability of PPARα to BNIP3 promoter region was assayed by ChIP (n = 3). Data are expressed as means ± SEM. ns: no significance. ∗∗P < 0.01, ∗∗∗P < 0.001.
Oroxylin A restores mitochondrial homeostasis by enhancing PPARα-BNIP3 signaling pathway
To further verify the role of PPARα, we treated HK-2 cells under normal or HR injury with OA in combined with or without GW6471, a PPARα antagonist. We found that OA cannot upregulate the expressions of PPARα and BNIP3 after the co-incubation with GW6471 (Figure 6A). Meanwhile, OA did not alleviate mitochondrial damage when PPARα expression was inhibited, as evidenced by elevated ROS production and apoptosis, repressed mitochondrial membrane potential and ATP levels, and suppressed expressions of Atp5a1 and ACADM (Figures 6B–H). These results collectively suggest that OA restores mitochondrial homeostasis through enhancing PPARα-BNIP3 signaling pathway.
[image: Figure 6]FIGURE 6 | OA alleviates mitochondrial homeostasis imbalance by enhancing PPARα-BNIP3 signaling pathway. (A–H) HK-2 cells were treated with OA and control or GW6471 (PPARα antagonist) under normal or HR injury conditions, and then the levels of PPARα and BNIP3 expressions (A), ROS (B), apoptosis (C,D), mitochondrial membrane potential (E), ATP (F), OXPHO-related (G) and FAO-related gene expressions (H) were determined (n = 3). Data are expressed as means ± SEM. ∗∗P < 0.01, ∗∗∗P < 0.001.
PPARα inhibition reversed the protective effect of Oroxylin A in acute kidney injury mice
To analyze the in vivo effect of PPARα, OA-treated AKI mice were injected with control or GW6471. HE staining exhibited that OA did not ameliorate renal tubular injury in AKI mice, when PPARα expression was inhibited (Figures 7A,B). Consistent with the histological findings, OA could not restore the serum levels of in Scr, BUN, the expressions of kidney injury markers (Kim-1 and Ngal), apoptosis-related genes (Bax and Bcl-2), OXPHO-related genes (Atp5a1 and Ndufa) and FAO-related genes (ACSL-1 and ACADM), or BNIP3 in AKI mice (Figures 7C–J).
[image: Figure 7]FIGURE 7 | PPARα inhibition reversed the protective effect of OA in AKI mice. (A) OA-treated Sham and AKI mice were injected with control or PPARα antagonist. Representative HE staining images of kidney sections from sham and AKI mice treated with control or OA in combination with or without PPARα antagonist. Scale bars, 1.25 mm (top) and 50 μm (bottom). (B) Quantitative assessment of tubular damage (n = 8). Effects of OA on serum Scr (C) and BUN (D) (n = 8). mRNA levels of Kim-1 (E) and Ngal (F) by qPCR (n = 8). (G) The expressions of Bcl-2 and Bax in kidney tissues were analyzed by Western blot analysis (n = 3). (H,I) The expression levels of OXPHO-related gene (H) and FAO-related gene (I) (n = 8) were detected by qPCR. (J) The expression levels of PPARα and BNIP3 in kidney tissues were measured by Western blot (n = 3). Data are expressed as means ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
Oroxylin A improves the transition of acute kidney injury-to-chronic kidney disease in vivo
To further confirm the role of OA, AKI-to-CKD transition mouse model was constructed. HE and Masson staining showed that tubulointerstitial injury and fibrosis were significantly improved after OA treatment (Figures 8A,B). Besides, we also found that the expressions of fibrosis markers, including fibronectin and α-smooth muscle actin (α-SMA), were markedly decreased by OA in the kidney tissues from IRI mice (Figure 8C). These findings reveal that OA could ameliorate the progression of AKI to CKD.
[image: Figure 8]FIGURE 8 | OA attenuates the transition of AKI-to-CKD. A 35-min bilateral IRI-induced AKI-to-CKD mouse model was constructed, which was intravenously injected with control or OA (20 mg/kg). Mice were euthanized 2 weeks later. (A) Representative images of HE staining. Scale bars, 1.25 mm (top) and 50 μm (bottom). (B) Representative images of Masson staining. Scale bar, 50 μm. (C) Western blot analysis of the expressions of fibrosis markers (Fibronectin and α-SMA) in the kidney tissues (n = 3). Data are expressed as means ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
DISCUSSION
AKI remains a difficult clinically critical disease, with high morbidity and mortality (Bellomo et al., 2012; Levey and James, 2017; Ronco et al., 2019). Although significant progression has been made in the pathogenesis, there is still no drugs applicable for curing AKI in clinical practice (Hong et al., 2021; Kim et al., 2021), which highlights the urgent necessity to develop novel therapeutic strategies for AKI.
Although emerging studies support the beneficial role of OA in the pathogenesis of LPS-mediated acute injury of liver and lung (Tseng et al., 2012; Huang et al., 2015), the therapeutic role of OA in ischemic AKI is unclear. This study has identified the ability of OA in ameliorating AKI and delaying its transition to CKD. It was found that OA alleviated IRI and Cisplatin-induced renal tubular damage. In addition, at 14 days post-35 min bilateral renal IRI, mouse kidneys developed fibrosis and progressively progressed to CKD, which was prevented by the administration of OA. Further, OA significantly ameliorated HR-mediated mitochondrial injury via inducing PPARα-BNIP3 signaling pathway, which may shed new light on the treatment of AKI and its progression to CKD.
The kidney is a human organ with the second highest mitochondrial abundance, which plays a vital role in maintaining kidney health (Wang et al., 2020). Increasing evidence demonstrated mitochondrial injury as a crucial cause of kidney diseases (Huang et al., 2020a; Huang et al., 2020b; Scholz et al., 2021), while maintaining mitochondrial homeostasis may improve kidney injury (Szeto et al., 2016; Bhargava and Schnellmann, 2017). In this study, we found that OA alleviated mitochondrial damage through inducing the expression of BNIP3. BNIP3 is localized in the mitochondrial outer membrane, playing a vital role in mitochondrial quality control (Chourasia et al., 2015; Lee et al., 2017; Tang et al., 2019; Fu et al., 2020). Recent studies have reported that the loss of BNIP3 aggravated IR-induced AKI, while overexpression of BNIP3 not only reversed the reduction of mitophagy, but also alleviated renal injury, indicating that BNIP3-mediated mitophagy plays a protective role in AKI (Tang et al., 2019; Fu et al., 2020). However, in the present study, we found that OA attenuated AKI without regulating mitophagy in the kidney, which coincided with other reports that mitophagy can also be induced independent of BNIP3 (Choi et al., 2016, Yuan and Pan, 2018). In addition, BNIP3 ensured mitochondrial quality and integrity via regulating FAO in the liver (Glick et al., 2012; Choi et al., 2016), reflecting a new role of BNIP3 in mitochondrial quality control. We demonstrated that OA attenuated HR-mediated mitochondrial injury, including mitochondrial energy metabolism remodeling, through upregulating BNIP3 expression in renal tubular epithelial cells. In-depth in vivo studies using kidney-specific BNIP3 knockout mice may help validate the in vitro findings and overcome this limitation. Despite of this, our results together with previous reports collectively suggest that therapeutic approaches targeting BNIP3-mediated mitochondrial homeostasis may develop as a promising strategy for the treatment of AKI.
Further network pharmacological analysis, transcription factor prediction and experimental validations suggested that OA enhanced BNIP3 expression via upregulating the expression of PPARα, which induced BNIP3 transcription via directly binding to its promoter region. PPARα is a subtype of ligand-activated transcription factor, which has been shown mainly distributed in tissues with a high FAO, such as kidney and brown fat (Pawlak et al., 2015). PPARα plays a crucial role in lipid metabolism by regulating various target genes involved in FAO and lipoprotein metabolism (Nan et al., 2014; Pawlak et al., 2015; Yu et al., 2015). 90% of the ATP required by proximal tubule cells in the renal cortex is produced by mitochondrial FAO (Console et al., 2020), which is an essential part of mitochondrial energy metabolism. As reported, FAO decreases during hypoxia, exhibiting the same phenotype as renal fibrosis, which gradually leads to CKD and ESRD (Console et al., 2020). In this study, we observed that PPARα expression was significantly upregulated in OA-treated cells under HR conditions and in kidney tissues from AKI mice. Of note, when PPARα expression was inhibited, OA could neither ameliorate HR-induced mitochondrial homeostasis imbalance in vitro, nor IRI-mediated AKI in vivo, further supporting the regulatory effect of OA on PPARα. Therefore, OA-induced PPARα-BNIP3 axis-mediated mitochondrial homeostasis may serve as a novel target for AKI treatment.
As reported, OA possesses multi-pharmacological activities not only restricted in anti-tumor effects, but also in anti-inflammation and neuro-protection (Lu et al., 2016). In carcinoma, OA could increase ROS level, induce apoptosis, suppress angiogenesis and enhance mitochondrial dysfunction via inactivating sirtuin 1 (SIRT1)-forkhead box O3 (FOXO3)-BNIP3 axis (Lu et al., 2016; Yao et al., 2021). However, in normal tissues, OA plays a protective effect through inhibiting mitochondrial ROS, repressing inflammatory response, and promoting angiogenesis (Lu et al., 2016; Kai et al., 2020; Zhang et al., 2021). Recently, a literature review compared the inconsistent roles of OA in tumors and normal tissues, and found the high selectivity of OA due to the unfolded protein response and protein kinase B pathway, since OA (100–200 μM) selectively killed many more hepatocellular carcinoma cells (HepG2) than normal hepatocytes (L02) (Mu et al., 2009; Xu et al., 2012; Lu et al., 2016). Further, the concentrations of OA used in tumor treatment were mainly 40–200 μM (Lu et al., 2016), while the therapeutic dose of OA was 10 μM in the present study. As shown in Figure 2B, OA could not inhibit the viability of HK-2 cells, when its concentration was less than 100 μM. Therefore, the different roles and underlying mechanisms of OA may be attributed to tissue specificity and various dosages, and low doses of OA may improve tumor progression while protecting normal cells.
CONCLUSION
The present study demonstrated the therapeutic effect of OA, the main active component of a traditional Chinese medicine SB, on AKI and its progression to CKD. Mechanistically, OA significantly improved HR-induced mitochondrial injury via enhancing PPARα-BNIP3 signaling pathway. Therefore, therapeutic approaches using OA or targeting PPARα-BNIP3 axis to modulate mitochondrial homeostasis may provide novel strategies for the treatment of AKI-to-CKD transition.
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Diabetic kidney disease (DKD) is one of the most common microvascular complications of diabetes mellitus. However, the pathological mechanisms contributing to DKD are multifactorial and poorly understood. Diabetes is characterized by metabolic disorders that can bring about a series of changes in energy metabolism. As the most energy-consuming organs secondary only to the heart, the kidneys must maintain energy homeostasis. Aberrations in energy metabolism can lead to cellular dysfunction or even death. Metabolic reprogramming, a shift from mitochondrial oxidative phosphorylation to glycolysis and its side branches, is thought to play a critical role in the development and progression of DKD. This review focuses on the current knowledge about metabolic reprogramming and the role it plays in DKD development. The underlying etiologies, pathological damages in the involved cells, and potential molecular regulators of metabolic alterations are also discussed. Understanding the role of metabolic reprogramming in DKD may provide novel therapeutic approaches to delay its progression to end-stage renal disease.
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INTRODUCTION
Diabetic kidney disease (DKD) is the dominant cause of end-stage renal disease (ESRD) worldwide (Alicic et al., 2017). As the incidence and prevalence of DKD have surged significantly in consistence with the global epidemic of diabetes, it has placed large burdens on the society and the families of affected patients (Tuttle et al., 2014). Therefore, slowing the rate of progression of DKD is obviously of great importance. However, few therapies have been shown to be particularly effective. The pathological mechanisms contributing to the development of DKD are complex, with multiple factors involved. Notably, diabetes mellitus is characterized by metabolic abnormalities, such as hyperglycemia and hyperlipemia, which cause deleterious effects on the kidneys. However, strict blood glucose control has not led to positive clinical outcomes (Group, 2003; Zhang et al., 2003), nor has the available clinical management of hyperlipidemia (Haynes et al., 2014). To find effective therapies, deeper investigations into other mechanisms mediating the influence of metabolic disorders on kidney damage are needed.
The kidneys are high-energy-consuming organs (Wang et al., 2010). They require a large amount of energy to remove waste from the blood, reabsorb nutrients, balance electrolytes and fluids, maintain acid–base homeostasis, and regulate blood pressure (Bhargava and Schnellmann, 2017). Therefore, a normal and balanced energy metabolism system is particularly important for maintaining the specific structure and physiological function of kidneys (Chen et al., 2016). The metabolic process shows plasticity and can change in accordance with environmental changes. Metabolic reprogramming, also known as the “Warburg effect”, was first observed by Warburg in 1958; he found that tumor cells can synthesize adenosine-5′-triphosphate (ATP) through glycolysis even under well-oxygenated conditions (Warburg et al., 1927). In recent decades, technological advances have enabled a better understanding of energy metabolism. An increasing number of studies have confirmed the crucial role played by metabolic reprogramming in the development of chronic kidney diseases, such as renal fibrosis and autosomal dominant polycystic kidney disease (AKDKD) (Pagliarini and Podrini, 2021; Zhu et al., 2021). Recently, the metabolic alterations that drive the change from mitochondrial oxidative phosphorylation (OXPHOS) to glycolysis and its principal branches have attracted increasing interest with respect to delineating DKD mechanisms (Laustsen et al., 2013). In this review, we summarize the potential mechanism of diabetes-induced metabolic reprogramming, provide insights into the roles they play in the pathogenesis of renal cell damage, identify potential biomarkers, and discuss promising therapeutic strategies targeting metabolic reprogramming that prevent or halt renal injury in diabetes.
MECHANISM OF METABOLIC REPROGRAMMING IN DIABETIC KIDNEY DISEASE
Glycolysis and mitochondrial oxidative phosphorylation are two main pathways of energy generation in cells. In glycolysis, one molecule of glucose is reduced to pyruvate in the cytoplasm, generating two molecules of ATP. The substrates for mitochondrial oxidative phosphorylation are more diverse than those involved in glycolysis. Pyruvate generated by glycolysis can be further shuttled into the tricarboxylic acid (TCA) cycle for OXPHOS in mitochondria, which produces an additional 36 molecules of ATP in the presence of oxygen. Free fatty acid utilization depends mainly on mitochondria, with 106 molecules of ATP generated through the complete oxidation of one molecule of palmitate. Glutamine can also be used to fuel OXPHOS in certain cells. Notably, glucose can be metabolized via side branches of glycolysis, including the advanced glycation end-product pathway, sorbitol/polyol pathway, diacylglycerol protein kinase C pathway, and hexosamine pathway, but no ATP is generated through these pathways, and ion flux under basal conditions is low (Figure 1).
[image: Figure 1]FIGURE 1 | Process of energy metabolism in cells.
Compared with glycolysis, OXPHOS is obviously more efficient for ATP generation; therefore, under normal circumstances, OXPHOS is the main source of ATP-based energy in the kidney, with a small amount deriving from glycolysis (Abe et al., 2010; Ahmad et al., 2021). However, the ATP production rate of the glycolytic pathway can be 10–100-fold faster than that of OXPHOS, and it has tremendous potential to be further enhanced in response to pathological conditions (Shiraishi et al., 2015). Diabetes, characterized by altered cellular metabolism, is thought to drive metabolic switching from oxidative phosphorylation to glycolysis or its side branches in renal cells. Although the underlying mechanisms are not fully understood, several potential etiologies leading to this process have been implicated.
Mitochondria dysfunction
Mitochondria are double-membraned organelles that provide sites for cellular respiration and oxygen-consuming ATP production via OXPHOS. The oxidative power of mitochondria depends on substrate utilization through a series of enzymes. ATP synthase, located on the inner membrane of mitochondria, catalyzes the phosphorylation of adenosine diphosphate (ADP) to ATP. The phosphorylation process is powered by a proton-motive force formed by the action of three respiratory chain complexes named CI, CIII, and CIV, which pump protons from the inner matrix of the mitochondria into the intermembrane space. In addition to forming an efficient coupling between electron transmission and ATP generation, respiratory chain complexes provide electrons to O2, which generate H2O. Electrons in the respiratory chain are available through the action of the reducing equivalents nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), which are mainly generated through a sequence of enzymatically catalyzed reactions in the matrix of the mitochondria known as the tricarboxylic acid (TCA) cycle.
Recently, Sas et al. (Sas et al., 2016) found that although metabolic flux mediated through the TCA cycle was increased in the diabetic kidney cortex, neither oxygen consumption nor ATP production was increased. A metabolic switch to anaerobic glycolysis to produce energy was identified when the mitochondrial function was suppressed (Abe et al., 2010; Brinkkoetter et al., 2019), suggesting that mitochondrial dysfunction in diabetes may lead to metabolic alteration. Mitochondria are susceptible to a variety of genetic and environmental insults. In fact, mitochondrial dysfunction in DKD has been revealed through many studies, which have shown induction of mitochondrial DNA (mtDNA) mutations and deletions (reduced mtDNA stability) (Czajka et al., 2015), decreased expression of electron transport chain (ETC) complex genes and mitochondrial biogenesis (Dugan et al., 2013), a defective mitochondrial fusion–fission process, and mitophagy disorders (Higgins and Coughlan, 2014; Dai et al., 2021; Zhang et al., 2021). An increase in the uncoupling of the respiratory chain may lead to diminished ATP synthesis in diabetic mitochondria (Friederich et al., 2008). In addition, sustained hyperglycemia further induces an abnormally high proton gradient across the inner mitochondrial membrane, leading to excessive reactive oxygen species (ROS) or reactive nitrogen species (RNS) production (Friederich et al., 2008), which results in a vicious cycle by promoting mitochondrial dysfunction (Brady et al., 2006; Zorov et al., 2006, 2014; Venditti and Di Meo, 2020). Moreover, the excessive metabolic byproduct was caused by the decreased activities of mitochondria in diabetes, such as citrate succinate, fumarate, and malate, and the accumulation of these byproducts is toxic to mitochondria by inhibiting ATP synthase (Fu X. et al., 2015) or decreasing the mitochondrial membrane potential (Karlstaedt et al., 2016).
Increased glycolytic flux
The diabetic milieu is characterized by excessive energetic substrates, including glucose, which is taken up by renal cells via glucose transporters (Elsas and Longo, 1992). Hyperglycemia enhances glucose transportation from extracellular to intracellular compartments by upregulating the expression of glucose transporters (GLUTs) or sodium–glucose cotransporters (SGLTs) (Heilig et al., 1997). Glomerular cells take up most of the excessive glucose by overexpressing transporter isoforms of GLUT1 (Weigert et al., 2003; Moutzouris et al., 2007). Mechanical stress resulting from glomerular hypertension has been shown to be another contributor to increased glycolytic flux (Lewko et al., 2005). In proximal tubule cells, SGLT2 reabsorbs glomerular-filtered glucose from the lumen of the proximal tubules on the apical side. However, despite exposure to elevated intracellular glucose, this reabsorbed glucose is not consumed during ATP production in proximal tubules under normal conditions but diffuses into the interstitial space through GLUT2 on the basolateral side and is then transported back into the bloodstream (Mather and Pollock, 2011). Therefore, in addition to elevated glucose intake, the expression of glycolytic enzymes is upregulated to enhance glucose decomposition under high-glucose (HG) conditions (Jiang et al., 2019). Recent work by Sas et al. (Sas et al., 2016) demonstrated significantly increased levels of several important glycolytic enzyme transcripts, including hexokinase, phosphofructokinase, and pyruvate kinase, in the diabetic kidney, and the protein products of these transcripts catalyze three irreversible reactions in glycolysis. However, the unchanged expression of TCA cycle pathway-related genes was observed in the study. For example, the pyruvate dehydrogenase multienzyme complex (PDC), a key regulator linking glycolysis to the TCA cycle by catalyzing pyruvate to acetyl-coenzyme A (CoA) irreversibly in mitochondria, was shown to be hyperphosphorylated and inhibited, leading to diabetic kidney injury in the presence of consistent hyperglycemia (Jeoung et al., 2006; Rardin et al., 2009; Dugan et al., 2013; Dlamini et al., 2015). Hence, more pyruvate undergoes anaerobic fermentation to lactate in a compensatory process.
When glycolytic lactic acid reaches the saturation points, some of the excess glycolytic intermediate metabolites are shunted down its side branches (Buse, 2006). For example, the polyol pathway was shown to metabolize as much as 33% of this glucose when hexokinase abundance reached the saturation level in hyperglycemia. Overproduced ROS/RNS were recognized as important factors that divert glycolytic flux from ATP generation toward the formation of advanced glycation end products (AGEs), sorbitol, fructose diacylglycerol, and UDP-N-acetylglucosamine (UDP-GlcNAc) (Chung et al., 2003). As important nonmitochondrial sources of ROS/RNS, activated subpathways further enhance the generation of reactive oxygen free radical species (Singh et al., 2022).
Chronic kidney hypoxia
Diabetes has previously been shown to induce “pseudohypoxia”, which refers to a state with increased lactate formation regardless of subsequent exposure to normoxic oxygen levels (Williamson et al., 1993). Later, studies confirmed the presence of intrarenal hypoxia in both cortical and medullary regions of diabetic kidneys, with significantly reduced oxygen tension (Palm et al., 2004; Rosenberger et al., 2008; Laustsen et al., 2014; Valdés et al., 2021). Importantly, a decreased level of renal oxygenation was also found in patients with diabetes (Yin et al., 2012). Hypoxia is the result of a mismatch between oxygen delivery and oxygen demand. Specifically, in models of early diabetic kidney involvement, higher levels of renal blood perfusion and glomerular filtration rates render “primarily ischemic” damage unlikely. Therefore, chronic hypoxia in early diabetic kidneys is mainly related to augmented oxygen consumption rather than impaired oxygen delivery or blood flow (Blantz, 2014). The enhanced tubular reabsorption and increased mitochondrial uncoupling can partially explain the increase in oxygen utilization (Körner et al., 1994; Palm et al., 2003; Friederich et al., 2008). In addition, oxygen diffusion distances increase as the extracellular matrix accumulates between blood vessels and adjacent cells over time (Fine and Norman, 2008).
Hypoxia is an established driver of the metabolic switch from mitochondrial oxidative phosphorylation to anaerobic fermentation, which was first observed by Pasteur in the late 19th century (Nelson and Cox, 2005). The metabolic reprogramming process seems to involve cell-autonomous adaptation that maintains ATP levels in response to oxygen deficiency under hypoxic conditions (Chen et al., 2017). Studies showed increased pyruvate-to-lactate production concomitant with unaltered oxidative phosphorylation and activation of the poly pathway in streptozotocin-induced diabetic kidneys when there is sufficient oxygen (Palm et al., 2004; Laustsen et al., 2013). Later, an experiment performed by Laustsen et al. further demonstrated an increased sensitivity of early diabetic kidneys to reduced oxygen availability and acquisition of a phenotype consistent with Warburg metabolism (Laustsen et al., 2014).
PATHOLOGICAL DAMAGE INDUCED BY METABOLIC REPROGRAMMING OF DIFFERENT CELLS IN DKD
DKD is associated with structural changes that manifest as mesangial expansion, podocyte loss, tubular atrophy, and interstitial inflammation, which result in glomerulosclerosis and tubular interstitial fibrosis. Proximal tubular epithelial cells, with high-energy demands to enable constant reabsorption of nutrients, carry abundant mitochondria that rely mostly on fatty acid (FA) oxidation for energy at the baseline and undergo little glycolysis (Marks et al., 2003; Cargill and Sims-Lucas, 2020). In contrast, glomerular cells, including podocytes, mesangial cells, and glomerular endothelial cells, depend mainly on glucose for fuel (Abe et al., 2010; Bhargava and Schnellmann, 2017; Harzandi et al., 2021). In addition to resident renal cells, metabolic reprogramming can characterize immune cells, such as macrophages, which are closely related to kidney injury in diabetes. As discussed below, metabolic reprogramming in diabetes can induce multiple types of damage, including lipid accumulation, metabolite toxicity, ROS activation, and inflammation. With specific bioenergetic properties, cellular activation states vary between cell types, which contribute to specific pathological changes in the development of DKD (Figure 2).
[image: Figure 2]FIGURE 2 | Pathological damage induced by metabolic reprogramming of different cells during development of DKD.
Tubular epithelial cells
Tubulointerstitial fibrosis is recognized as the common pathway of chronic kidney disease progression to ESRD. Healthy renal tubular epithelial cells require high levels of baseline energy; however, the capillaries around renal tubules are relatively sparse compared with those near glomerular cells, limiting the oxygen supply to renal tubules (Li S. et al., 2021). Therefore, renal tubule epithelial cells are more vulnerable to metabolic abnormities under diabetic conditions. Under normal conditions, extracellular FAs are transported into cells mainly via several FA transporters, among which cluster of differentiation 36 (CD36) (Pepino et al., 2014; Glatz and Luiken, 2018) and fatty acid-binding proteins (FABPs) are two important transporters. CD36, a transmembrane protein belonging to the class B scavenger receptor family, is the major receptor mediating the binding and uptake of FAs in proximal tubular epithelial cells (Yang et al., 2017). FABPs constitute a family of intracellular proteins that function in long-chain fatty acid (LCFA) uptake, metabolism, and intracellular transport in the cytoplasm. With 15 members discovered to date, FABP1 is expressed in epithelial tubular cells (Atshaves et al., 2010; Wang H. et al., 2021). After entering cells, LCFAs can be converted into LCFA-CoAs under the catalysis of acyl-CoA synthetase (ACS). Through FABP1 and carnitine shuttles, involving carnitine palmitoyltransferase-1 (CPT1) and CPT2 on the mitochondrial membrane, LCFAs and LCFA-CoAs are transported into the mitochondrial matrix for β-oxidation, which provides the TCA cycle with acetyl-CoA (Marks et al., 2003). Excessive acetyl-CoA can be transported out of mitochondria via carnitine acetyltransferase (CACT), which resynthesizes new FAs (Chen et al., 2019; Thongnak et al., 2020). Unconsumed FAs are converted to triglycerides and then into lipid droplets through two sequential reactions catalyzed by lipin-1 (LPIN1) and perlipin-2 (PLIN2) (Donkor et al., 2009). Recently, metabolic reprogramming in proximal tubular epithelial cells was demonstrated in both human and animal models (Czajka and Malik, 2016; Srivastava et al., 2018; Cai et al., 2020). On one hand, alterations in fuel-source preferences, from FAs to glucose, lead to impaired FA oxidation (FAO) in proximal tubular epithelial cells in the context of diabetes or sustained hyperglycemia. With the increased uptake of intracellular FAs (Su et al., 2017; Puchałowicz and Rać, 2020), excessive lipid droplets accumulate inside proximal tubular epithelial cells (Herman-Edelstein et al., 2014), which triggers further lipotoxicity by inducing inflammation, oxidative stress, endoplasmic reticulum stress, and so on and ultimately leads to cell apoptosis and renal fibrosis (Wang H. et al., 2021). On the other hand, many studies showed that the elevated expression of glycolytic enzymes and enhanced glycolysis in diabetes further induce epithelial–mesenchymal transition (EMT) and exacerbate renal fibrosis (Storch and Corsico, 2008); (Yin et al., 2018; Li et al., 2020a) In addition, several metabolites accumulate in the TCA cycle due to decreased mitochondrial mechanisms; one of these metabolites, fumarate, was shown to play a negative role in the mesenchymal activation (Sciacovelli et al., 2016)and cell death (Laustsen et al., 2020)of tubular epithelial cells in diabetic kidneys (You et al., 2016; Miura et al., 2019).
Podocytes
Podocytes are highly specialized cells with complex structures known as interdigitating foot processes, slit diaphragms, and focal adhesion complexes, contributing to the formation of a glomerular filtration barrier. To sustain the complex cellular morphology as well as their normal function, podocytes rely on a constant energy supply involving both mitochondrial oxidative phosphorylation and glycolysis (Imasawa and Rossignol, 2013). The podocyte bioenergetic status seems to be dependent on their stage of differentiation. For example, aerobic glycolysis has been shown to be the main source of energy before differentiation, and OXPHOS is predominant during and after differentiation, with concomitant stimulation of mitochondrial biogenesis and functions (Imasawa et al., 2017; Yuan et al., 2020). In differentiated podocytes, metabolism switches to anaerobic glycolysis when the mitochondrial function is suppressed (Abe et al., 2010; Brinkkoetter et al., 2019). However, despite the significant decrease in mitochondrial oxidative phosphorylation as a result of PPARγ coactivator-1α (PGC-1α) and mitochondrial transcription factor A (TFAM) activity knockdown, no changes were found in urinary albumin excretion or glomerular morphology (Brinkkoetter et al., 2019). Therefore, the compensatory increase in glycolysis is thought to provide sufficient energy to meet podocyte needs under normal conditions; however, in the setting of cell stress such as hyperglycemia, the compensatory mechanism may not meet cellular needs. Metabolic reprogramming in HG-exposed human podocytes was shown to shift during a dedifferentiation process with decreased expression of functional proteins, such as podocin (Imasawa et al., 2017), leading to podocyte injury (Saleem et al., 2002). Further studies showed that inhibiting pyruvate from glycolysis to the TCA cycle in diabetic mice led to substantial podocyte damage, manifesting as a decrease in the number of cells and a reduction of synaptopodin (Qi W. et al., 2017; Li et al., 2020b). The increased flux to side branches of glycolysis is another mechanism of podocyte damage in metabolic reprogramming, instead of generating pyruvate, glucose enters side branches to produce toxic metabolites, such as sorbitol, methylglyoxal, and diacylglycerol, contributing to podocyte apoptosis (Qi et al., 2018). In addition, lipotoxicity in podocytes due to decreased metabolism has recently attracted attention (Audzeyenka et al., 2022). For example, fructose was shown to drive mitochondrial metabolic reprogramming in differentiated podocytes, resulting in lipid accumulation and cell injury (Fang et al., 2021).
Mesangial cells
Glomerular mesangial cells (MCs) are specialized pericytes located around the glomerular capillaries within the renal corpuscle, and they synthesize the mesangial matrix and regulate glomerular hemodynamics via cell contraction and release various cytokines (Ebefors et al., 2021).Mesangial cell proliferation is stimulated in the early stage of DKD; subsequently, the growth of the cells is arrested, and they undergo hypertrophy and apoptosis (Khera et al., 2006; Tsai et al., 2020; Chen et al., 2022), contributing to glomerular sclerosis and a decline in the glomerular filtration rate. MCs exhibited higher basal respiration rates and reserved energy-production capacity, possibly making them more resistant to hyperglycemia. Their mitochondrial respiration was unaltered under hyperglycemic conditions for a short time. However, exposure to sustained hyperglycemia did not enhance glycolysis in MCs despite compromised mitochondrial respiration, in contrast to the effect on proximal tubular epithelial cells. Chronic hyperglycemia caused MCs to lose metabolic switching flexibility in response to an acutely high glucose load causing bioenergetic deficits in these cells (Czajka and Malik, 2016). An earlier study by Asano et al. (Asano et al., 2000) may have explained this phenomenon by showing that excessive glucose entered the sorbitol pathway, not the glycolytic pathway, in hyperglycemia, resulting in the accumulation of sorbitol and fructose in MCs. As a result, mesangial cells lost their contractile responsiveness and proliferative capacity (Derylo et al., 1998). Notably, a recent study by Xu et al. (Xu et al., 2021) revealed that glucose fluctuation, which refers to intermittent hyperglycemia, intensified aerobic glycolysis and suppressed OXPHOS in MCs, and suppressing the aerobic glycolytic switch improved cell viability, relieved inflammatory injury, and decreased the apoptosis rate.
Endothelial cells
Glomerular endothelial cells (GECs), which reside within the glomerular capillary and are facilitated by fenestrae and a luminal glycocalyx layer, contribute to the formation of the glomerular filtration barrier (Haraldsson and Nyström, 2012). GEC dysfunction was recently intensively studied and was found to be a key perpetrator in the initiation and development of DKD (Fu J. et al., 2015; Shi and Vanhoutte, 2017; Maestroni and Zerbini, 2018). In contrast to other renal cells, endothelial cells primarily rely on glycolysis, not mitochondrial oxidative phosphorylation, for ATP production despite access to oxygen (Eelen et al., 2018). However, mitochondrial respiration still plays an important role in maintaining endothelial cell structural and functional integrity, such as by maintaining Ca2+ homeostasis and regulating oxidative stress (Yu et al., 2017; Yamamoto et al., 2018; Salnikova et al., 2021).
Diabetes is, in particular, a state of chronic hypoxia, and with elevated glucose uptake and disrupted glucose flow, it contributes to metabolic reprogramming in endothelial cells by further enhancing glycolysis and reducing mitochondrial respiratory capacity (Wu et al., 2017; Li J. et al., 2021; Dumas et al., 2021). Studies showed that hyperglycemia led to an upregulation of glycolytic metabolism and a downregulation of mitochondrial activity in GECs (Cheng et al., 2011; Qi H. et al., 2017; Song et al., 2022). Suppressed mitochondrial activity was associated with increased endothelin-1 receptor type A (EDNRA) expression and circulating endothelin-1 (ET-1) abundance, which led to the loss of fenestrae in GECs (Qi H. et al., 2017). Glycolytic activation promoted endothelial inflammation and macrophage infiltration (Song et al., 2022). In addition, a significant increase in dysfunction pathways can lead to increased oxidative stress. For example, enhanced glucose metabolism in the hexosamine pathway increased O-linked β-N-acetylglucosamine (O-GlcNAc) modification of endothelial nitric oxide synthase (eNOS) in experimental DKD and subsequent ROS production (Du et al., 2001). Excessive mitochondrial superoxide produced in dysfunctional mitochondria further increased side branch pathway metabolism (Clyne, 2021). Moreover, the metabolic response was accompanied by a series of molecular changes, such as increased expression of FASN (encodes fatty acid synthase) and arginase II (which catalyzes the hydrolysis of l-arginine and l-ornithine) and decreased biosynthesis of hyaluronan, which induces lipid accumulation (Wahl et al., 2016), triggers eNOS uncoupling, and reduces glycocalyx production in GECs (Wang G. et al., 2020). All these changes accelerated and exacerbated diabetic glomerular lesions and progression.
Macrophages
Macrophages, originating from monocytes in peripheral blood, are classified into two distinct subtypes, M1 and M2 macrophages. Under homeostatic conditions, the M2 macrophage anti-inflammatory phenotype is predominant and depends mainly on OXPHOS for ATP. In contrast, stimulated resident macrophages acquire a proinflammatory M1 phenotype, which leads to inflammatory activity and preferential glycolysis even under conditions of sufficient oxygen (Curi et al., 2017). Metabolic reprogramming from OXPHOS toward aerobic glycolysis has been proven to be a primary indicator and central regulator during inflammatory activation by rapidly providing quiescent macrophages with sufficient energy (El Kasmi and Stenmark, 2015). Therefore, macrophages exhibit uniquely high metabolic plasticity, which enables them to respond quickly to external stimuli, including hyperglycemic signals.
A recent study showed that M1 polarization was increased in the kidneys of diabetic mice, and the upregulation of glycolytic enzyme expression, as well as lactic acid production and glucose uptake, was observed in high-glucose-stimulated macrophages. As a result, increased proinflammatory cytokine production caused pathological damage in DKD. Macrophage infiltration into glomeruli and the interstitium are related to renal impairment in DKD. Activated M1 macrophages secrete inflammatory cytokines, contributing to renal pathological damage, such as mesangial cell proliferation, podocyte apoptosis, and renal fibrosis (Chow et al., 2004; You et al., 2013; Lin et al., 2022).
CELLULAR AND MOLECULAR REGULATORS OF METABOLIC REPROGRAMMING IN DIABETIC KIDNEY DISEASE
As discussed above, chronic hypoxia, increased glycolytic flux, and mitochondrial dysfunction are potential mechanisms of metabolic reprogramming. Hypoxia-inducible factor 1α (HIF-1α) is a well-known nucleoprotein activated under hypoxic conditions. Pyruvate kinase M2 (PKM2) is a key enzyme in glycolytic activity, and sirtuin 3 (SIRT3) directly interacts with various mitochondrial proteins, playing a crucial role in regulating mitochondrial functions. Therefore, we focus on the regulatory mechanisms mediated by these three molecules in the metabolic reprogramming of DKD (Table 1).
TABLE 1 | Molecular regulators of metabolic reprogramming in DKD.
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HIF-1α is the active subunit of HIF-1 and functions as a master regulator of cellular and systemic homeostatic responses to cytoplasmic hypoxia. Under normoxic conditions, HIF-1α is rapidly degraded through the ubiquitin–proteasome pathway, followed by hydroxylation by prolyl hydroxylases (PHDs). When the oxygen supply is limited, the increased stability of the active subunit leads to HIF-1α accumulation and translocation to the nucleus, where it binds to hypoxia response elements (HREs), resulting in elevated transcription of the target genes to facilitate metabolic adaptation to hypoxia (Wang et al., 1995).
HIF-1α is a key transcriptional regulator of metabolic modification. On one hand, HIF-1α reprograms central metabolism by enhancing glycolysis. HIF-1α functions as a direct transcriptional activator of the glucose transporters GLUT1 and GLUT3 and nearly all glycolytic enzymes, including phosphoglycerate kinase 1 (PGK-1), glucose-6-phosphate isomerase (GPI), phosphofructose kinase-1 (PFK-1), and lactate dehydrogenase (LDH), to promote both the uptake and catabolism of glucose (Hu et al., 2006; Zhong et al., 2010; Yan et al., 2017). On the other hand, HIF-1α negatively regulates mitochondrial respiration. Evidence suggests that HIF-1α suppresses the TCA cycle and ETC activity by preventing substrates, such as glucose and FAs, from being catabolized to acetyl-CoA, downregulating mitochondrial mass by promoting mitophagy and inhibiting mitochondrial biogenesis (Thomas and Ashcroft, 2019). In turn, mitochondrial dysfunction increases the levels of ROS, which can stabilize HIF-1α by inhibiting the activity of PHDs, and another oxygen-dependent dioxygenase enzyme, factor inhibiting HIF (FIH), promotes HIF degradation (Hagen, 2012). An increase in TCA cycle metabolites, such as succinate and fumarate, also leads to HIF-1α accumulation by inhibiting PHDs (Selak et al., 2005; You et al., 2016). Importantly, these processes progress independent of hypoxic. Additionally, HIF-1α signaling inhibits the diversion of pyruvate from glycolysis into the TCA cycle by increasing the expression of LDH and pyruvate dehydrogenase kinase (PDK), which phosphorylates and inactivates PDC (Kim et al., 2006).
A HIF-1α-mediated switching to glycolysis was observed in rodent models of DKD, proximal tubules, mesangial cells, and macrophages under HG conditions and proved to play a pivotal role in the fibrosis process of DKD by inducing inflammation, lipid accumulation, and the EMT (Matoba et al., 2013; Nayak et al., 2016; Bessho et al., 2019). Therefore, metabolic reprogramming regulated by HIF-1α is likely an important target for ameliorating DKD fibrosis.
PKM2
PKM2 is a key isoform of pyruvate kinase (PK), acting as the rate-limiting glycolytic enzyme that catalyzes the final step from phosphoenolpyruvate (PEP) to pyruvate (Tsutsumi et al., 1988; Bluemlein et al., 2011). PKM2 is mainly expressed in the kidneys (Alquraishi et al., 2019), existing as an active tetramer, a less active dimer, or an inactive monomer (Wen et al., 2021). In most cases, PKM2 forms tetramers under physiological conditions, promoting the entry of pyruvate into the TCA cycle. However, researchers have identified a shift of PKM2 from tetramer to dimer or monomer formation in models of DKD (Sun et al., 2011; Qi W. et al., 2017; Li et al., 2020b), thereby shifting glucose metabolism toward aerobic glycolysis (Tamada et al., 2012). This shift to lower activity of PKM2 is always caused by post-translational modifications of PKM2, such as phosphorylation, acetylation, sulfenylation, and oxidation (Yang and Lu, 2015; Qi W. et al., 2017; Alquraishi et al., 2019).
Low-activity dimers or inactive monomers of PKM2 reduce the conversion of PEP to pyruvate, leading to accumulation of intermediary metabolites upstream. The intermediary metabolites are then available as precursors for the glycolytic side branches, leading to accumulation of toxic metabolites (Srivastava et al., 2018; Liu et al., 2021). Besides, the PKM2 dimer can be translocated into the nucleus via multiple mechanisms (Hitosugi et al., 2009; Yang et al., 2012; Wang et al., 2014; Yang and Lu, 2015), where it acts as a coactivator of HIF-1α (Luo et al., 2011) and signal transducer and activator of transcription 3 (STAT3) (Gao et al., 2012), a member of the STAT protein family, mainly in response to various cytokines and growth factors (You et al., 2015; Zheng et al., 2019) to promote metabolic reprogramming. Nuclear PKM2-mediated STAT3 has been reported to be sufficient to induce metabolic reprogramming of macrophages by increasing HIF-1 signaling (El Kasmi and Stenmark, 2015). The nuclear translocation of PKM2 was also shown to increase the expression of LDH and PDK1, thus ultimately leading to lactate accumulation (Luo et al., 2011; Yang and Lu, 2015). Moreover, researchers revealed that diabetic patients with advanced kidney functions had lower levels of active PKM2 in renal glomeruli and podocyte-specific PKM2-knockout (KO) mice with diabetes developed worse albuminuria and glomerular pathology. They further discovered that by activating PKM2, mitochondrial biogenesis, mitochondrial fusion, and mitochondrial membrane potential were re-established, suggesting that PKM2 also regulates metabolic reprogramming by affecting mitochondrial functions (Qi W. et al., 2017; Gordin et al., 2019). In addition, pathological PKM2 isoform switching has also been described in renal tubular epithelial cells and endothelial cells of diabetic kidneys, inducing inflammation by regulating intracellular metabolic reprogramming and, eventually, leading to glomerular lesions and renal fibrosis, which promotes DKD progression (Qi W. et al., 2017; Li L. et al., 2020; Liu et al., 2021).
SIRT3
SIRT3, belonging to the sirtuin family, is a highly conserved nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase (de Oliveira et al., 2010). It is expressed at high levels in the kidneys (Jin et al., 2009) as long or short isoforms (Murugasamy et al., 2022). The short isoform is predominant in the mitochondrial matrix, where it acts as a functionally active mitochondrial deacetylase (Onyango et al., 2002; Schwer et al., 2002). SIRT3 can directly interact with at least 84 mitochondrial proteins (Yang et al., 2016) and regulates several cellular processes, including mitochondrial DNA damage repair, gene expression, energy metabolism, redox balance, and autophagy (Ahn et al., 2008; Sundaresan et al., 2008; Cimen et al., 2010; Cheng et al., 2013; Li Y. et al., 2018).
However, with aging and under pathological conditions, SIRT3 expression is downregulated (Benigni et al., 2016). In a high-glucose environment, reduced SIRT3 abundance promotes glycolysis and inhibits OXPHOS through the regulation of oxidative stress and mitochondria-related proteases, resulting in metabolic reprogramming in kidney cells. Reduced SIRT3 levels directly inhibit the activity of manganese superoxide dismutase (MnSOD), which is the first line of defense against oxidative stress (Finley et al., 2011a). By inhibiting the deacetylation of its target protein forkhead box protein O3a (FOXO3a), SIRT3 depletion leads to the decreased activity of other antioxidants, such as catalase and isocitrate dehydrogenase 2 (IDH2), which is associated with glutathione reductase (Jacobs et al., 2008; Sundaresan et al., 2009; Yu et al., 2012). As a result, excessive ROS accumulates and stabilizes HIF-1α, which subsequently promotes the glycolytic process (Finley et al., 2011a). Studying SIRT3-knockout mice, researchers found hyperacetylation and reduced activity of enzymes involved in the TCA cycle and ETC activity, including NADH dehydrogenase ubiquinone 1 alpha subcomplex 9 (NDUFA9) in complex I, succinate dehydrogenase subunit A (SDHA) in complex II, and complex III (Ahn et al., 2008; Finley et al., 2011b; Wang S. et al., 2020). In addition, decreased SIRT3 levels could result in reduced mitochondrial biosynthesis, abnormal mitochondrial dynamics, impaired mitophagy, and an increase in abnormal mitochondria, ultimately contributing to mitochondrial dysfunction (Tseng et al., 2013; Feng et al., 2018). In addition, the lack of SIRT3 for promoting glycolysis has been associated with a higher PKM2 dimer formation rate (Srivastava et al., 2018) and activated STAT3 signaling (Srivastava et al., 2020b). Reduced SIRT3 levels lead to hyperacetylation and decreased PDC activity, thereby promoting glycolysis–glucose oxidative uncoupling and the accumulation of pyruvate/lactate (Bause and Haigis, 2013; Zhang et al., 2020).
EMERGING THERAPEUTICS FOR REGULATING METABOLIC REPROGRAMMING IN DIABETIC KIDNEY DISEASE
Several strategies have been proven effective in controlling the metabolic switching between mitochondrial OXPHOS and glycolysis. Renin-angiotensin-aldosterone system (RAAS) inhibitors, including angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor blockers (ARBs), are conventional therapies for DKD. A recent study by Srivastava et al. (Srivastava et al., 2020a) showed that imidapril, an ACE inhibitor, suppressed abnormal glucose metabolism through glycolysis and simultaneously restored mitochondrial FAO, thus ameliorating renal fibrosis in diabetic mice. The underlying mechanism might be related to the restoration of the expression of N-acetyl-seryl-aspartyl-lysyl-proline (AcSDKP), an endogenous peptide that is normally present in the plasma, and the exogenous addition of this peptide led to a similar effect. However, ARBs did not exert any effect on metabolic reprogramming.
Recently, large placebo-controlled studies confirmed the beneficial effects of SGLT2 inhibitors in delaying the progression of ESRD in diabetic patients (Neal et al., 2017; Perkovic et al., 2019). These inhibitors reduced tubular reabsorption of glucose, thus lowering blood glucose and enhancing renal oxygenation of the cortical region (Hesp et al., 2020). They also normalized TCA cycle activity, mitigated TCA-metabolite accumulation, and inhibited oxidative stress in the kidneys of diabetic mice (Tanaka et al., 2018). Recent studies suggested that dapagliflozin reduces diabetes-induced tubulointerstitial damage by suppressing metabolic switching from lipid oxidation to glycolysis (Cai et al., 2020), and another SGLT2 inhibitor, empagliflozin, was shown to protect kidney tubules from undergoing the EMT by normalizing suppressed SIRT3 levels and inhibiting aberrant glycolysis (Li et al., 2020a). In addition to the medicines already on the market, some preclinical therapies were also proven effective. For example, Interleukin-22 (IL-22), an endogenous cytokine secreted by immune cells, has been shown to correct metabolic reprogramming by maintaining mitochondrial integrity, reducing ROS, and inhibiting lipid accumulation in DKD (Chen et al., 2021; Shen et al., 2021). Glycolysis inhibitors and PKM2 activators have also been revealed to effectively disrupt metabolic reprogramming (Qi W. et al., 2017; Liu et al., 2021). Therefore, metabolic reprogramming is a pivotal target, and therapeutic strategies regulating metabolic reprogramming may be beneficial in retarding DKD progression.
CONCLUSIONS AND FUTURE PERSPECTIVES
The regulation of the metabolic network is complicated. As we reviewed, a combination of several mechanisms accounts for metabolic reprogramming in DKD, and all these factors influence each other. Oxygen depletion directly leads to decreased mitochondrial metabolism and glycolytic pathway activation (Seagroves et al., 2001). In turn, increased mitochondrial uncoupling contributes to intrarenal hypoxia in diabetic kidneys by stimulating O2 consumption (Friederich et al., 2008). The increased side branches and mitochondria dysfunction interact with each other through ROS production (Brownlee, 2001). Thus, some key molecules of energy metabolism are discovered as core regulators of metabolic reprogramming and represent potential targets for the treatment, such as HIF-1α, PKM2, and SIRT3. An in-depth understanding of these key regulatory molecules will help to develop effective drugs to reverse energy metabolism abnormalities. Moreover, the affected cells are not isolated in the kidneys. There is also a cross-talk between cells, which means that a change in cellular metabolic reprogramming may cause damage to other cells. For example, the metabolic reprogramming of endothelial cells leads to podocyte defects and depletion (Qi H. et al., 2017). The elevated anaerobic glycolysis in renal tubular epithelial cells inhibited the proliferation and differentiation of co-incubated podocytes (Li M. et al., 2018). Therefore, future research should focus on metabolic reprogramming in more types of cells and the interaction between them.
In summary, the pathogenesis of DKD development is complex, and therapies that target a single mechanism or pathway show little effectiveness in treating the disease. Metabolic reprogramming includes multiple steps in energy molecule processing and can lead to a broad spectrum of abnormalities. Knowing the role played by metabolic reprogramming in DKD is of great importance for understanding the pathophysiology and opens the door to a variety of novel therapeutic applications.
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Aims: To evaluate the effectiveness and potential mechanism of calcium dobesilate (CaD) in diabetic kidney disease (DKD) patients.
Methods: We searched for available randomized controlled studies on DKD patients’ treatment with CaD through open databases. Continuous variables were expressed as standardized mean difference (SMD) with a 95% confidence interval (CI). The putative targets and possible pathways of CaD on DKD were analyzed by network pharmacology. Molecular docking was employed to verify the match between CaD and the target genes.
Results: In the meta-analysis, 42 trials were included, involving 3,671 DKD patients, of which 1,839 received CaD treatment in addition to conventional treatment, while 1,832 received conventional treatment. Compared with routine therapy, the levels of serum creatinine (Scr) and blood urea nitrogen (BUN) significantly decreased in the CaD treatment (early stage of DKD, Scr: p < 0.00001; BUN: p < 0.0001; clinical stage of DKD, Scr: p < 0.00001; BUN: p < 0.00001; kidney failure stage, Scr: p = 0.001; BUN: p = 0.004). The levels of serum cystatin C (Cys-C), urine levels of molecules reflecting kidney function (urinary albumin excretion rate (UAER) and micro glycoprotein), and inflammatory factors [hypersensitive c-reactive protein (hs-CRP)] were reduced compared with control groups, while glomerular filtration rate (GFR) was increased in patients treated with CaD for 12 weeks. CaD also showed a better effect on improving endothelial function. Network pharmacology results showed that the interaction pathway between CaD and DKD was mainly enriched in MAPK and chemokine signaling pathways. AKT1, CASP3, IGF1, MAPK8, and CCL5 might be the key targets for CaD in treating DKD.
Conclusion: Combination with CaD is effective and safe in patients with DKD. Inhibition of MAPK and chemokine signaling pathways might be vital in treating CaD in DKD patients.
Keywords: calcium dobesilate, diabetic kidney disease, network pharmacology, MAPK signaling pathway, chemokine signaling pathway
1 INTRODUCTION
Diabetes mellitus (DM) has afflicted around 422 million people worldwide and has become a leading cause of morbidity and mortality (Zhang et al., 2017). Diabetic kidney disease (DKD) is one of the most severe microvascular consequences of diabetes, accounting for 30%–50% of all end-stage kidney disease patients (Qin et al., 2017). It also imposes a significant financial cost on patients, families, and society (Zhang, 2012). The severity of DKD was divided into five stages using an albuminuria-based methodology.
The interstitial space grows in the first two phases, the mesangial volume rises, and the glomerular basement membrane thickens. They are silent stages because there is no detectable microalbuminuria in clinical practice, and there are currently no effective indicators for their detection (Salem et al., 2020). The early and clinical stages are the third and fourth stages, respectively. Microalbuminuria to overt proteinuria is a sign of progressing from early stage to clinical overt diabetic kidney disease. End-stage renal failure (ESRD) is the ultimate stage (Cai et al., 2017). Because DKD is still reversible in its early phases, novel therapeutic medicines for aggressive therapy are urgently needed to avert progression to ESRD.
Calcium dobesilate (CaD) is a microcirculation-improving medication that improves hemodynamics, inhibits inflammatory responses, and suppresses interstitial fibrosis, among other things (Chen and Bai, 2017). CaD has long been utilized to treat diabetic retinopathy (DR) due to its potential to reduce oxidative stress by decreasing the activation of the p38MAPK and NF-B pathways (Liu et al., 2019; Ashraf et al., 2021). CaD’s efficacy in kidney illness (Zhang et al., 2021), chronic venous insufficiency (Ciapponi et al., 2004), thrombotic disorders (Michal and Giessinger, 1985), and various types of cardiac disease (Besirli et al., 2012) has received great attention recently. CaD considerably affects DKD in lowering the urine albumin excretion rate (Qin et al., 2017) and has been studied extensively in clinical trials (Zhou et al., 2018). There is little authoritative conclusion on the benefits and possible adverse effects due to the limited sample sizes and variable findings of currently available randomized controlled studies (RCTs) on CaD.
Some medications have a wide range of effects on humans, but they all point in the same therapeutic direction, implying that they can work on diverse targets in the same pathways. We have found that network-related approaches can be employed to emphasize our findings of drug action mechanisms in various data layers in the drug development process (Boezio et al., 2017). Based on the network pharmacology mechanism, we created a network between the putative CaD targets and the implicated gene targets of DKD. The PPI network is formed when common targets interact with each other. Furthermore, we may use GO and KEGG analyses on these proteins to identify the main pathway that plays a crucial role in CaD’s treatment of DKD.
2 MATERIALS AND METHODS
2.1 Meta-analysis
2.1.1 Randomized controlled study preparation
The PRISMA (preferred reporting items for systematic reviews and meta-analyses) guidelines were followed in this meta-analysis (Page et al., 2021). The PubMed Database, MED-LINE, Global Health, EMBASE, EBSCOhost, Cochrane Library, China National Knowledge Internet, VIP, Wanfang, and SinoMed databases were used to find the literature. Information from well-known registries, such as Current Controlled Trials, the World Health Organization International Clinical Trials Registry Platform, the Clinicaltrials.gov trials registry, and published review papers and editorials, was considered. The search terms were “Calcium Dobesilate” and “diabetic kidney disease” or “diabetic kidney disease” or “diabetic kidney disease” or “randomized” or “double-blind trial”, with no restrictions on subheadings or language. Other likely relevant citations were found in the reference lists of all included papers, and the literature not found in the abovementioned electronic databases was manually reviewed.
2.1.2 Inclusion and exclusion criteria of studies
The inclusive criteria were as follows: 1) study subjects were diagnosed as DKD according to the corresponding guidelines, 2) all patients were randomized to receive treatment with CaD and contemporary medications or contemporary medications alone, 3) sample size in each study group was ≥ 15cases, 4) follow-up in each study group was ≥ 8 weeks; and 5) the outcomes were quantitative to facilitate outcome analysis.
Exclusion criteria were as follows: 1) studies were nonrandomized or nonblinded, 2) patients enrolled had no definite diagnosis, 3) different medications were compared, 4) studies reported only symptomatic changes in patients without objective laboratory measurements; and 5) methodological quality was poor with a Jadad score <2.
2.1.3 Stage of diabetic kidney disease
DKD is categorized into five stages according to the albuminuria-based classification. There was a hemodynamic alteration at the start of the first stage, with increased glomerular capillary hydrostatic pressure but no abnormalities in the ultrastructure. Hyperglycemic effects begin in the second part of the first stage, with thickening of the glomerular basement membrane, increased mesangial volume, and interstitial expansion. Because microalbuminuria cannot be measured in clinical practice and no suitable test marker has yet been discovered, the second stage is quiet (Salem et al., 2020). The early stage of diabetic kidney disease is the third stage. Previous structural changes had become severe, and microalbuminuria had been diagnosed. The fourth stage is known as clinically severe diabetic kidney disease, and it is at this stage that these changes may progress to significant proteinuria, formerly known as “macroalbuminuria.” Microalbuminuria to overt proteinuria is a marker of progression from early stage to clinical overt diabetic kidney impairment. ESRD is the final stage (Cai et al., 2017).
2.1.4 Statistics analysis
RevMan version 5.3 was used to synthesize the data. Continuous variables were expressed as standardized mean difference (SMD) with a 95% confidence interval (CI). Chi-square and I2 tests were used to test heterogeneity. Nonheterogeneous results (P˃0.1, I2 < 50%) were adopted for the fixed effects model, and heterogenous results (p ≤ 0.1, I2 ˃ 50%) were adopted for the random effects model. Statistical significance was defined as a two-tailed p < 0.05. The fail-safe number was used to estimate the extent of publication bias (Cheng et al., 2016). The formula for the fail-safe number was Nfs0.05 = (ΣZ/1.64)2-S, where S is the number of the included trials.
2.2 Network pharmacology
2.2.1 Predicting potential targets of calcium dobesilate
The bioactive component of CaD was found in the published literature using the keyword “Calcium Dobesilate” in the PubMed database. The 2D structure of CaD was then retrieved from PubChem (Kim et al., 2021) and uploaded to Pharmmapper (Wang et al., 2017) to forecast the drug’s potential targets. All target names were entered into Uniprot sites (UniProt Consortium., 2019) and selected by Homo Saipan species to standardize the gene information.
2.2.2 Screening of targets for diabetic kidney disease
The target genes of DKD were found using the key phrases “diabetic kidney disease” or “diabetic kidney dis-ease” in the Online Mendelian Inheritance in Man database (OMIM) (Amberger et al., 2015), Gene Cards database (Stelzer et al., 2016), and DisGeNET database (Piñero et al., 2017).
2.2.3 Construction of protein–protein interaction network
To identify the interaction targets of CaD in the treatment of DKD, we selected the online drawing tool Interactive Venn (Heberle et al., 2015) to draw a Venn diagram, whose overlapping section represented the typical targets for CaD and DKD. These common targets were uploaded to the STRING 11.0 platform (Szklarczyk et al., 2019), and the PPI network was built using the STRING database and the Network Analyzer plugin of Cytoscape (Shannon et al., 2003). The stronger the interaction in a network, the higher the degree. The more significant degree nodes, which may play a critical role in the overall network, were screened based on the network’s topological qualities.
2.2.4 Enrichment analysis
Metascape1 (Zhou et al., 2019) was used to perform Gene Ontology (GO) functional analysis,Kyoto Encyclopedia of Genes, and Genomes (KEGG) pathway enrichment analysis, with p ≤ 0.01 as the cut-off threshold. Bioinformatics web tools2 and the EHBIO Gene Technology Platform3 were then used to display the top 10 GO items and 20 KEGG pathways that met the criteria.
2.2.5 Construction of the component–target–pathway network
The integrated network of component–target–pathway was constructed using Cytoscape 3.7.1. The topology parameters of the network were analyzed with the built-in tool Network Analyzer in Cytoscape to identify the relationships of protein targets with components and the involved pathways.
2.2.6 Molecular docking verification
Suitable 3D structure “pdb” files of the core targets were downloaded from RCSB Protein Data Bank (Berman et al., 2000). PyMol2.6.0 embellished the downloaded complexes to remove the original ligand and water molecules. The “sdf” file of the DKD bioactive component from the PubChem database was obtained, and its format was converted to a “pdb” file by Open Babel2.4.0 (O'Boyle et al., 2011). Then, we used AutoDockTools1.5.6 (Goodsell and Olson, 1990) to evaluate and verify the binding affinity of the compound–target relationship. The critical models were visualized by PyMol2.6.0 software and Discovery Studio4.5 software. A flow chart of the meta-analysis, network pharmacology, and molecular docking is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of the investigation of calcium dobesilate in the treatment of diabetic kidney disease.
3 RESULT
3.1 Meta-analysis
A total of 939 trials were retrieved through database searches—PubMed (48), MEDLINE (17), EMBASE (25), Cochrane library (5), China National Knowledge Internet (248), VIP (219), Wanfang (277), and SinoMed (100). Five hundred and thirty-seven duplicate records were eliminated using endnote software. Subsequently, among the remaining 402 pieces, 123 trials were excluded from the primary screening according to the inclusion and exclusion criteria. Of the remaining 279 trials, 273 were evaluated as eligible, and 42 shots were finally included for meta-analysis (Figure 2; Table 1).
[image: Figure 2]FIGURE 2 | Flow chart of the systematic search process.
TABLE 1 | Meta-analysis of the randomized controlled study of DKD patients’ treatment with CaD.
[image: Table 1]3.1.1 Blood kidney function (Scr&BUN)
Among all of the 42 trials, 38 trials evaluated the Scr and BUN. Thirty-five of the 38 trials were focused on DKD in its early stages. Two trials (Zhang et al., 2013; Wang et al., 2015) focused on DKD patients in the clinical phase, while one (Wu et al., 2007) concentrated on DKD patients in the kidney failure stage. As for the studies performed on the early stage of DKD patients, the results showed that the function of the kidney was markedly better in the CaD treatment group than that of the control groups (Scr: SMD = −0.84; 95% CI, −1.05 to −0.62; p < 0.00001; I2 = 87%, BUN: SMD = −0.64; 95% CI, −0.96 to −0.32; p < 0.0001; I2 = 86%). The early phase was subdivided into 8-week and 12-week treatment cycles in most of the included literature. Furthermore, the results showed that CaD treatment for 8 weeks (Scr: SMD = −0.45; 95% CI, −0.73 to −0.17; p = 0.002; I2 = 78%, BUN: SMD = −0.48; 95% CI, −0.65 to −0.31; p < 0.00001; I2 = 0%) and 12 weeks (Scr: SMD = −0.97; 95% CI, −1.27 to −0.67; p < 0.00001; I2 = 89%, BUN: SMD = −0.55; 95% CI, −1.03 to −0.07; p = 0.03; I2 = 87%) could significantly reduce Scr and BUN levels compared to the control group. In the clinical stage of DKD, patients treated with CaD for 12 weeks also exhibited a statistically significant reduction in the expression level of the Scr and BUN compared with control groups (Scr: SMD = −2.08; 95% CI, −2.45 to −1.72; p < 0.00001; I2 = 99%; BUN: SMD = −0.70; 95% CI, −0.97 to −0.43; p < 0.00001; I2 = 19%). In the kidney failure stage of DKD, the data showed the same trend, that the groups treated with CaD for 12 weeks had a better effect on reducing Scr and BUN than comparators (Scr: SMD = −0.71; 95% CI, −1.15 to −0.27; p = 0.001; BUN: SMD = −0.63; 95% CI, −1.07 to −0.20; p = 0.004).
3.1.2 Serum cystatin C
Serum cystatin C (Cys-C) has been recognized as an ideal marker of kidney function (Dharnidharka et al., 2002). Nine trials (Hong, 2013; Wang et al., 2015; Cen et al., 2016; Liu et al., 2016; Chen and Bai, 2017; Fan and Ma, 2017; Qin et al., 2017; Li, 2018; and Zeng et al., 2018) reported serum Cys-C. The treatment durations were both 8 and 12 weeks. A total of 1,036 patients were included, 518 of whom were in the treatment group and 518 in the control group. The results proved that the CaD groups exhibited a statistically significant reduction in serum Cys-C compared with the control groups (SMD = −0.95; 95% CI, −1.29 to −0.61; p < 0.00001; I2 = 85%). Subgroup analysis was conducted to determine that the source of heterogeneity was from different treatment methods: one trial (Qin et al., 2017) reported the patients treated with CaD plus alprostadil and routine treatment, another (Wang et al., 2015) focused on the patients treated with CaD plus α-thioctic acid plus routine treatment, and the remaining studies (Zhang, 2012; Hong, 2013; Cen et al., 2016; Liu et al., 2016; Chen and Bai, 2017; Fan and Ma, 2017; Li, 2018) compared two treatment methods, including CaD, angiotensin-converting enzyme inhibitor (ACEI)/angiotensin II receptor blockers (ARBs) and routine treatment (CaD group) or ACEI/ARB and routine treatment (control group) (MD = −0.37; 95% CI, −0.43 to −0.30; p < 0.00001; I2 = 18%).
3.1.3 Glomerular filtration rate
Glomerular filtration rate (GFR) is widely recognized as a comprehensive measure of renal function, and its assessment is essential for clinical practice, research, and public health (Levey et al., 2020). GFR was reported in two trials (Wu et al., 2007; Zhang, 2018), and both treatment cycles were divided into 8 and 12 weeks. The results revealed that after 12 weeks of treatment, patients in the CaD group had considerably higher GFR levels than the control group (SMD = 1.66; 95% CI, 1.26 to 2.07; p < 0.00001; I2 = 22%), while patients who received CaD for 8 weeks had increased GFR levels, but there was no statistical difference (SMD = 0.17; 95% CI, −0.14 to 0.48; p = 0.27; I2 = 0%).
3.1.4 Urinary albumin excretion rate, 24 h urinary protein/24 h urinary albumin, α1-MG, and β2-MG
The kidney function can be quantified by detecting the level of some molecules in urine. These molecules are divided into primary outcomes and secondary outcomes. The primary outcomes include urine albumin excretion rate (UAER) and 24 h urine protein/24 h urine albumin, and the secondary outcomes consist of alpha-1-microglycoprotein (α1-MG) and β2-microglobulin (β2-MG).
3.1.4.1 Urinary albumin excretion rate
Evaluated UAER, as the primary symptom of DKD, leading to a decrease of GFR and proteinuria, is regarded as the essential criterion for diagnosing DKD in the early stage (Chen et al., 2017). UAER was reported in 15 trials (Hong, 2013; Li et al., 2013; Luo and Tao, 2014; Kang et al., 2014; Huang, 2015; Wang, 2015; Gao and Zhang, 2015; Liu et al., 2016; Yu et al., 2016; Deng and Yuan, 2016; Wang, 2016; Jiang, 2017; Yang, 2018; Zeng et al., 2018; Ma and Pang, 2018). A total of 1,288 patients were tested, 643 included in the treatment group and 645 in the control group. The results proved that UAER was reduced after CaD treatment compared with control groups (SMD = −1.29; 95% CI, −1.75 to −0.82; p < 0.00001; I2 = 93%).
3.1.4.2 24 h urinary protein/24 h urinary albumin
The data was reported in 12 trials (Wu et al., 2007; Sun, 2012; Zhang, 2012; Luo and Tao, 2014; Huang, 2015; Deng and Yuan, 2016; Liu et al., 2016; Zhu, 2016; Kuang, 2017; Deng, 2018; Yang, 2018; Zhang, 2008), which included a total of 891 patients, of which 448 were in the treatment group and 443 were in the control group. According to the results, we can see that the 24 h urinary protein/24 h urinary albumin of the CaD group is reduced compared with the control group (SMD = −1.95; 95% CI, −2.63 to −1.27; p < 0.00001; I2 = 94%)
3.1.4.3 α1-MG and β2-MG
α1-MG and β2-MG are tubular markers and could be predictive in diagnosing DKD patients due to their accuracy (Ferguson et al., 2015). Four trials (Hong, 2013; Zheng et al., 2013; Zhao et al., 2014; Liu et al., 2015) reported α1-MG. In trials targeting α1-MG, 284 patients were included, 142 in the treatment group and 142 in the control group. Control group patients were treated with ACEI, ARB, and routine treatment. The treatment duration was all less than or equal to 12 weeks. The result showed that the CaD group had a better curative effect (SMD = −2.32; 95% CI, −3.36 to −1.28; p < 0.0001; I2 = 91%). On the other hand, six trials (Wang et al., 2015; Jiang, 2016; Chen and Bai, 2017; Fan and Ma, 2017; Qin et al., 2017; Zhou and Chen, 2017) reported β2-MG. Seven hundred and thirty-six patients were included, half in the control and half in the CaD group. We conclude by analyzing the results: CaD can effectively improve the pathological changes of the kidney caused by DKD, making the MG in urine decrease significantly (SMD = −3.00; 95% CI, −4.41 to −1.58; p < 0.0001; I2 = 98%).
3.1.5 Endothelium function
Endothelin (ET) and nitric oxide (NO) were used to show endothelial function. Three trials (Wang et al., 2015; Wang, 2016; Kuang, 2017) reported NO, and four trials (Wang et al., 2015; Wang, 2016; Kuang, 2017; Zeng et al., 2018) reported ET. The treatment duration was all equal to or less than 12 weeks. The result showed that the CaD groups had a better effect on increasing NO (SMD = 0.68; 95% CI, 0.45 to 0.91; p < 0.00001; I2 = 0%) and decreasing ET (SMD = −0.81; 95% CI, −1.11 to −0.51; p < 0.00001; I2 = 51%) than the control groups.
3.1.6 Inflammation index
Inflammation response was one of the mechanisms related to DKD development. By modifying vascular permeability; releasing vasodilator and vasoconstrictor mediators; causing kidney fibrosis; and inducing cytotoxicity, apoptosis, and necrosis in the pathogenesis and progression of DKD, it may have an impact on the glomerular filtration function (Zhou et al., 2018). The enhanced inflammatory markers such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and c-reactive protein (CRP) could be suggestive molecules in the development of diabetic vascular disease.
3.1.6.1 Hypersensitive c-reactive protein
Four trials (Chen and Bai, 2017; Fan and Ma, 2017; Qin et al., 2017; Jia et al., 2018) were collected to evaluate the Hs-CRP. Four hundred and ten patients were included in the total, half of which were in the CaD group and half in the control group. The results showed that CaD could effectively decrease the level of CRP compared with control groups (SMD = −1.43; 95% CI, −2.66 to −0.21; p = 0.02; I2 = 96%).
3.1.6.2 Interleukin-6
We collected two trials (Gao and Zhang, 2015; Qin et al., 2017) involving 160 DKD patients to assess the value of IL-6. In one trial, patients in the control group were treated with alprostadil, while in the other, the control group gave patients with telmisartan. According to this result, we can infer that no significant correlation was found between the CaD and the level of IL-6 (SMD = −6.07; 95% CI, −14.56 to 2.43; p = 0.16; I2 = 99%).
3.1.6.3 Tumor necrosis factor-α
Two studies (Qin et al., 2017; Jia et al., 2018) targeted the measure of TNF-α value. One hundred and ten patients were included in the total, 55 of which were in the control group. Although one trial (Qin et al., 2017) demonstrated a remarkable decrease in TNF-α in CaD patients compared to the control group, the other (Jia et al., 2018) did not exhibit a significant difference between the CaD group and control group (SMD = −8.07; 95% CI, −24.95 to 8.81; p = 0.35; I2 = 99%).
3.1.7 Hemodynamic index
Blood viscosity can reflect the state of hemodynamics, and alternation of hemodynamics is one of the critical pathways in DKD pathological development. We found two studies (Gao and Zhang, 2015; Ma and Pang, 2018) estimating the value of blood viscosity, and the result showed that CaD had no significant correlation with blood viscosity (SMD = −2.06; 95% CI, −5.35 to 1.23; p = 0.22; I2 = 98%).
3.2 Network pharmacology
3.2.1 Candidate targets of Calcium Dobesilate and diabetic kidney disease
For CaD, there are 293 related targets collected by searching the database. For DKD, we have retrieved 534 genes from the OMIM database, 1,678 genes from the Gene Cards database, and 1,189 genes from the DisGeNET database. After eliminating the redundancy, 2,771 known therapeutic targets were collected in this study. By drawing a Venn diagram to look for the intersection of CaD and DKD targets, 120 overlapping genes were obtained (Figure 3A).
[image: Figure 3]FIGURE 3 | Venn diagram and PPI work. (A) Venn diagram. The blue section indicates DKD-related targets, and the pink section indicates CaD-related targets. Twenty-five targets in the middle overlapping section are common targets of DKD and CaD. (B) PPI network. A total of 119 target proteins and 1,175 interacting edges are present in the network. Sizes and colors of the nodes are illustrated from big to small and blue to green in a descending order of degree values.
3.2.2 Protein–protein interaction network of diabetic kidney disease targets
To evaluate the role of potential targets in complicated diseases and discover connections, overlapping targets are submitted to the STRING11.0 platform to establish a PPI network. After analyzing the topology parameters of the PPI network, the 120 targets were sorted in descending order by degree and arranged in a concentric circle (Figure 3B). Degree reflected the importance of nodes by representing the number of connections between nodes and other nodes. According to the degree, the targets in the innermost circle were predicted as important targets.
3.2.3 Gene ontology and Kyoto Encyclopedia of Genes and Genomes enrichment Analyses
We conducted GO functional analysis and KEGG pathway enrichment analysis to elucidate the biological impacts of CaD on gene functions and signaling pathways of relevant targets in treating DKD. As shown in Figure 4, the top 10 GO items and top 20 KEGG pathways were selected based on the p-value.
[image: Figure 4]FIGURE 4 | Enrichment analysis of the targets of CaD in treating DKD. (A) GO functional analysis. Top 10 items of each part are shown. (B) KEGG pathway enrichment analysis. The sizes of the bubbles are illustrated from big to small in a descending order of the number of potential targets involved in the pathways.
For biological processes, the targets were mainly enriched in the apoptotic signaling pathway, regulation of kinase activity, MAPK cascade, cellular response to chemical stress, and regulation of cytokine production. The top 10 items were mainly related to protein kinase activity, peptidase activity, and phosphotransferase activity (alcohol group as acceptor) in molecular functions. The cellular components were primarily concentrated in cytoplasmic vesicle lumen, secretory granule lumen, ficolin-1-rich granule lumen, membrane raft, vacuolar lumen, lytic vacuole, and lysosome; according to the results of the KEGG pathway enrichment analysis, most were involved in the MAPK signaling pathway, PI3K-Akt signaling pathway, the Ras signaling pathway, focal adhesion, fluid shear stress, atherosclerosis, Rap1 signaling pathway, and the chemokine signaling pathway. Interestingly, the typical targets of CaD and DKD are mainly enriched in the MAPK signaling pathway, and protein kinase activity was mentioned in the top 10 molecular function items. Additionally, biological processes involved apoptosis signaling pathways, regulation of kinase activity, and MAPK cascade. Therefore, we surmised that the MAPK signaling pathway might be critical. The number of targets concentrated in the chemokine pathway was relatively large in the figure, and the biological process highlighted cellular response to chemical stress and regulation of cytokine production. Meanwhile, the meta-analysis results showed that CaD significantly reduced the level of inflammatory factors. These imply that the chemokine signaling pathway cannot be overlooked.
3.2.4 Component–target–pathway network construction
A component–target–pathway network was constructed with Cytoscape3.7.1 based on the KEGG pathway enrichment analysis (Figure 5). Among the essential targets selected by the PPI network, AKT1, CASP3, IGF1, and MAPK8 were enriched in the MAPK signaling pathway, and CCL5, a typical inflammatory chemokine, was increased in the chemokine signaling pathway at the same time. We speculated that the five targets might be critical for CaD in treating DKD and used for further molecular docking.
[image: Figure 5]FIGURE 5 | Component–target–pathway network. A total of 77 nodes and 372 edges are present in the network. Orange diamond represents the bioactive component of CaD, 57 green squares represent targets, and 20 blue V-shapes represent pathways. Sizes of the green square node are illustrated from big to small in a descending order of degree values. A total of 372 edges represent the interaction relationship between components, targets, and pathways.
3.2.5 Molecular docking result analysis
In the present studies, the possible interaction activity between five key targets and their corresponding compounds of CaD was investigated with molecular docking verification. Among the docking results, most binding complexes possessed high binding affinity, averaging −5.12 kcal/mol. The modes of five binding complexes are displayed in Figure 6, including CaD-AKT1 docking (−5 kcal/mol), CaD-CASP3 docking (−5.55 kcal/mol), CaD-IGF1 docking (−4.62 kcal/mol), CaD-MAPK8 docking (−5.16 kcal/mol), and CaD-CCL5 docking (−5.26 kcal/mol). For concreteness, taking the CaD-AKT1 docking as an example, small-molecule ligand CaD may be embedded in the interfaced pocket formed by the interaction of amino acid residues in the protein (Figure 6Aa). Figure 6Ab shows three hydrogen bond formations between ligand and residues in SER 216, LEU202, and VAL201. The other essential residues (LYS214, TYR215, LEU213, GLN203, and ASN204) interacted with CaD through van der Waals forces. These forms of hydrogen bonds and interactions contribute to the stability of the binding of small molecules to the active sites of proteins.
[image: Figure 6]FIGURE 6 | Molecular docking diagram. (A) Five conformations of a molecular docking simulation. Diagrams (3D) represent that the molecular model of the compound is in the binding pocket of the protein. The compound is shown as a stick model in orange. The amino acid residues in the surrounding are represented by surface style. Diagrams (2D) show the interactions between the compound and surrounding residues. (B) 3D column diagram shows the affinity of six conformations. X-axis: bioactive component, y-axis: target names, and z-axis: docking affinity (absolute value of the binding energy).
4 DISCUSSION
We gathered 42 trials of CaD intervention for DKD clinical treatment, including 3671 DKD patients in various phases of the disease, and divided them into the CaD experimental and control groups. The results showed that Scr, BUN, and Cys-C levels in the blood, as well as molecules including UAER, 24 h urine protein/24 h urine albumin, 1-MG, and 2-MG in the urine, were significantly lower in the CaD group compared to the control group, while GFR levels were substantially higher. These findings suggested that CaD could help DKD patients improve their glomerular filtration performance and kidney function. In addition, CaD could modulate endothelium contraction and relaxation by boosting NO and lowering ET, regulating microvasculature function. Inflammatory variables such as CRP levels also dropped in the CaD group, implying that CaD can help DKD patients lessen their inflammatory response. Compared to the control group, patients in the CaD group showed a trend of improvement in numerous indices, including glomerular filtering performance, endothelium function, and inflammatory function. As a result, we hypothesize that CaD may bind to multiple targets in vivo, activating or inhibiting multiple metabolic and disease-related pathways, reminding us that a network pharmacological approach can be used to investigate the mechanisms by which drugs improve multiple metrics in patients.
Then, using network pharmacology, we built a PPI network for the drug’s and disease’s shared targets and ran GO and KEGG analyses on these genes. According to BP enrichment, multiple genes are abundant in apoptosis, regulation of kinase activity, and cellular response to chemical stress, which could be CaD’s primary approach to suppressing the development of DKD. Based on the KEGG pathway enrichment analysis and literature research, we anticipated that CaD would play a therapeutic function in DKD primarily by modulating the MAPK signaling pathway and the chemokine signaling pathway (Figure 7). We identified AKT1, CASP3, IGF1, MAPK8, and CCL5 as primary targets based on the component–target–pathway network analysis, implying that the CaD-mediated DKD treatment is mainly related to the abovementioned targets.
[image: Figure 7]FIGURE 7 | MAPK and chemokine signaling pathways are influenced by dapagliflozin. The red nodes represent the key targets, the orange nodes represent common targets of CaD and DKD targets, and the green nodes represent the other targets of these two pathways. CaD affects the phosphorylation of MAPK14 in the p38/MAPK pathway. In the JNK pathway, CaD affects the phosphorylation of MAPK8 and MAPK10 and it also indirectly affects the activation of CASP3. As for the classical MAPK signaling pathway, CaD affects the activation of GRB2, HRAS, RAF1, and the phosphorylation of MEK and ERK. The chemokine signaling pathway is closely related to the classical MAPK signaling pathway. CaD inhibits the expression of CCL5. CaD inhibits apoptosis, oxidative stress, and inflammation by inhibiting the MAPK signaling pathway and the chemokine signaling pathway, thereby exerting a therapeutic effect on DKD.
Reactive oxygen species (ROS), the products of normal metabolism and xenobiotic exposure, are significant factors related to the pathogenesis of DKD (Bahmani et al., 2016; Miranda-Díaz et al., 2016), and their production can induce apoptosis (Xu et al., 2017). CaD has been shown to prevent cell apoptosis by lowering the number of ROS (Iriz et al., 2008). CASP3 is an essential component of apoptosis and is closely associated with the progression of DKD (Zhou et al., 2021). Hyperglycemia stimulates CASP3 cleavage and DNA breakage, and the resulting apoptosis leads to mesenchymal cell loss in DKD. (Mishra et al., 2005). One of the earliest events in DKD is glomerular thickening resulting from mesangial cell hypertrophy, and it has been determined that Akt signaling contributes to thylakoid hypertrophy in DKD. (Mahimainathan et al., 2006). DKD is associated with the loss of renal cells, particularly glomerular podocytes, which form the glomerular filtration barrier, and changes in Akt signaling as a critical event in podocyte loss during early DKD. In addition, inhibition of Akt and its downstream targets such as mTOR may provide future therapeutic benefits for treating DKD (Heljić and Brazil, 2011). IGF1 is an important growth factor that maintains the structure and function of nephritis and plays a vital role in the pathology of DKD (Bach and Hale, 2015). Previous studies have shown that IGF1 overexpression causes many histopathology changes such as kidney tissue hyperplasia, renal cell proliferation, nephromegaly, mesangial expansion, and increased inflammatory cytokines (Li et al., 2018). Donath also found that inhibition of IGF1R could reduce inflammation in DKD more effectively (Donath, 2013). Animal and human kidney biopsy studies have shown that activation of stress-activated protein kinases (p38 MAPK and JNK) is associated with the progression of inflammation and injury in multiple forms of kidney disease (Adhikary et al., 2004). In addition, pharmacological inhibitors of p38 MAPK or c-Jun N-terminal kinase (JNK) are effective in animal models of renal disease when used as prophylactic agents to prevent injury development or as interventional therapies to inhibit the progression of established injury (Tesch et al., 2016). These findings support the notion that p38 MAPK and JNK signaling are important therapeutic targets for preventing kidney damage. Besides, CCL5 is involved in the pathogenesis of diabetic kidney injury as an inflammatory chemokine upregulated in response to the metabolic and hemodynamic characteristics of the diabetic environment (Pérez-Morales et al., 2019). Subsequently, the desired molecular docking results strongly prove the criticality of the above five targets.
Podocytes are terminally differentiated cells, and podocyte damage is the critical event leading to proteinuria in DKD (Miranda-Díaz et al., 2016). ROS is essential for initiating podocyte apoptosis (Zhang et al., 2015). Activating p38 MAPK, a pro-apoptotic signaling factor downstream of ROS leads to cell apoptosis (Finkel and Holbrook, 2000). Evidence has shown that the increase of ROS could activate profibrotic factors, including TGF-β through P38-MAPK, which could promote the synthesis of type IV collagen (the main component of extracellular matrix (ECM)) and fibrin connection protein, thus causing an increase in ECM, and forming early DKD (Sakai et al., 2005). Previous studies have shown that leptin can signal through the leptin receptor isoform to stimulate glomerular endothelial cell proliferation, increase TGF-β1 synthesis, and type IV collagen production (Wolf and Ziyadeh, 2006). Leptin promotes fibrosis primarily on the glomerulus but can potentially prevent/reverse renal injury by normalizing metabolic disturbances, including hyperglycemia and hyperlipidemia (Suganami et al., 2005). Bulent O et al. suggested the potential importance of leptin in regulating glucose homeostasis and its possible direct application in treating disorders of glucose homeostasis (Yildiz and Haznedaroglu, 2006). These also provide help to broaden our treatment ideas. Furthermore, the MAPK pathway can be activated by chronic hyperglycemia, resulting in a local inflammatory response (Fang et al., 2012). Targeted therapy for inhibiting the p38 MAPK signaling pathway has shown preventive effects on streptozotocin-induced DKD (Lin et al., 2018). These findings indicate that CaD may significantly influence DKD by inhibiting the MAPK signaling pathway.
In addition tocell apoptosis, chemokine production has also been believed to play an essential role in the process of DKD (Dieter et al., 2019). The proinflammatory chemokine (C–C motif) ligand 12 caused glomerular sclerosis in T2D mice, and blocking its expression had a protective effect on DKD (Darisipudi et al., 2011). Inflammatory CCL5 is expressed in various cell types, including fibroblasts and renal tubular epithelial cells. Previously, upregulated CCL5 was found in the kidney, and its expression is directly related to the proteinuria concentration in kidney tubular cells (Navarro-González et al., 2011; Zhang et al., 2016). Consequently, it can be concluded from the existing research that the chemokine signaling pathway plays a vital role in CaD in treating DKD.
Although our results revealed the advantages of CaD for DKD, limitations did remain in the analysis. In the present study, we chose serum creatinine as a marker to assess renal function. At the same time, the literature has reported that CaD interferes to some extent with serum creatinine measured by sarcosine oxidase, both in vivo and in vitro (Zhou et al., 2018). However, we also evaluated serum Cys-C, which may be more sensitive for assessing renal function. Its levels are not interfered with by CaD, and many studies suggest using serum Cys-C to evaluate renal function in patients receiving CaD therapy (Guo et al., 2015). Other studies point out that microalbuminuria is the current gold standard for predicting and detecting diabetic kidney disease (Salem et al., 2020). The evaluation of urine albumin excretion rate (UAER) and 24 h urine protein/24 h urine albumin are covered in our article. Therefore, this issue is not sufficient to affect our findings.
5 CONCLUSION
In conclusion, our research systematically elucidated the underlying molecular mechanisms by which CaD interfered with DKD based on the meta-analysis, network pharmacology, and molecular docking. We predicted five key targets from complex networks and concluded that CaD exerts a therapeutic effect on DKD by inhibiting MAPK and the chemokine signaling pathway. We expect this research to provide additional reference directions for CaD as a medicine in treating diabetic microangiopathy. Further exploration can be done in the future based on this study.
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CKD is a clinical syndrome with slow development and gradual deterioration of renal function. At present, modern medicine still lacks an ideal treatment method for this disease, while TCM has accumulated rich clinical experience in the treatment of CKD, which can effectively improve renal function and delay renal failure, and has unique advantages. RC is widely used in clinical practice to treat CKD, especially the “Kidney-Yin” deficiency syndrome. However, the compatibility mechanisms responsible for its effects in experimental studies, including preclinical and clinical research studies, are still not fully understood. Adenine-induced CKD rats were used to investigate the preventive effect of RC on CKD rats. Based on the high-throughput 16S rRNA gene sequencing results from Illumina, we discussed the intestinal flora abundance in rats in different treatment groups. According to a PCA and a PCoA based on a distance matrix, there was a clear separation of gut microbiome profiles between normal rats and model rats in terms of beta diversity. The abundance of Firmicutes in CKD rats was relatively increased, while that of Bacteroidetes was decreased. It is clear that the plot for the RC group was closer to that of the normal group, suggesting that the RC group had higher similarities among bacterial members with N rats. Ussing chamber, Western blot, and PCR assays were used to investigate the effects of RC on intestinal barrier function and its molecular mechanism in model animals. The results indicated that the protein expressions of ZO-1, claudin-1, and occludin-1 were decreased significantly in chronic kidney disease rats with the induction of adenine. With the treatment of RG, CO, and RC, the intestinal barrier was repaired due to the upregulated expressions of the aforementioned proteins in CKD rats. Based on our findings, RC appears to strengthen the intestinal barrier and modulate gut microbiota in adenine-induced CKD rats. This project revealed the compatibility mechanism of RC in regulating the intestinal microecology and barrier function to intervene in CKD and provided the basis and ideas for the clinical application of RC and the development of innovative drugs for CKD.
Keywords: chronic kidney disease, adenine, Rehmannia glutinosa Libosch, Cornus officinalis Sieb, intestinal microbiota, barrier function
1 INTRODUCTION
Chronic kidney disease (CKD) is a clinical syndrome with slow development and gradual deterioration of renal function. The incidence of CKD in our country exceeds 10%, and it has become a worldwide health problem carrying relevant medical, social, and economic consequences (Ioannidou et al., 2011; Zhang et al., 2012; Zha et al., 2020). For human health and life, delaying or blocking the progression of CKD has become an important challenge faced by the clinical medical community and the health departments of various countries. At present, modern medicine still lacks an ideal treatment method for this disease, whereas traditional Chinese medicine (TCM) has amassed extensive clinical experience treating it, which can effectively improve renal function and delay renal failure, and has unique advantages. However, due to the complex formulation of traditional Chinese medicine, it is difficult to determine its pharmacodynamic mechanism. Fortunately, as a specific combination of two relatively fixed TCMs, drug pairs are not only the simplest and most basic forms of TCM formulations but are also synergistic (Qu et al., 2020). The study of herb–herb interactions has gained more attention over the last few decades as research has confirmed that herb pairs have a better pharmacological efficacy than individual herbs (Wang et al., 2016). The study of drug pairs makes it easier to elucidate the compatibility issues of complex TCM formulations. Therefore, the study of herbal pair interactions has received great attention.
Rehmannia glutinosa Libosch (RG) mainly contains the major components of iridoids (e.g., catalpol) and phenylethanol glycosides (e.g., verbascoside), is clinically beneficial to the liver and kidney, and is applied to promote circulation of the blood. Cornus officinalis Sieb (CO) mainly contains iridoid glycosides (e.g., mononoside and troside) and has been used to rejuvenate the liver and kidneys, reduce urination, and maintain kidney essence in traditional Chinese medicine (TCM) formulations for thousands of years. The combination of Rehmannia glutinosa and Cornus officinalis comes from the famous Chinese medicine prescription “Liuwei Dihuang Pill.” Because of its significant effect of “nourishing yin and invigorating the kidney,” it has been widely used by doctors of all dynasties. Many classic prescriptions such as Jisheng Shenqi pill and Zuogui pill contain this drug pair, and it is also a combination of herbs which is used to treat “Kidney-Yin” deficiency syndrome (Wang et al., 2013; Tao et al., 2018). In this study, our research group used the established “Traditional Chinese Medicine Prescription Database Retrieval System” (derived from the “Chinese Medicine Prescription Dictionary”) to search for prescriptions related to chronic kidney disease in the main diseases and used the bibliographic information co-occurrence analysis system (Bibliographic Item Co-Occurrence Matrix Builder) as a data processing tool to statistically analyze the frequency of occurrence of each traditional Chinese medicine in the prescriptions for chronic kidney disease. The results showed that the application frequency of Rehmannia glutinosa and Cornus officinalis was significantly higher, and the frequency of co-occurrence of the two medicines was also higher. In addition, Rehmannia glutinosa and Cornus officinalis had the highest ratio of 2:1 in the prescriptions for treating chronic kidney disease, accounting for 70% of the total. Although RC is a well-known prescription for CKD in traditional medicines, the compatibility mechanisms responsible for its effects in experimental studies, including preclinical and clinical research studies, are still not fully understood.
In humans, the gut is a symbiotic system with a large number of bacteria and microorganisms, which constitute an extremely complex micro-ecosystem and maintain a relatively stable balance, affecting the immune anti-inflammatory axis and playing an important role in maintaining human health (Holmes et al., 2012; Nicholson et al., 2012; Valentina and Fredrik, 2012). Cumulative evidence has demonstrated a crucial role of intestinal microbiota in the pathogenesis of chronic kidney diseases (Pan and Kang, 2017; Feng et al., 2019; Plata et al., 2019). CKD patients usually suffer from dysbiosis of gut microbiota, resulting in a changed composition of the intestinal flora. As a result, this altered colonic flora produces uremic toxins, such as indoxyl sulfate and p-cresyl sulfate, that accumulate in the body (Zhang et al., 2012; Crespo-Salgado et al., 2016; Wanchai et al., 2017), which may contribute to progression of chronic renal disease, and are normally excreted in the urine (Gholamreza et al., 2020). At the same time, intestinal microecological disturbances lead to the proliferation of intestinal pathogens, resulting in the production of a large amount of endotoxin, which damages the intestinal mucosal barrier, increases intestinal permeability, and leads to the translocation of intestinal bacteria and endotoxins to other tissues. This causes intestinal infection and endotoxemia, and endotoxin activates transcription factors NF-κB and AP1 through Toll-like receptor 4 (TLR4) and promotes inflammatory cytokines such as TNF-α, IL-1, IL-6, and MCP-1. These factors ultimately cause systemic inflammatory response and accelerates the process of CKD and aggravates kidney damage (Ramezani and Raj, 2014; Shiba et al., 2014; Vanholder and Glorieux, 2015). Therefore, strategies for the kidney–gut axis aimed at altering gut microbiota composition and rebuilding the gut barrier, including supply of prebiotics and/or probiotics, have been proposed for CKD.
In this study, potentially protective effects of the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple on adenine-induced CKD rats were evaluated systematically through macroscopical scores, histological changes, and inflammatory markers. Furthermore, the modulation of intestinal microflora by the herb couple was examined by Illumina MiSeq sequencing of 16S rRNA gene libraries via high-throughput sequencing. In addition, the intestinal barrier function-related gene expression analysis was also carried out to explore the potential biological mechanism of Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple’s intervention in chronic kidney disease. This study has important implications for exploring new strategies for the clinical treatment of chronic kidney disease based on gut microecology.
2 MATERIALS AND METHODS
2.1 Animals
A total of sixty male Sprague–Dawley rats weighing between 180 and 220 g were obtained from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The experimental animal license number was SCXK (Su)-2016-0003. Approval for these experimental protocols was obtained from the Animal Research Committee of Nantong University (Animal Ethics Number. 20200826-003), and all animals were treated according to guidelines laid out by the National Institutes of Health. The rats were maintained on a 12:12 light/dark cycle at a room temperature of 22 ± 2°C and a relative humidity of 50 ± 10%.
2.2 Chemical regents
Adenine (Nanjing Herbal Biotechnology Co., Ltd., batch number BZP 1910), Huangkui capsules (Jiangsu Suzhong Pharmaceutical Group Co., Ltd., batch number 59288285688), Cornus officinalis (Sanyue Traditional Medicine, batch number 200704), and Rehmannia glutinosa crude material (Sanyue Traditional Medicine, batch number 200627) were procured.
The BUN, SCr, and UCR ELISA kits were purchased from Nanjing Herbal Biotechnology Co., Ltd., Nanjing, China. In addition, Rat UP ELISA Kit (Nanjing Herbal Biotechnology Co., Ltd., batch number 202009), Rat TGF-β ELISA Kit (Nanjing Herbal Biotechnology Co., Ltd., batch number 2105R21), Rat IFN-γ ELISA Kit (Nanjing Herbal Biotechnology Co., Ltd., batch number 2105R33), and Rat IL-6 ELISA Kit and Rat TNF-α ELISA Kit (Meimian Biotechnology Co., Ltd., batch number MM-0190R2, and MM-0180R2) were also procured for the study.
The following materials were obtained for the study: polyvinylidene fluoride (PVDF) (Beyotime Biotechnology, batch number FFP28), Prestained Color Protein Molecular Weight Marker (Beyotime Biotechnology, batch number P0071), RIPA lysis buffer (Beyotime Biotechnology, batch number P0013B), phenylmethanesulfonyl fluoride (PMSF) (Beyotime Biotechnology, batch number ST506), Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, batch number P0010), Dual Color SDS-PAGE Protein Sample Loading Buffer, 5X, odorless (Beyotime Biotechnology, batch number P0295-15ml), blotting grade (Beyotime Biotechnology, batch number P0216-1500g), β-Actin (13E5) Rabbit mAb (1:2000, Cell Signaling Technology, batch number 4970S), monoclonal rabbit anti-occludin antibody (1:1000, Abcam, batch number ab167161), anti-claudin-1 antibody (1:1500, Abcam, batch number ab15098), ZO-1 rabbit polyclonal antibody (1:1000, Proteintech, batch number 21773-1-AP), Alexa Fluor® 680-AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson, batch number 111-625-144), HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme, batch number R333-00 100 rxns), and ChamQ SYBR® qPCR Master Mix (High ROX Premixed) (Vazyme, batch number Q341-02).
2.3 Experimental procedures
2.3.1 Adenine-induced kidney disease in rats
After an acclimatization period of 7 days, the rats were fed with standard chow and water ad libitum; all rats were randomly distributed into six equal groups. The first group was the normal group (N group), the second group was the model group (M group), and the third, fourth, fifth, and the sixth were the therapy groups. Except for the rats in the normal group, all other rats were given adenine suspension (freshly dissolved in 0.5% CMC–Na) intragastrically for 14 consecutive days to establish a model of CKD induced by adenine. The rats in the normal group were given 0.5% sodium carboxymethyl cellulose aqueous solution every day. The third group was treated orally with Huangkui capsules (the HK group). Here, an aqueous solution of Huangkui capsule powder dissolved in ultrapure water was prescribed, with a daily dose of 675 mg/kg, which is equivalent to 7,500 mg of Huangkui capsules per day for patients weighing 60 kg. The rats in the fourth, fifth, and the sixth groups were treated with the Rehmannia glutinosa extract (the RG group), Cornus officinalis extract (the CO group), and Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple extract (RC group). Experimental protocols for animal care and welfare were strictly in accordance with the Guide for the Care and Use of Laboratory Animals.
2.3.2 Preparation of the biological sample
Fresh stool samples were collected from each rat after the treatment on the 14th day, frozen immediately, and stored until processing at −80°C. All rats were killed using deep ether anesthesia, and then, their colons were dissected longitudinally along a longitudinal mesentery. They were further rinsed with isotonic saline and assessed for intestinal mucosa. The kidney tissues were also collected for analyses.
In a 24-h period after the end of the treatment, the rats were anesthetized by intraperitoneal injection of chloral hydrate. Approximately, 6 ml of blood was collected from the abdominal aorta and centrifuged at 1,200 g at 4°C for 10 min to separate the plasma. In preparation for analysis, the plasma was stored at −80°C. Both kidneys were removed, blotted dry on a filter paper, and weighed. The relative kidney weight was determined by multiplying the kidney weight times the body weight. We rapidly preserved a little portion of the left kidney in formalin saline in preparation for histopathological and immunohistochemical processing. The remaining kidney tissues were frozen at −80°C for subsequent biochemical testing.
2.3.3 Ussing chamber experiment
The prepared intestinal segments and intestinal mucosa of the test animals in each group were fixed in the diffusion chamber; the mucosal side was washed with Ringer’s solution (pH = 7.3) (Li et al., 2021; Stevens et al., 2021), and the biological activity of the intestinal mucosa was maintained at a constant temperature of 37.5°C for 30 min. Transepithelial resistance was calculated after the equilibration period, and TER (Ω cm2) was recorded every 15 min for 1 h. Data were averaged to calculate the TER value for each rat. The current signals of changes in the ion channels of the entire cell membrane were detected using microelectrodes, reflecting changes in intestinal drug absorption, permeability, and secretion (Chen et al., 2015).
2.3.4 Enzyme-linked immunosorbent assay
The Tris-HCl containing protease inhibitors were used to extract colon tissue with appropriate amounts of guanidine hydrochloride. Then, the extract was centrifuged (13,000 g × 10 min) at 4°C, and subsequently, the ELISA kit was used to determine the cytokines in the supernatant, as directed by the manufacturer.
2.3.5 Intestinal barrier function-related gene expression analysis
The TRIzol method was used to extract total RNA from the intestinal mucosa samples, according to the instructions provided by the total RNA extraction kits. The total RNA level was studied using a spectrophotometer with a wavelength of 260 nm. The integrity and quality of the extracted RNA was analyzed using 1% agarose gel electrophoresis and the absorbance ratio at 260/280 nm. For reverse transcription, total RNA was extracted from intestinal mucosa samples, as directed by the RT reagent kit (TaKaRa Biotechnology Co., Ltd.).
The real-time quantitative reverse-transcription (qRT)-PCR was used to determine the three tight junction (TJ) protein genes: occludin-1, claudin-1, and the encoding zonula occludens 1 (ZO-1) gene expression level of the intestinal mucosa. According to the NCBI database (http://www.ncbi.nlm.nih.gov/), the gene sequences of claudin-1, occludin-1, and ZO-1 were obtained, using this gene as a template, and then, according to the principle of primer design, with the assistance of Oligo Design software, primers for claudin-1, occludin-1, ZO-1, IL-4, and IL-6 genes were obtained (Table 1). All primers were confirmed by NCBI BLAST software for their specificity. Each primer sequence was synthesized by Invitech (Shanghai) Trading Co., Ltd. The relative mRNA expression of the target genes was determined using the 2−ΔΔCT method, and gene relative expression levels were expressed as a fold change to the internal control gene β-actin.
TABLE 1 | Designed primer sequence.
[image: Table 1]2.3.6 Western blot experiment
Colon tissues were ground and lysed with RIPA lysis buffer and phenylmethanesulfonyl fluoride (PMSF). The protein concentration was determined by using the BCA Protein Assay Kit. SDS-PAGE was used to separate the proteins, and the PVDF membrane was used to transfer those proteins. Then, they were blocked with phosphate-buffered saline with Tween 20 (PBST) containing 5% fat-free milk. After washing three times in TBST, PVDF membranes were co-incubated with the primary Abs (ZO-1, occludin-1, and claudin-1) overnight at 4°C and then incubated with secondary Abs (Goat Anti-Rabbit IgG) for 1 h at room temperature. After washing three times in TBST, photographs were taken with β-actin as the internal reference in the imaging system (LI-COR Odyssey).
2.3.7 Intestinal bacterial gene amplification and Illumina MiSeq sequencing
Using the Omega Bio-tek EZNA® Soil DNA Kit (Norcross, GA, United States), the microbial DNA was extracted from colonic contents. Amplificating the V3-V4 regions of the 16S rDNA from bacteria was achieved by PCR (95°C for 4 min, followed by 25 cycles of 30 s each at 95, 55, and 72°C for 45 s, and then by one last extension of 10 min at 72°C) using primers 341F and 806R, which contain barcodes CCTAYGGGRBGCASCAG-3′ and GGACTACNNGGGTA TCTAA T-3′, respectively. Amplicons were extracted from 2% agarose gels using the AxyPrep DNA Gel Extraction Kit and quantified using the QuantiFluorTM-ST system. The pooled DNA products were used in Illumina’s genome DNA library preparation procedure to make Illumina pair-end libraries. In the following steps, the amplicon library was sequenced on an Illumina MiSeq platform (Shanghai BIOZERON Co., Ltd.), according to the standard protocols.
2.3.8 Process of sequencing data
Dehybridization filtering was performed on the data prior to in-depth bioinformatic analysis of the sequencing results. By FLASH (v 1.2.7) software, according to the minimum overlap length of 10 bp, the maximum mismatch ratio allowed in the overlap region was 0.2, splicing the reads of each sample. The obtained splicing sequence is the original tag data. Trimmomatic (v0.33) software was used to filter the spliced raw tags to obtain high-quality tag data, and then, UCHIME (v 4.2) software was used to identify and remove chimera sequences to obtain the final effective data for subsequent bioinformatics analysis. QIIME (version 1.17) was used (Sun, Li et al., 2015) to demultiplex and filter the original FASTQ files. UPARSE version 7.1 was used to cluster OTUs. Chimeric sequences were verified and deleted by UCHIME. Based on the Silvia database, we evaluated the genetic relationships of each 16S rDNA sequence using the ribosomal database project classifier (http://rdp.cme.msu.edu/) (Westcott and Schloss 2015).
2.3.9 Statistical analysis
A mathematical analysis of the experimental data was carried out by GraphPad PrismV5 software. An analysis of variance (ANOVA) with Tukey’s honestly significant difference (HSD) post hoc test was used to compare groups’ average number of members (Tao et al., 2018).
3 RESULTS
3.1 Amelioration of RG, CO, and RC on adenine-induced chronic kidney disease in rats
Compared with the control group (N), the weight of adenine-induced chronic kidney disease rats (M) decreased continuously in 2 weeks of adenine modeling (Figure 1). Adenine-induced CKD rats not only lost weight but also significantly increased in the renal/kidney weight ratio, water intake, and urine output throughout the modeling period; meanwhile, the kidney index was significantly increased (p < 0.01), indicating oral administration of adenine led to renomegaly (Figure 1). Meanwhile, the food intake and fecal output were decreased obviously (p < 0.05). Treatment with Rehmannia glutinosa extracts (RG), Cornus officinalis extracts (CO), and the herb couple extracts (RC) did not induce notable change in body weight and fecal output, but RC treatment attenuated the decrease in the kidney weight ratio (p < 0.01).
[image: Figure 1]FIGURE 1 | Intervention effect of RG, CO, and RC on some physiological parameters: (A) body weight (g), (B) renal/kidney weight ratio (%), (C) water intake (ml/24 h), (D) urine output (ml/24 h), (E) food intake (g/24 h), (F) fecal output (g/24 h), (G) SCr (%), (H) BUN(%), (I) UCR (ml/24 h), (J) uric acid (ml/24 h), (K) CAT, (L) GR, (M) TAC, and (N) SOD. (Data are means ± SD. ***p < 0.001, **p < 0.01, and *p < 0.05 vs. normal group; ##p < 0.01, and #p < 0.05 vs. model group. n = 6).
A significant increase in SCr, BUN, and uric acid levels (p < 0.01) was observed in the model group after 2 weeks of adenine administration (Figure 1). RG, CO, and RC attenuated adenine-induced increases in all of the aforementioned parameters, with RC having the most significant intervention effect (p < 0.05). Figure 1 also shows that adenine significantly reduced CAT, TAC, GR, UCR, and SOD levels; RG or CO alone improved the aforementioned physiological parameters but have no significance. However, the reduction of CAT, TAC, GR, UCR, and SOD levels in the adenine-induced CKD rats by RC treatment was significantly ameliorated.
3.2 Pathological change in the adenine-induced chronic kidney disease rats
The routine histopathological examination and demonstration of collagen deposition of the kidneys from different groups were evaluated by H&E staining (Figure 2A) and M&T staining (Figure 2B), respectively. By observing microscopic images of histopathology and the semi-quantitative score (Figure 2C), it can be seen that the control rats (N) displayed normal architecture and histology of renal tissues with the aforementioned two stains. Compared with the control group, CKD rats exhibited tubular and glomerular atrophy, interstitial fibrosis, and interstitial inflammation in their renal tissues. The results further demonstrated that CKD rats induced by adenine were successful. Nevertheless, both the positive (HK) and the RC groups had remarkable improvements in symptoms. Additionally, collagen expression was evident in the interstitial and tubular regions of the kidneys of CKD rats. Compared with the model group, HK, RG, CO, and RC reversed the renal pathological damage caused by adenine to different degrees. The results of these experiments indicate that RC is effective in reducing kidney injury in rats induced by adenine.
[image: Figure 2]FIGURE 2 | Routine histopathological examination and collagen deposition of the kidneys of rats from different groups were evaluated by different staining methods. (A) H&E staining of the kidney of rats. (B) Masson staining of the kidney of rats. (C) Histological scoring was obtained from the H&E and Masson staining results of the kidney (c1) Fibrous tissue hyperplasia, (c2) Renal tubular crystal, (c3) Tubular degeneration and atrophy. (Data are means ± SD. ****p < 0.0001 and **p < 0.01 vs. normal group; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. model group. n = 6).
3.3 Gut barrier integrity function
The gut barrier function index (TER and FD4 flux across cells) is shown in Figure 3. In comparison with the normal rats, the transepithelial electrical resistance in colon tissue of the adenine-induced CKD rats was significantly reduced, and meanwhile, the fluorescein isothiocyanate–dextran 4 kDa flux was increased (p < 0.05). However, the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple extract increased the transepithelial electrical resistance in colon tissue and decreased fluorescein isothiocyanate–dextran 4 kDa fluxes in colon tissue of the adenine-induced CKD rats (p < 0.05). At the same time, the RG and CO groups had no effect (p > 0.05) in the aforementioned parameters.
[image: Figure 3]FIGURE 3 | Indexes of the intestinal barrier function. (Data are means ± SD. ****p < 0.0001 and ***p < 0.001 vs. normal group; ##p < 0.01 and #p < 0.05 vs. model group. n = 6).
3.4 Analysis of circulating cytokines in the serum
The concentration and expression of urinary protein (UP), IFN-γ, TNF-α, TGF-β, IL-4, and IL-6 were analyzed in the serum, respectively (Figure 4). Results consistently showed that the levels of the UP and classical pro-inflammatory cytokines IFN-γ, TNF-α, and IL-6 in adenine-induced CKD rats were significantly higher than those in other groups, while the levels of TGF-β and IL-4 in adenine-induced CKD rats were notably lower than those in the normal group. RG, CO, and RC significantly attenuated adenine-induced increase in the measured inflammatory markers. At the same time, the results also showed that the effect of the RC group was significantly better than that of RG or CO alone. The levels of IL-4 showed no statistical difference in the three groups after treatment (p > 0.05).
[image: Figure 4]FIGURE 4 | Concentration and expression of related biochemical cytokines. (Data are means ± SEM. (A) UP; (B) IFN-γ; (C) TNF-α; (D) TGF-β; (E) IL-4 ; (F) IL-6. ***p < 0.001 vs. normal group; **p < 0.01 and *p < 0.05 vs. normal group; ##p < 0.01 and #p < 0.05 vs. model group. n = 6).
3.5 Barrier function-related gene expression
To further investigate the effects of RC on the intestinal barrier integrity, the protein levels and relative mRNA expressions of tight junction protein (TJP) including zonula occludens-1 (ZO-1), claudin-1, and occludin-1 were measured.
We found that the protein expressions of the abovementioned proteins were decreased significantly in chronic kidney disease rats with the induction of adenine. With the treatment of RG, CO, and RC, the intestinal barrier was repaired due to the upregulated expressions of ZO-1, claudin-1, and occludin-1 of CKD rats (Figure 5A). Meanwhile, the mRNA expressions of such tight junction-related genes, which were tested by qRT-PCR, were also significantly decreased in CKD rats. Similarly, after RC treatment, the corresponding mRNA expression was significantly increased (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) Effects of RG, CO, and RC on the expressions of occludin-1, ZO-1, and claudin-1 in CKD rats. (B) Effects of RG, CO, and RC on the mRNA levels of occludin-1, ZO-1, and claudin-1 in CKD rats. (Data are means ± SD. ****p < 0.0001 vs. normal group; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. model group. n = 6).
3.6 Alpha and beta diversity of microbial 16S rRNA genes
To determine whether RG, CO, and RC were ameliorated in rats with adenine-induced CKD, 36 gut content samples were applied in this study. A high-throughput sequencing procedure was carried out on the Illumina MiSeq platform. In fewer than 97% identity conditions, there were 1,728,149 reads that passed all quality filters, resulting in 254,304 species classification OTUs. Generally, Shannon and Simpson indices are often used to describe the diversity of microbial communities in a particular community or ecosystem. The greater the Shannon index, the higher is the biodiversity; there is a negative correlation between the Simpson index and biodiversity.
In the present study, adenine-induced rats had a significantly lower Shannon index (p < 0.05) than the normal group, indicating lower microbial community richness, while the HK, RG, CO, and RC groups showed increased abundance (Figure 6). In addition, the Simpson index level was higher in the M group (p < 0.05), indicating less diversity of the microbial community (Figure 6). In contrast, microbial diversity was increased in HK-, RG-, and RC-treated rats (Figure 6). In short, compared with HK, RG, and RC treatment, this could significantly reverse the decrease in gut microbiota abundance but had little effect on community diversity. The individual rarefaction curves, Shannon Wiener curves, species accumulation curves, and rank-abundance distribution curve of samples were close to the saturation plateau (Figure 6), resulting in high sampling coverage and an adequate diversity of species in all samples.
[image: Figure 6]FIGURE 6 | Changes in the microbial community diversity and structure. (A) Rarefaction curves, (B) Shannon–Wiener curves, (C) species accumulation curves, (D) rank-abundance distribution curve, (E) Shannon–Wiener curves, and (F) Simpson curves. (Data are means ± SD. **p < 0.01 vs. normal group; ##p < 0.01 and #p < 0.05 vs. model group. n = 6).
Venn diagrams were used to determine which OTUs were unique to different treatment groups. Figure 7 shows that there were 202 and 300 unique OTUs in the model and control mice, respectively. On the contrary, in the treatment group, 106, 253, and 157 OTUs were distinct between CO, RG, and RC groups, respectively.
[image: Figure 7]FIGURE 7 | Intestinal bacterial composition of CKD rats. (A) OTU Venn analysis, (B) microbial community barplot with cluster tree, and (C) microbial community heatmap analysis.
Furthermore, the histograms of the communities showed little difference in the overall community structure at the phylum level. The main phylum levels in each group were Firmicutes, Bacteroidetes, Tenericutes, Leptidobacterium, Proteobacteria, and Actinobacteria, of which Firmicutes was the most important phylum in the sample intestinal bacteria, followed by Bacteroidetes phylum. Compared with normal rats, the abundance of Firmicutes in CKD rats was relatively increased, while that of the Bacteroidetes was decreased. Studies have shown that the imbalance between the Firmicutes and Bacteroidetes ratios was largely related to energy metabolism (Lin et al., 2018). A significant increase in the F/B ratios was seen in CKD rats in comparison with the normal group, which then decreased after treatment with RC. Heatmap analysis revealed that the predominant bacteria in the RC and N groups were relatively similar compared to the M group, suggesting that RC could regulate the gut bacteria of key phylotypes in adenine-induced CKD rats.
A distance matrix was calculated from beta diversity analysis, which was used to conduct hierarchical clustering of samples to determine the similarity in species composition between the samples. The results showed that biological replicates from the same experimental group (N, M, RG, CO, and RC) clustered together. This indicated that the intestinal flora in different treatment group results in a distinct and reproducible compositional expression (Figure 7).
3.7 Comparison of the gut bacterial community among different treatment groups
In this study, different treatment groups were found to exhibit significant differences in the diversity and richness of intestinal flora. At the genus level, there were significant differences in the number of 42 species that were found between adenine-induced CKD rats and the normal group, of which 12 species were classified. Compared with the normal group, the relative abundance of Bacteroides, Phascolarctobacterium, Escherichia, Shigella, Enterococcus, Faecalibaculum, Romboutsia, and Erysipelotrichaceae in adenine-induced CKD rats was increased significantly (p < 0.05 and p < 0.01; Figure 8B), but the abundance of Butyricimonas, Bifidobacterium, Lactobacillus, Lactococcus, Roseburia, Clostridiales, and Lachnospiraceae was decreased significantly (p < 0.05 and p < 0.01; Figure 8A). After RC treatment, the lowered relative abundance of Candidatus Soleaferrea, Globicatella Lachnospiraceae, Butyricimonas, and Ruminococcus 1 in adenine-induced CKD rats was increased significantly (p < 0.05 and p < 0.01; Figure 8A). In addition, the relative abundance of Bacteroides, Escherichia, Shigella, Enterococcus, Faecalibaculum, Romboutsia, and Erysipelotrichaceae was decreased significantly by RG, CO, and RC vs. the model group (p < 0.05 and p < 0.01 Figure 8B).
[image: Figure 8]FIGURE 8 | (A) Relative abundance of predominant bacteria. (B) Relative abundance of pernicious bacteria. (Data are means ± SD. ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 vs. normal group; ###p < 0.001, ##p < 0.01, and #p < 0.05 vs. model group. n = 6).
According to a PCA and a PCoA based on a distance matrix (Bray–Curtis algorithm), there was a clear separation of gut microbiome profiles between normal rats and model rats in terms of beta diversity. In Figure 9, it is clear that the plot for the RC group was closer to that of the normal group, suggesting that the RC group had higher similarities among bacterial members with N group rats.
[image: Figure 9]FIGURE 9 | (A) Multiple samples of 3D PCA. (B–C) PCoA based on weight_unifrac and unweight_unifrac distance algorithms. (D) Relationship between SOD, TAC, GR, and CAT and the aforementioned intestinal microbiota.
PCoA and 3D PCA confirmed that the N, M, and RC group rats clustered clearly within their own groups, according to the hierarchical clustering analysis based on the unweighted pair group method with arithmetic mean (UPGMA) (Figure 9). According to the distance matrix (Bray–Curtis algorithm) obtained from beta diversity analysis, a hierarchical cluster analysis was performed with the R language tool to determine the similarity of species composition between samples through UPGMA. Closer samples had shorter branches, indicating a similar species composition. As a result of these findings, it is possible that the modulation of the gut microbiota structure may contribute to the amelioration of RG, CO, and RC.
3.8 Correlation between gut bacteria and biochemical parameters
In order to investigate the potential association between gut microbiota alteration and host phenotypes, with Spearman correlation analysis, we evaluated the relationship between relative abundances of the most abundant genera and the biochemical parameters. The results indicated that the levels of uric acid, BUN, SCr, urine output, water intake, and relative kidney weight correlated positively with Eggerthellaceae, Erysipelotrichaceae, Adlercreutzia, Alloprevotella, Allobaculum, Anaerofilum, Enterococcus, Rhodopseudomonas, Faecalibaculum, and Sphingomonas. On the contrary, the levels of SOD, TAC, GR, and CAT appeared to be negatively correlated with the aforementioned gut microbiota (Figure 9).
4 DISCUSSION
Chronic kidney disease is a clinical syndrome with slow development and gradual deterioration of renal function. Its pathogenesis is complex, its course is long, its condition is serious, and often it continues to progress; eventually, it develops into end-stage renal failure, which seriously endangers human health and life. Delaying or stopping the progression of CKD has become an important challenge for clinicians and health authorities around the world. At present, modern medicine still lacks ideal treatment methods for this disease, while traditional Chinese medicine has accumulated rich clinical practice experience in the treatment of chronic kidney disease, which can effectively improve renal function and delay renal failure, with unique advantages. In view of the increasing amount of evidence to suggest TCMs/TCM formulas may act as prebiotics to modulate gut microbiota composition and metabolic phenotype, in recent years, it has become apparent that TCM formulas may be used as prebiotics to modify gut microbiota structure and metabolic phenotypes in the host, potentially providing new drug leads (Chang et al., 2017; Yu et al., 2017).
The intestinal tract of the human body is symbiotic with a large number of microorganisms, which constitute an extremely complex micro-ecosystem and maintain a relatively stable balance. The epidemic affects the immune-inflammatory anti-inflammatory axis (Aronov et al., 2011; Holmes et al., 2012; Nicholson et al., 2012; Valentina and Fredrik, 2012), which plays an important role in maintaining human health. In 2011, Meijiers et al. (Aronov et al., 2011) proposed the “gut-kidney Axis” theory of the progression of CKD drying and intervention. Intestinal barrier injury, resulting in intestinal bacteria and endotoxin translocation, is an important mechanism of kidney injury in the “gut-kidney” axis. Injury to the intestinal mucosal barrier, resulting in the translocation of intestinal bacteria, penetrating into the mucosa of the anesthetic tract, causing the immune system to abnormally regulate the intestinal bacteria or its metabolites, and also showing some normal damage to the bacterial flora, does not cause an immune response, leading to inflammation. As the wall of the intestinal mucosal barrier is constructed, the intestinal mucosal epithelium’s integrity and regeneration capacity play a crucial role. The connections between intestinal epithelial cells, from the top to the basement membrane, are tight junctions, adhesion junctions, desmosomes, and gap junctions. Among them, tight junctions are composed of structural proteins such as JAM, occludin-1, ZOs (zonula occludens), claudin-1, and various connexin molecules. It is the most important structure that constitutes the mechanical barrier of the intestinal mucosa. It plays an important role in the media, and the tight junction adhesion complex controls the integrity of the epithelial barrier.
In this study, the CKD rat model induced by adenine was successfully established, and the possible mechanisms of the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple on improving chronic kidney disease were explored by regulating the intestinal flora and enhancing the intestinal barrier.
Our sequencing analysis of 16S rDNA in microbial samples revealed that chronic kidney disease, induced by adenine, could alter the composition of gut bacteria significantly. Rats with CKD showed significant decreases in alpha diversity in comparison to normal rats; however, RG and RC could increase the alpha diversity of the gut bacteria in CKD rats. Meanwhile, this study clearly demonstrated that the gut dysbiosis of adenine-induced CKD rats was characterized by the intestinal flora abundant in Bacteroides, Phascolarctobacterium, Escherichia, Shigella, Enterococcus, Faecalibaculum, Romboutsia, and Erysipelotrichaceae, while less in Butyricimonas, Bifidobacterium, Lactobacillus, Lactococcus, Roseburia, Clostridiales, and Lachnospiraceae. Previous animal experiments and human studies have consistently shown that gut dysbiosis in CKD patients is mainly attributable to the reduction of bifidobacteria, and CKD progression is closely related to a lower abundance of Roseburia (Liu et al., 2018). A clinical study was conducted in patients with ESRD to investigate the role of gut microbiota in the generation of uremic toxins associated with negative outcomes. In their study, six taxa (Enterococcus, Akkermansia, Dialister, Ruminococcus, Bacteroides, and Blautia) correlated with increased uremic toxins and would need further investigation as microbial targets to lower uremic toxin concentrations to improve outcomes in patients with CKD (Joossens et al., 2019). As uremic toxins and urea enter the GI lumen, they imposed a selective pressure that encourages the growth of bacteria that produce urease, indole, and p-cresol-forming enzymes, causing a vicious cycle of inflammation and oxidative stress at the renal level (Vaziri et al., 2013). In addition, the profile of gut dysbiosis in the CKD rats of the present study, especially the reduction of Bifidobacterium and Roseburia, was significantly associated with inflammatory factors and brain phenotypes. The beneficial health effects of Bifidobacterium and Roseburia have been shown to be probiotics that enhance cognitive performance by metabolizing the host’s glutamate (Jiang et al., 2017; Zheng et al., 2020). SCFAs are mainly produced by bacterial metabolism and are an important energy source for colonic epithelial cells, which can enhance the integrity of the epithelial barrier and activate the gastrointestinal immune response, especially butyrate. It has been reported that Roseburia and Butyricicoccus, the major butyrate-producing bacteria, are typically found in low levels in the human gut with inflammatory diseases (Jiang et al., 2017; Garg and Ooi, 2017; Tao et al., 2017). The findings showed that treatment with the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple could maintain/shift the overall structure of adenine-induced CKD rats’ gut microbiota toward that of normal control rats.
Another important consideration is identifying the key microorganisms responsible for RC intervention that prevents CKD. After analysis by LEfSe and Spearman’s correlations, the results showed that the levels of uric acid, BUN, SCr, urine output, water intake, and relative kidney weight presented a notable positive correlation with Eggerthellaceae, Erysipelotrichaceae, Adlercreutzia, Alloprevotella, Allobaculum, Anaerofilum, Enterococcus, Rhodopseudomonas, Faecalibaculum, and Sphingomonas. On the contrary, the levels of SOD, TAC, GR, and CAT appeared to have a negative correlation with the aforementioned gut microbiota. Hemodialysis patients have been reported to benefit from Anaerofilum as it regulates the absorption of phosphate in the intestine by phosphorus metabolism (Miao et al., 2018). Eggerthellaceae is another family implicated in CKD and hemodialysis progression by its higher abundance in CKD patients than in controls (Lun et al., 2019).
It is now widely recognized that an undamaged gut barrier has an important function in preventing intestinal bacteria, toxins, or allergens from entering the human body through the gut. In this work, we assessed intestinal permeability using an ex vivo Ussing chamber. Decreased TER and increased FD4 flux have been reported to signal the impaired gut barrier (Jiao et al., 2015). In this experiment, the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple extract increased the transepithelial electrical resistance in colon tissue and decreased fluorescein isothiocyanate–dextran 4 kDa flux in colon tissue of the adenine-induced CKD rats. At the same time, the RG and CO groups had no effect in the aforementioned parameters. This finding indicates that the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple extract might benefit gut barrier function.
Evidence is emerging that intestinal barrier dysfunction contributes to the pathogenesis of systemic inflammation in CKD patients and animals. Furthermore, to elucidate the molecular mechanisms behind the effects of the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple extract on gut barrier function, we examined whether RC supplementation influenced the tight junction protein expression in rats with CKD. In rats’ intestines, occluden-1, claudin-1, and ZO-1, which were the cell connection points between cells, formed the tight junction (Jiao et al., 2017). In this study, the protein expressions of occludin-1, claudin-1, and ZO-1 were decreased significantly in chronic kidney disease rats with the induction of adenine (Lin et al., 2018; Liu et al., 2018). With the treatment of RG, CO, and RC, the intestinal barrier was repaired due to the upregulated expressions of the abovementioned proteins in CKD rats (Figure 5). Meanwhile, the mRNA expressions of such tight junction-related genes, which were tested by qRT-PCR, were also significantly decreased in CKD rats. After RC treatment, the corresponding mRNA expression was significantly increased. This corresponded to the results from the Ussing chamber experiment. The gut barrier, consisting of enterocytes and an extracellular mucin layer, protects the body’s internal environment from direct contact with the microbiota. At the same time, the composition of mucins, the characteristics of tight junctions, and a large number of active substance transport systems, allow for complex bidirectional metabolic and immune crosstalk. Loss or damage of kidney function directly interferes with the function of the intestinal barrier, resulting in decreased intestinal barrier effectiveness and increased exposure to bacterial products. CKD also interacts with active transport mechanisms in complex ways, thereby altering the homeostasis of many solutes. The specific mechanism of action will continue to be further studied in the later stage. Together, our results indicate that RC treatment modulates gut microbiota and protects intestinal barrier integrity in CKD rats, possibly through upregulation of tight junction genes, thereby alleviating the occurrence and development of chronic kidney disease.
5 CONCLUSION
In conclusion, the purpose of this study was to investigate the effects of the Rehmannia glutinosa Libosch and Cornus officinalis Sieb herb couple on adenine-induced CKD rats by modulating the intestinal microbiota and enhancing the intestinal barrier function. Our data indicate that RC strengthens the intestinal barrier and modulates gut microbiota in rats treated with adenine-induced CKD. This project revealed the compatibility mechanism of Rehmannia glutinosa and Cornus officinalis in regulating intestinal micro-ecology and barrier function to intervene in CKD and provided the basis and ideas for the clinical application of RC and the development of innovative drugs for CKD.
However, looking to the future, aiming at the two core links of intestinal flora imbalance and intestinal barrier damage in the “intestinal-renal” axis, they may be the effective targets for clinical treatment of CKD.
Under normal physiological conditions, the intestinal flora maintains a dynamic balance in the human body, digests and absorbs dietary components to provide energy for the body, at the same time, promotes the production of beneficial metabolites such as short-chain fatty acids, protects the intestinal mucosal barrier function, and maintains the homeostasis of the intestinal lumen so that the body can carry out normal physiological activities. With the occurrence and development of chronic kidney disease, drug therapy intervention and a large amount of urea decomposed in the intestinal lumen affect the changes of the intestinal lumen environment and are biased toward the growth and colonization of pathogenic bacteria. The disorder between beneficial bacteria and pathogenic bacteria leads to the imbalance between saccharification fermentation and protein fermentation, resulting in the reduction of short-chain fatty acids and the increase of urinary toxins, breaking the intestinal barrier, causing the translocation of bacteria and their metabolites, resulting in abnormal insulin disturbance of sugar and homeostasis, and accelerating disease progression.
The use of prebiotics, probiotics, and symbiotic supplements has emerged as a potential therapeutic intervention to restore intestinal flora imbalance. The experimental evidence so far is promising, but we still need more evidence from further clinical research to confirm the efficacy and safety of using these “organisms” as a treatment tool for CKD.
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Membranous nephropathy (MN) is a renal-limited non-inflammatory autoimmune disease in the glomerulus, which is the second or third main cause of end-stage kidney diseases in patients with primary glomerulonephritis. Substantial achievements have increased our understanding of the aetiology and pathogenesis of murine and human MN. The identification of nephritogenic autoantibodies against neutral endopeptidase, phospholipase A2 receptor (PLA2R) and thrombospondin type-1 domain-containing 7A (THSD7A) antigens provide more specific concept-driven intervention strategies for treatments by specific B cell-targeting monoclonal antibodies to inhibit antibody production and antibody-antigen immune complex deposition. Furthermore, additional antibody specificities for antigens have been discovered, but their pathogenic effects are uncertain. Although anti-PLA2R and anti-THSD7A antibodies as a diagnostic marker is widely used in MN patients, many questions including autoimmune response development, antigenic epitopes, and podocyte damage signalling pathways remain unresolved. This review describes the current available evidence regarding both established and novel molecular mechanisms based on systems biology approaches (gut microbiota, long non-coding RNAs, metabolite biomarkers and DNA methylation) in MN, with an emphasis on clinical findings. This review further summarizes the applications of traditional Chinese medicines such as Tripterygium wilfordii and Astragalus membranaceus for MN treatment. Lastly, this review considers how the identification of novel antibodies/antigens and unresolved questions and future challenges reveal the pathogenesis of MN.
Keywords: membranous nephropathy, anti-PLA 2 R antibody, gut microbiota, long non-coding RNAs, metabolite biomarkers, traditional Chinese medicine
1 INTRODUCTION
Membranous nephropathy (MN) is a major cause of antibody-associated nephrotic syndrome among adults (Gianassi et al., 2019; Ronco et al., 2021). The development of disease is triggered by accumulation of immune complex deposition in the subepithelial region with local complement activation and injury to podocytes and glomerular basement membrane (GBM) thickening (Feng et al., 2020). While 70%–80% of MN is classified as idiopathic or primary MN, the rest of MN is triggered by secondary causes, such as infections, malignancies or autoimmune diseases (Ronco et al., 2021). The two distinct types require different management approaches. In primary MN, approximately 30% of patients can improve by spontaneous remission, while the remainder show persistent proteinuria or progression to end-stage renal disease (Ronco et al., 2021). In the most severe cases, immunosuppressant treatment is required. Secondary MN requires treatment of the underlying diseases. In most patients, MN is an autoimmune disease mediated by autoantibodies directed against phospholipase A2 receptor (PLA2R) or, more unusually, thrombospondin type-1 domain-containing 7A (THSD7A) (Deng et al., 2021). However, THSD7A is not specific for primary MN. When secondary causes are excluded, the disease is called primary MN. To date, the diagnosis of MN can only be determined by renal biopsy. In recent years, MN pathogenesis was investigated by using both patients and animal models to help understand the underlying molecular mechanisms for development of immune complex deposition in GBM (Sinico et al., 2016).
This review considers the underlying molecular pathomechanisms of MN, with a particularly focus on novel pathomechanisms such as dysbiosis of gut microbiota, dysregulation of Non-coding RNAs (long non-coding RNAs, microRNAs), aberrant expression of identified proteins by using proteomics and the disorder of endogenous metabolites by metabolomics, as well as altered DNA methylation. These findings will provide strategies for patient diagnosis and monitoring and the possibility for novel treatments. We summarize the animal models of MN that helped to understand human disease. This review further describes the applications of traditional Chinese medicines such as Tripterygium wilfordii and Astragalus membranaceus for MN treatment.
2 THE UNDERLYING MOLECULAR PATHOMECHANISMS OF IMN IN ANIMAL MODELS
Three underlying mechanisms elucidated formation of subepithelial complex deposits in both the animal model and human MN (Jiang et al., 2020; Xu et al., 2020). The first mechanism is associated with circulating immune complexes (CIC) deposition described in chronic serum sickness; the second and third underlying mechanisms are associated with in situ immune complex formation in the capillary wall of glomerular, where the antigen is either an artificially planted exogenous antigen or a native podocyte antigen bound to the podocyte or basement membrane.
2.1 Heymann nephritis rat model
In 1959, Heymann et al. first established a rat MN model, referred to as active Heymann nephritis, which was mediated by immunizing Lewis rats using intrarenal extracts and remind human disease (Heymann et al., 1959). Because subepithelial complex deposits were triggered from intrarenal brush-border membrane rather than glomerular extracts, complex deposits were initially thought to lead to glomerular trapping of CIC containing brush-border-associated antigens and their corresponding antibodies (Sinico et al., 2016; Jiang et al., 2020). However, the rat model of passive Heymann nephritis injected by using the rabbit anti-rat brush-border antibodies argued against a role for CIC (Sinico et al., 2016; Xu et al., 2020). In the passive Heymann nephritis rat model, immune complex deposits occur in minutes after antibody injection, which argues against immune complex formation in circulation followed by their deposition in capillary wall of the glomerulus. Based on ex vivo and isolated perfused renal systems, several earlier seminal publications have highlighted that anti-brush-border antibodies could bind to an antigenic target in podocytes (Sinico et al., 2016; Xu et al., 2020), which demonstrated that MN was mediated by in situ formation of immune complexes.
In the early 1980s, Kerjaschki et al. identified the principal autoantigen megalin (also known as low density lipoprotein receptor-related protein 2), with a molecular weight of ∼600 kDa, in both active and passive Heymann nephritis (Kerjaschki and Farquhar, 1982). Megalin is a large podocyte trans-membrane protein. This polyspecific receptor, as a member of the low-density lipoprotein receptor superfamily, occurs at the sole of podocyte foot processes in the clathrin-coated pits (Figure 1). Immune deposit formation is fuelled by de novo synthesis of megalin. Epitope mapping analysis revealed that although subepithelial immune deposits were mediated by 4 megalin ligand-binding domains, full-blown disease with proteinuria was related to a specific epitope in first ligand-binding domain located in a 60 kDa N-terminal fragment (Larsen et al., 2018), and with intramolecular epitope spreading (Zhang et al., 2021).
[image: Figure 1]FIGURE 1 | The discovery and proposed mechanisms of the representative antigens in the experimental MN and human IMN. (A) In 1982, the polyspecific receptor megalin was identified in Heymann nephritis, but not on human podocytes. (B) In humans, progress in MN started in 2002 with the discovery of target antigen namely neutral endopeptidase (NEP) as a targeting antigen in alloimmune neonatal MN. (C) In 2009, Novel causal antigen PLA2R, which is the first podocyte autoantigen identified in human IMN. Followed by PLA2R, in 2014, second antigen THSD7A was identified in human IMN. PLA2R-related and THSD7A-related MN accounted for about 70% and 1%–5% of IMN patients, respectively. The formation of immune complexes is the circulation of antibodies binding to endogenous antigens in podocytes. Once formed, these complexes are capped then released into the subepithelial region. They attach to GBM, resist degradation, and persist as immune deposits. Immune deposits form by repeated cycles, which could activate complement pathway. The deposits of subepithelial immune complexes and complement activation damage the podocyte and lead to severe proteinuria.
Heymann nephritis-like MN was also demonstrated in mice and rats (Assmann et al., 1985), where the target antigen was dipeptidyl peptidase 4. The animal model of passive Heymann nephritis was mediated in mice injected by using anti-podocyte serum (Meyer-Schwesinger et al., 2011). Although the findings from Heymann nephritis provided an important contribution to our understanding of the MN underlying pathogenetic mechanisms, there is no evidence that megalin was implicated in human MN.
2.2 Cationic bovine serum albumin-Induced IMN rat model
Border and his colleagues established a MN animal model using rabbits immunized with CBSA in 1982 (Border et al., 1982). Their experiments hypothesised that antigen charge was a key mediator for formation of subepithelial deposits, given a negative charge of the capillary wall in the glomeruli. Only rabbits immunized with CBSA showed subepithelial complex deposits of Immunoglobulin G (IgG) and complement C3, whereas those receiving anionic or native (neutral) bovine serum albumin featured mostly mesangial deposits. Those animals immunized with CBSA showed severe proteinuria. The rabbit perfused renal tissues indicated that the complexes were generated in situ after CBSA bound to anionic heparin sulphate proteoglycans in GBM, followed by antibody binding (Adler et al., 1983). bovine serum albumin chemical cationization changed its immunogenicity and caused antibody formation of low avidity and precipitability, thus promoting the complex dissociation and access of free CBSA to rabbit the capillary wall in the glomerulus (Koyama et al., 1986; Bass et al., 1990). This model was also reported in other mammal animals such as mice, rats, and dogs (Jiang et al., 2020; Sun et al., 2020). Except for CBSA, other potential antigens can also implant in the capillary wall from the glomerulus, including enzymatically modified nucleosomes that contain cationic histones and may play a role in lupus-related MN, and lectin or cationized ferritin (Beck and Salant, 2014; Liu et al., 2019).
2.3 Anti-podocyte nephritis mouse model
The CIC deposition in tissues is a well-known characteristic of chronic serum sickness, which is treated by the administration of exogenous antigen at a constant dose. In glomeruli, CIC location is strongly dependent on antibody response magnitude, immune complex size, antigen characteristics including charge, size, hemodynamics, and pharmacological factors (Couser and Salant, 1980; Alexander et al., 2016). If antigen dose is changed based on the circulating antibody response, to keep up a chronic condition of antigen excess, deposits are nearly exclusively subepithelial regardless of the concentration of antibody response (Zhu, 2016). Therefore, it is speculated that small CIC is made up of low-avidity antibody and oligovalent antigen might traverse the capillary wall.
2.4 PLA2R1-dependent mouse model
PLA2R1 is the main autoantigen in MN patients. Meyer-Schwesinger and colleagues established a novel PLA2R1-dependent mouse model that was produced using a transgenic mouse line that expressed full-length PLA2R1 in murine podocytes (Meyer-Schwesinger et al., 2020). The expression of murine PLA2R1 did not affect any morphological disturbance, showing the intact nephrin with normal foot processes in murine podocytes. Transferring rabbit anti-mPLA2R1 antibodies to these mice led to proteinuria and tissue pathological characteristics of MN. Pathological analyses showed the promotion of staining for murine PLA2R1 but unaffected staining for murine THSD7A, resembling what is demonstrated in PLA2R1-related MN patients. Taken together, this animal model will allow study of underlying PLA2R1-specific pathological mechanisms and help to evaluate antigen-specific disease and treatments.
2.5 THSD7A-induced mouse model
THSD7A expression is observed in murine podocytes. Mice injected with human serum containing anti-THSD7A antibody and human anti-THSD7A autoantibodies could specifically bind to murine THSD7A on podocyte foot processes, which led to proteinuria, and initiated a pathological change that was typical of MN (Tomas et al., 2016). The mice showed severe albuminuria from 3rd day to 70th day. The mice showed granular changes on GBM subepithelial layer, huIgG-mTHSD7A colocalization and CIC deposition. Immunofluorescence analysis showed C3 accumulation within the subepithelial granular pattern. Similarly, pathological analysis by using an electron microscope strongly demonstrated electron-dense deposits in a limited subepithelial localization and serious foot process effacement surrounding local areas. Subsequently, THSD7A-related MN was put forward in a heterologous animal model (Tomas et al., 2017). Tomas and colleagues established rabbit anti-THSD7A antibodies using co-immunization with combined murine THSD7A and human THSD7A cDNAs. Subsequently, mice were injected by using anti-THSD7A IgG purified from rabbit serum. The mice developed serious nephritic syndrome and increased albumin-to-creatinine ratio during the study period. The mice showed similar pathological characteristics as the above-mentioned THSD7A-related animal model, with the only differences being unknown IgG hypotype and undetected C3.
2.6 Anti-dipeptidyl peptidase IV rat model
DPP IV, as a FxlA antigen (gp108) (Natori et al., 1994), is distributed in brush-borders of renal tubules and glomerular capillary loops of renal tissues and gut microvilli. After injecting rabbit anti-DPP IV antibodies into rats, IgG of rabbit was deposited in capillary loops of the glomeruli and generated proteinuria. To identify target antigen, serum DPP IV-depleted rats were used and comparable results were demonstrated. This provided evidence that DPP IV distributed along the capillary wall in the glomeruli had a key effect on proteinuria formation. Compared to the gp330-induced animal model, urinary protein was transient, and here was limited C3 deposition, and faster IgG disappearance (Hunter et al., 1960). Taken together, these studies illuminate the MN pathogenesis model.
3 CLINICAL PATHOGENESIS OF IMN
3.1 PLA2R as a major player in IMN patients
Antibodies are disease specific as they are not observed in other proteinuric nephropathy patients, but are related to MN in several cohorts of patients (Hofstra et al., 2011). Studies have suggested that most MN patients produced an autoimmune response for either PLA2R or THSD7A, but not for two antigens (Larsen et al., 2016; Logt et al., 2021), indicating that both antigens are primary target of specific autoimmunity and verifies that PLA2R-related MN and THSD7A-related MN are separate disease entities. Several publications have demonstrated that anti-PLA2R antibody titre correlate with disease effect and patient outcomes (Brglez et al., 2020; Logt et al., 2021; Nieto-Gañán et al., 2021; Zhang et al., 2021). Low anti-PLA2R autoantibody concentrations were used for the diagnosis prediction of spontaneous remission (Jurubiță et al., 2021; Reinhard et al., 2021; Zhang et al., 2021). In addition, reduced concentrations of anti-PLA2R antibody could also predict proteinuria remission (Radice et al., 2016) and response to the traditional and new CD20-targeted immunosuppressive treatments (Ruggenenti et al., 2015). By contrast, high concentrations of anti-PLA2R antibody at baseline were associated with a reduced probability of spontaneous remission (Jurubiță et al., 2021; Reinhard et al., 2021; Zhang et al., 2021) and were related to progression to nephrotic syndrome in early non-nephrotic proteinuria patients (Gu et al., 2021; Tomas et al., 2021), who showed a high recurrent risk and progressive decline and loss of renal function (Gu et al., 2021; Tomas et al., 2021; Wu et al., 2021; Zhang et al., 2021). Similarly, several previous studies have suggested that anti-THSD7A antibody concentrations could predict disease activity and response to therapy (Hoxha et al., 2017). However, a recent study described a few patients with dual antibody positivity by using renal biopsy staining (Larsen et al., 2016). The remaining IMN patients might either be mediated by autoantibodies against yet unfound antigens or mirror misclassified PLA2R-related MN, THSD7A-related MN, or secondary MN. Therefore, the term IMN might no longer be appropriate.
Disease severity and response to drug intervention of MN patients is affected by circulating anti-PLA2R autoantibody titre. PLA2R1, as a membrane receptor, occurs extracellular region which contains a cystein-rich domain and eight different C-type lectin domains (CTLD1-8) (Xu et al., 2020; Gu et al., 2021). Cystein-rich domain is the dominant epitope of PLA2R1 antigen; while site-directed mutagenesis analyses showed CTLD1 and CTLD7 as additional and distinct PLA2R1 epitopes that are potential targets of anti-PLA2R autoreactivity (Seitz-Polski et al., 2016). Isolated anti-PLA2R reactivity against cystein-rich domain are found in younger in patients, with slight urine protein generation, an increase in spontaneous remission rate, and a decrease in risk to ESRD than patients with antibody reactivity against CTLD1 and/or CTLD7 domains suggesting that epitope profiling changes over time and that epitope distributed to CTLD1 and CTLD7 negatively influence disease (Seitz-Polski et al., 2016). These studies demonstrated that anti-PLA2R reactivity limited to the cysteine-rich domain was related to initial and milder stages of disease development. Therefore, combined anti-PLA2R reactivity and titre could enhance disease activity monitoring and drug therapy response. Whether similar findings could also be useful to THSD7A antigen is unclear.
In the past four decades, two autoantibodies provided the first clear pathological and physiological rationale for MN treatment. Therefore, combined analyses of circulating anti-PLA2R and anti-THSD7A autoantibodies as well as albumin concentrations and proteinuria levels in hypoalbuminaemia patients played an important role in understanding disease activity and forming personalized treatment using the common immunosuppressive approach or B cell-targeting monoclonal antibodies (De Vriese et al., 2017; Dong et al., 2020). Indeed, altered antibody concentrations provide a rapid and accurate indication of immune status and an integrated assessment of serum and proteinuria improve treatment decision-making and address diagnostic uncertainties when the proteinuria concentration is consistent with antibody levels. Specifically, persistent proteinuria levels but low antibody concentrations reflect chronic impairment, whereas high antibody concentrations but few obvious clinical symptoms indicate imminent recurrent disease. This integrated strategy to MN enhances accuracy of diagnosis and prognosis, restricts unnecessary intervention to immunosuppressive treatment, optimizes therapy efficacy, and reduces risk or recurrent disease severity in allotransplants (De Vriese et al., 2017). Currently, these principles are addressed in prospective research designed to detect whether treatment titration for autoantibody titre will improve the probability of remission from nephrotic syndrome and inhibit relapse while reducing the risk of treatment adverse effects. The levels of serum albumin and proteinuria remain the most sensitive markers for the prediction of disease severity and outcome in antibody-negative patients.
3.2 Activation of complement signalling pathway in IMN patients
The complement role in inducing proteinuria in MN animal models is known, and in human, C5b-9 complexes in urine are a biomarker response to disease reactivity. Although C3 and C5b-9 are universal expressions for biopsy specimens of patients with MN, the underlying pathomechanisms of activation of complement and its relative effects on clinical phenotype after activation of autoimmune system is perplexing (Oto et al., 2021). The typical pathway, such as increased C1q deposition, is related to the cases of secondary MN, rather than idiopathic MN. The mannose-binding protein indicated that alternative or lectin pathway was involved in MN pathogenesis (Borza, 2016; Hayashi et al., 2018). Some idiopathic MN patients occur due to genetic and functional deficiency and an alternate pathway is the functionally activated in these cases (Bally et al., 2016). Although in vitro experiments have shown that anti-PLA2R affects podocytes, there is no evidence that anti-PLA2R alone induced proteinuria in vivo. Tomas et al. demonstrated that passive transfer of human anti-THSD7A that expressed THSD7A on podocytes in mice initiated histopathological alternations of MN with proteinuria induction at day 3 despite a lack of activation of complement (Tomas et al., 2016). So far, few findings have revealed how anti-PLA2R and anti-THSD7A autoantibodies interplay with the complement system; this link may play a key role in increasing our understanding of the underlying mechanism driving changing proteinuria levels and clinical consequence in this subgroup of patients.
3.3 The identification of new antigens in IMN patients
From 2009, a causal antigen was found, when an unprecedented study found PLA2R as a target antigen in IMN. This achievement was followed, in 2014, by the discovery of a second antigen, THSD7A in IMN. Since 2014, some studies have reported the identification of several novel minor antigens in the podocytes of MN patients. The first new proteins and antigens were exostosin1/exostosin2 (EXT1/EXT2). EXT1/EXT2 were the most common among the unique proteins in patients with PLA2R-negative MN and are present in patients with secondary MN (Sethi et al., 2019; Salvadori and Tsalouchos., 2022). In patients with EXT1/EXT2-positive antigens compared to patients with EXT1/EXT2-negative antigens; nephrotic proteinuria is found more often in patients with membranous lupus nephritis, than in patients with decreasing glomerulosclerosis and renal fibrosis. Patients EXT1/EXT2-negative reach ESRD quickly and frequently (Ravindran et al., 2021). This was followed by identification of neural EGF-like-1 protein (NELL-1) occurred in 5–10% of patients, which is the second most common MN antigen (Sethi et al., 2020; Wang et al., 2021). NELL-1 was much more common in patients with segmental MN (Kudose et al., 2021). The third new antigen, not common but unique, was semaphorin 3B (Sema3B) which presented in pediatric patients (Sethi et al., 2020). Lastly, the latest study reported that protocadherin 7 (PCDH7), which belongs to both IgG4 subclasses, is another new antigen identified in patients with PLA2R-negative MN (Sethi, 2021), and is the third most common novel protein, after EXT1/EXT2 and NELL-1, in patients with PLA2R-negative MN. Additionally, high temperature recombinant protein A1 (HTRA1), which belongs to both IgG4 subclasses, were identified in some anti-PLA2R-negative IMN patients (Sethi et al., 2021). EXT1/EXT2, NELL-1 and Sema3B belong to the IgG1 subtype, similarly, PCDH7 was an anti-PLA2R antibody of IgG4 subtype and did not activate complement. Subsequent research is needed to verify the prevalence of these new proteins and putative antigens in MN.
In addition, tumor antigens, thyroglobulin, hepatitis B, hepatitis C and Helicobacter pylori antigens and DNA-containing material were identified in subepithelial immune complex deposits in secondary MN patients (Santoro et al., 2017; Tomas et al., 2021). These antigens might be encompassed in GBM due to physico-chemical features, as for cationic albumin. Alternatively, small, circulating, non-precipitating IgG4 complexes including these antigens might deposit in GBM as is found in the model of chronic serum sickness, although there is still no evidence from animal models to demonstrate this hypothesis in humans.
So far, all identified antigens are responsible for up to 90% of IMN patients, therefore, the future search for further minor antigens should not be abandoned (Ahmad and Appel., 2020). Approximately 1% of MN patients have double positivity for anti-THSD7A and anti-PLA2R antibodies (Kaya et al., 2021; Lwezaula et al., 2021; Zhang et al., 2021). In biopsy-proven MN patients, anti-THSD7A antibodies were found in 2.8% patients, eight of which were double positive for two antibodies (Zaghrini et al., 2019; Zhang et al., 2019; Zhang et al., 2021). Different antigens may be implicated in various pathogenesis, mode of histologic injury and various clinical phenotype including response to therapy and outcome (Beck, 2017; Sethi et al., 2021).
4 SYSTEMS BIOLOGY-BASED MECHANISMS IN IMN
Systems biology including genomics, transcriptomics, proteomics, and metabolomics could offer underlying pathomechanisms to illuminate complex and refractory diseases. Genomics, transcriptomics, proteomics, and metabolomics are related to genome (DNA), transcriptome (RNA), proteome (proteins) and metabolome (metabolites), respectively (Zhao and Lin., 2014). High morbidity and mortality of chronic kidney disease (CKD) has emerged as a major public health problem worldwide (Mantovani and Chiara., 2020; Malaki, 2022; Rashid et al., 2022). Multi-omics techniques have been extensive applied to the biomarker discovery, diagnosis and prognosis, drug pharmacological and toxicity evaluation in a variety of diseases including (Cisek et al., 2016; Yang, 2020; Joshi et al., 2021). Although a number of studies of systems biology have been performed on exploring the pathomechanisms of CKD through analyzing DNA, RNA, proteins, metabolites and their molecular and metabolic pathways, the metabolomics in MN is still in its infancy compared with other CKD (Jiang et al., 2013; Cisek et al., 2016; Taherkhani et al., 2019).
4.1 The dysbiosis of gut microbiota in IMN patients
Increasing evidence has demonstrated that the dysbiosis of gut microbiota are implicated in CKD (Chen et al., 2019; Feng et al., 2019; Tsay et al., 2019; Chen et al., 2020; Liu et al., 2021; Zhao., 2022). Recently, several studies suggest that the dysbiosis of gut microbiota also contribute to the pathological mechanisms of MN (Kronbichler et al., 2015). The latest study showed that IMN patients had a significantly different α-diversity and β-diversity compared with CKD patients and healthy controls (Zhang et al., 2020). IMN patients presented with increased Fusobacteria and Proteobacteria, but decreased Firmicutes compared to healthy controls. At genus level, Megasphaera, Megamonas, Akkermansia, Lachnospira, Roseburia and Fusobacterium were higher abundant in healthy controls than CKD and IMN (Zhang et al., 2020). Faecal analysis showed the decrease in propionate and butyrate in IMN than healthy controls. Compared with the healthy controls, Parabacteroides had elevated abundance in CKD and IMN patients. In addition, Oscillospira and Ruminococcus had higher abundance in CKD patients than in IMN patients and healthy controls. At the genus level, 10 bacterial taxa had higher abundance in the healthy controls. Providencia and Myroides had higher abundance in IMN patients (Zhang et al., 2020). Collectively, these findings suggest IMN patients had a significantly different composition and reduced gut microbiota-derived short-chain fatty acids.
Another study showed that Escherichia-Shigella, Streptococcus, Peptostreptococcaceae_incertae_sedis, and Enterobacteriaceae_unclassified were more abundant, while Lachnospira, Lachnospiraceae_unclassified, Clostridium_sensu_stricto_1 and Veillonella were less abundant in patients with kidney biopsy-proven MN (Dong. et al., 2020). Megasphaera and Bilophila were more abundant, whereas Megamonas, Veillonella, Klebsiella and Streptococcus were less abundant in patients with kidney biopsy-proven immunoglobulin A nephropathy (IgAN) than in those with MN patients (Dong, R. et al., 2020). A negative correlation was shown between Escherichia-Shigella and proteinuria, Bacteroides and Klebsiella presented a positive correlation with MN stage (Dong, R. et al., 2020). In addition, Yu et al. reported MN patients exhibited more severe dysbiosis of gut microbiota than patients with diabetic kidney disease (Yu, W. et al., 2020). A higher number of pathogens in MN were major contributors to microbiome changes in MN. Metabolic pathway analysis showed the increase in interconversion of pentose/glucoronate and membrane transport in correlation to adenosine triphosphate-binding cassette transporters and phosphotransferase system in MN (Yu, W. et al., 2020). Faecal microbiota transplantation (FMT) is applied to treatment of patient with MN and chronic diarrhoea, whose mitigated symptoms and improved renal function (Zhou et al., 2021).
4.2 Non-coding RNAs in MN
4.2.1 The dysregulation of long non-coding RNAs in MN
The dysregulation of gene expression through lncRNAs because of epigenetic alternations are increasingly recognized as principal factors in many diseases including kidney diseases (Wang et al., 2021). An earlier publication identified the first dysregulated lncRNAs, X-inactive specific transcript (XIST) and nuclear enriched abundant transcript 1 (NEAT1), whose levels are significantly increased in both tubular epithelial and glomerular cells (Huang et al., 2014). The mouse podocytes treated by lipopolysaccharides led to the stable increase of XIST, but not NEAT1 levels. XIST could be detected in mouse urine, with a highly correlation to disease severity, but not serum in MN. H3K27me3 levels were downregulated in mouse kidney of MN, where also showed decreased H3K27me3 at XIST promoter regions (Huang et al., 2014). The further analysis showed that urinary XIST was significantly increased in the urine of MN patients (Huang et al., 2014). Together, the finding suggests that reduced H3K27me3 at XIST promoter regions resulted in the increased XIST levels in urine. Subsequently, the increase in XIST expression and angiotensin II levels as well as kidney and podocyte damage were observed in kidney tissues of IMN patients (Jin et al., 2019). The upregulated XIST expression induced podocyte apoptosis treated by angiotensin II, while downregulated XIST expression reversed podocyte apoptosis. MiR-217 was negatively regulated by XIST expression. MiR-217 could control Toll-like receptor 4 (TLR4) protein by targeting its 3′-untranslated region. XIST expression modulated TLR4 protein through miR-217 expression and inhibition of XIST expression decreased podocyte apoptosis mediated by angiotensin II via regulating miR-217 (Jin et al., 2019). These findings suggest that the downregulated XIST expression suppressed podocyte apoptosis via miR-217-TLR4 signalling pathway, which could retard IMN. The latest study reported that a total of 327 differentially expressed mRNAs and 48 MN-related immune genes were identified (Li et al., 2021). The mRNAs including FOS and JUN may be implicated in MN through response to immobilization stress and osteoclast differentiation. The mRNA SRY-box transcription factor 4 could contribute to MN through sponging KCNQ1OT1-miR-204-5p interaction (Li et al., 2021). Collectively, these findings suggest that the dysregulation of gene expression of lncRNAs were involved in MN.
4.2.2 The dysregulation of microRNAs in MN
The microRNAs (miRNAs) play key roles in the posttranscriptional gene regulation. Accumulated evidence has demonstrated the dysregulation of miRNAs were involved in CKD (Zhao et al., 2019). Several studies identified the dysregulation of miR-193a and miR-217 in animal models and patients with MN (Li et al., 2019; Zhang et al., 2019). Wilms’ tumor 1 (WT1) was demonstrated as a target gene of miR-193a and WT1 expression were upregulated after miR-193a inhibition (Li et al., 2019). The IMN patients showed the upregulated miR-193a expression and down-regulated WT1 and podocalyxin expression compared to healthy controls (Zhang et al., 2019). Moreover, upregulated miR-193a expression, downregulated WT1 and podocalyxin expression, increased levels of proteinuria/serum creatinine and declined estimated glomerular filtration rate (eGFR) were implicated as prominent markers for poor survival in IMN patients (Zhang et al., 2019). Of note, miR-193a combined with podocalyxin and WT1 presented an optimal effect in differentiating IMN patients from controls and in anticipating survival state. In line with patient’s results, the mRNA level of miR-193a was significantly higher in CBSA-induced MN rats than that in control rats (Li et al., 2019). Inhibition of miR-193a expression ameliorated renal and podocyte injury as well as tissue cell apoptosis in MN rats. Upregulated miR-193a expression was associated with the downregulated expression of podocalyxin, nephrotic syndrome type 1 and Notch1 in MN rats (Li et al., 2019). Inhibition of miR-193a expression by targeting WT1 inhibited kidney function decline and cell apoptosis in renal tissues. In contrast to miR-193a expression, the miR-217 expression was significantly downregulated and tumor necrosis factor ligand superfamily member 11 was significantly upregulated in MN compared with control patients (Rani et al., 2017). The tumor necrosis factor ligand superfamily member 11 was confirmed to be the target gene of miR-217. The upregulated miR-217 expression inhibited tumor necrosis factor ligand superfamily member 11 expression and reduced human podocyte apoptosis (Rani et al., 2017). Similarly, the downregulated miR-217 expression was also observed in kidney tissues of IMN patients compared with normal kidney tissues, and XIST downregulation alleviated podocyte apoptosis via the miR-217-TLR4 pathway in IMN (Jin et al., 2019).
In addition, the miR-186 expression was significantly downregulated while the protein expression of TLR4 and P2×7 was upregulated in renal tissues of MN patients (Sha et al., 2015). In vitro experiments showed that TLR4 siRNA led to the upregulated miR-186 expression and miR-186 inhibitor upregulated mRNA and protein expression of P2×7 as well as cleaved-caspase-3 levels in podocytes induced by angiotensin II. The TUNEL-positive cells and caspase-3 activity of podocytes mediated by angiotensin II were downregulated by miR-186 mimic (Sha et al., 2015). The latest study reported that the expression of miR-19b, miR-106a, and miR-17 was significantly downregulated in IMN patients, whereas phosphatase and tensin homolog (PTEN) protein expression was significantly upregulated compared with controls (Wu et al., 2021). The expression of miR-106a and miR-19b was negatively correlated with serum PTEN protein expression, which were positively correlated with serum creatinine, cystatin C, urea, 24 h urine total protein and negatively correlated with albumin and eGFR (Wu et al., 2021). In addition, downregulated miR-500a-5p was identified in kidney tissues of IMN patients, which participated in the regulation of podocyte apoptosis through Circ_0000524/miR-500a-5p/CXCL16 pathway in MN (Sun et al., 2021). Besides renal tissue samples, 326 miRNAs showed a significant difference in peripheral blood lymphocyte cells between MN patients and healthy controls, which included 286 decreased miRNAs and 40 increased miRNAs (Chen et al., 2014). Of note, six novel miRNAs showed differential expression levels between MN patients and healthy controls (Chen et al., 2014). Another study showed that both peripheral blood and urinary miR-192-3p, miR-195-5p, miR-328-5p, and their target genes RAB1A, PPM1A and BRSK1 may be potential markers for MN by taking part in inflammation (Zhou et al., 2019). Collectively, miRNAs provide a potential progression in the pathogenesis of MN and provide a new marker for diagnosis and intervention of MN.
4.3 The disorder of proteome in MN
Proteomic biomarkers might improve the management of CKD patients by enabling more accurate and earlier prediction of renal function than was possible with serum creatinine and urinary albumin. Earlier studies from Ghiggeri’s research group identified the podocyte neo-expressed intracellular MN antigens by proteomic approach (Murtas and Ghiggeri., 2016). Specific anti-aldose reductase (AR) and anti-manganese superoxide dismutase (SOD2) IgG4 were detected in serum of MN patients and had high titers of anti-AR and anti-SOD2 IgG4 from the glomeruli of MN kidneys but not other glomerulonephritides (Prunotto et al., 2010). The co-localization of anti-AR and anti-SOD2 with IgG4 and C5b-9 were observed in electron-dense podocyte immune deposits. An increase of SOD2 expression was observed on podocyte plasma membrane after treatment with hydrogen peroxide (Prunotto et al., 2010). Another study demonstrated the existence of three immune proteins including α-enolase, elongation factor 2 and glycyl aminoacyl-tRNA synthetase in glomeruli of patients with membranous glomerulonephritis (Bruschi et al., 2011). The co-localization of α-enolase with IgG4 and C5b-9 in immune-deposits was considered an auto-antigen. Anti-α-enolase IgG4 levels were observed in serum of 131 patients with membranous glomerulonephritis and were elevated in 25% of patients (Bruschi et al., 2011). In addition, further study indicated that IgG4 is the prevalent isotype for antibodies against cytoplasmic antigens of podocytes such as AR, SOD2 and α-enolase. Their levels were higher than in other proteinuric glomerulonephritides and normal controls and were correlated with anti-PLA2R levels (Murtas et al., 2012).
Based on the tandem mass spectrometry technique, Sui et al. identified a total of 423 differential proteins in biopsy tissues of MN patients compared to controls. Of these, upregulated 202 proteins and downregulated 221 proteins were associated with immune response activation (Sui et al., 2015). Li et al. identified 249 proteins that were associated with immunization and coagulation and the increased excretion of α-1-antitrypsin and afamin were demonstrated in urine of IMN patients compared with normal controls (Pang et al., 2018). These findings revealed significant role of immunologic mechanism in the development of IMN. Using an animal model of passive Heymann nephritis, Ngai et al. identified Most of altered proteins in urine have functional significance in glomerular trafficking and controlling the glomerular permeability (Ngai et al., 2006).
The deposition of complement is characteristic of MN (Tsai et al., 2019). Traditional renal biopsy assessment is limited to C1q and C3c staining, which showed only limited information and understanding of the pathomechanisms of complement in MN. Ravindran et al. identified high abundance for PLA2R and EXT1/EXT2 in corresponding patients of PLA2R- and EXT1/EXT2-positive MN that had high abundance of complement proteins including C3, C4, C5, C6, C7, C8 and C9 (Ravindran et al., 2020). C1 was observed in low abundance in EXT1/EXT2-related MN. Complement activation regulators were detected in MN including upregulation of factor H, factor H-related (FHR)-1, FHR-5, clusterin and vitronectin expressions as well as downregulation of FHR-3, FHR-4 and CD59 expressions (Ravindran et al., 2020). IgG4 and IgG1 were the most abundant IgG subclasses in PLA2R- and EXT1/EXT2-related MN. These findings conclude that anti-complement agents might be effective in treatment for MN. The identified proteins were related to the pathogenesis of MN and might represent candidate MN markers. These studies underscore the important influence of proteomics in illuminating pathophysiology and biomarker discovery of MN.
4.4 The disorder of metabolites in MN
Metabolomic technique has been extensively applied to various CKD (Zhao., 2013; Chen et al., 2016; Chen et al., 2017; Chen et al., 2019; Feng et al., 2019; Miao et al., 2020). PLA2R was used for the diagnosis and monitoring of MN, whereas the underlying mechanisms of PLA2R-related MN remain unclear. In urine, Kim et al. investigated metabolomic profiles of PLA2R-related MN patients with biopsy-proven with those of patients with minimal alteration disease and to healthy controls (Jo et al., 2021). Fumarate was identified as a significant altered metabolite in PLA2R-related MN compared with minimal change disease. High fumarate levels in urine could indicate composite outcome of MN. Fumarate hydratase, which could hydrolyze fumarate, colocalized with downregulated podocalyxin expression in glomerulus from patients with PLA2R-related MN than in those from healthy controls, patients with non-PLA2R-related MN or minimal change disease. Podocytes stimulated with IgG purified from high serum anti-PLA2R titre reduced fumarate hydratase expression and increased fumarate levels, which were associated with the changes in the expression of the podocytes phenotypic profile including WT1, zonula occluden-1, Snail, and fibronectin, an elevation in albumin flux across podocyte layer and reactive oxygen species production in podocytes. Fumarate hydratase overexpression retarded these alterations, while fumarate hydratase knockdown showed synergistic effects. Therefore, fumarate could promote alterations in the phenotypic profiling of podocytes after PLA2R autoimmunity development. These studies indicated that fumarate could be considered as a promising target for PLA2R-related MN treatment.
Membranous glomerulonephritis is one of causes of nephrotic syndrome in adults. Taherkhani and his colleagues identified a panel of metabolites such as allantoic acid, deoxyuridine, oxalic acid, 2-hydroxyglutaric acid lactone, 3,4-dihydroxymandelic acid, α-hydroxybutyric acid, 5α-cholestanone, nicotinamide, epicoprostanol and palmitic acid that associated with nine impaired pathways such as pyrimidine metabolism and NAD salvage in patients with membranous glomerulonephritis (Taherkhani et al., 2018; Taherkhani et al., 2019). Hao et al. identified increased glucose, dimethylamine and trimethylamine levels as well as decreased pyruvate, valine, hippurate, isoleucine, phenylacetylglycine, citrate, tyrosine, 3-methylhistidine and β-hydroxyisovalerate levels in urine of focal segmental glomerulosclerosis compared with healthy controls (Hao et al., 2013).
Park et al. identified increasing urinary glycine levels were related to lower risk of eGFR decline in IgAN patients. Human kidney tubular epithelial cells treated by glycine mitigated inflammatory signaling mediated by tumour necrosis factor-α. This finding suggests that urinary glycine might be a protective biomarker and has a diagnostic and prognostic value for IgAN. Taken together, these findings suggest that disorder of metabolites were implicated in the pathomechanisms of MN and the metabolites could be considered as promising biomarkers for the prediction of MN.
4.5 DNA methylation in MN
Histone H3K4 trimethylation (H3K4 me3) that was demonstrated in active euchromatic regions played a key role in podocyte function that actin filaments were high in foot processes of glomeruli. H3K4 me3 showed a pattern of nuclear expression in renal podocytes of MN patients. Overlapping H3K4 me3 and cathepsin L expression were increased in MN patients compared with controls. H3K4 me3 was negatively and positively correlated with synaptopodin and proteinuria levels in MN patients, respectively (Fujino and hasebe., 2016). H3K4 me3 levels were increased in podocytes of mice treated by lipopolysaccharide, accompanied by increased podocyte swelling, creatinine in serum and albumin and cathepsin L in urine as well as downregulated synaptopodin expression. H3K4 me3 expression at cathepsin L promoter was increased in lipopolysaccharide-induced mouse kidneys (Fujino and hasebe., 2016). Treatment with shRNA against mixed-lineage leukemia protein 3 to lipopolysaccharide-treated mice and podocytes cocultured with lipopolysaccharide-induced macrophages mitigated podocyte swelling, increased creatinine levels in serum and albumin levels in urine and upregulated expression of histone H3K4 me3 and cathepsin L, and downregulated synaptopodin expression and upregulated in H3K4 me3 expression at the promoter of cathepsin L (Fujino and hasebe., 2016). These findings suggest that H3K4 me3 upregulation was implicated in podocyte injury and MN pathophysiology. Targeting H3K4 me3 followed by regulating the actin dynamics might be an effective strategy to retard MN outcomes. In addition, Sui et al. reported that 108 genes were significantly different expression in peripheral blood mononuclear cells from MN patients compared with healthy controls (Sui et al., 2014). MN patients showed increased activity of 75 H3K9me3 genes and reduced activity of 33 compared with controls. Five positive genes were selected and quantified (Sui et al., 2014). These findings suggest that H3K9me3 might be a target for epigenetic-associated MN therapy.
In addition, mounting studies have demonstrated that chronic kidney diseases were associated with transforming growth factor-β1 (TGF-β1)/Smad, Wnt/β-catenin and Keap1/Nrf2 signaling pathway (Lan, 2021; Li et al., 2021; Luo et al., 2021; Yu et al., 2022). Whether these signaling pathways are involved in the pathogenesis of MN, recent several publications show that these signaling pathways are implicated in MN (Lee, 2011; Sutariya et al., 2016; Kiewisz et al., 2019; Dong et al., 2021). Therefore, these signaling pathways should be further investigated to find the novel therapy for MN.
5 TREATMENT OF TRADITIONAL CHINESE MEDICINE ON MN
5.1 Treatment of traditional Chinese medicine on patients with MN
Traditional Chinese medicines have been extensively demonstrated to be an important therapy for the CKD treatment (Wang et al., 2018; Geng et al., 2020; Meng et al., 2020; Fang et al., 2021; Cao et al., 2022; He et al., 2022; Liu et al., 2022; Miao et al., 2022). Increasing publications have showed that traditional Chinese medicines exhibited the excellent efficacy in the treatment of patients with MN (Yang et al., 2021; Wang et al., 2022) (Table 1). A previous study has demonstrated that a 77-year-old woman with IMN was intervened with Astragalus membranaceus and showed remission (Ahmed et al., 2007). In addition, a multicenter randomized controlled clinical study demonstrated that Shenqi particle were safety and exhibited an efficacy effect for patients with IMN and nephrotic syndrome (Chen et al., 2013). Recent several studies demonstrate that traditional Chinese medicines show the beneficial effect on patients with MN. For instance, treatment with Jian pi qu shi formula improve MN patients who fail to immunosuppressive intervention, and indicate that 80% of patients obtain remission, while no obvious adverse effects are demonstrated after 1 year of follow-up (Shi et al., 2018). Similarly, treatment with Shulifenxiao formula exhibits the efficacy effect for steroid and immunosuppressant-resistant refractory IMN patients (Cui et al., 2021). Therefore, these therapies may be an important option for steroid and general immunosuppressant resistant IMN patients.
TABLE 1 | Treatment of traditional Chinese medicine on patients and animal models with MN.
[image: Table 1]The latest several studies also show that a number of Chinese herbal injections are superior to treatment of chemical drugs alone in improving primary nephrotic syndrome. For example, Tripterygium wilfordii shows anti-inflammatory and immunosuppressive activities and improve autoimmune and inflammatory diseases including rheumatoid arthritis, kidney disease and systemic lupus erythematosus. Combining multi-glycosides of Tripterygium wilfordii with prednisone is an alternative therapy for IMN. The remission probability is similar for both Tripterygium wilfordii multi-glycosides and tacrolimus (Jin et al., 2020). Mechanistically, the latest publication shows that a total of 153 compound-related genes are associated with 1485 IMN-related genes and 45 core genes are overlapped between two categories (Shi et al., 2022). The protein-protein interaction network and MCODE results show that the targets such as tumor protein p53, mitogen-activated protein kinase 8, signal transducer and activator of transcription 3, intercellular adhesion molecule 1, interleukin-4, transforming growth factor β1 and matrix metalloproteinase-1 play critical roles in the treatment of Tripterygium wilfordii on IMN (Shi et al., 2022). Enrichment analysis indicates that major pathways are advanced glycation end products, interleukin-17, tumor necrosis factor and Toll-like receptor signaling pathways (Shi et al., 2022). In addition, the combination of chemical drugs and Yinxingdamo injection or Danhong injection showed the best Chinese herbal injections compared with total clinical effectiveness, serum albumin and 24-h urinary protein excretion (Yu, H. et al., 2020). These findings demonstrate that traditional Chinese medicines can effectively ameliorate patients with IMN.
5.2 Treatment of traditional Chinese medicine on animal models with MN
The underlying pathogenesis has been investigated and a number of potential molecular mechanisms have been illuminated by using animal models. An earlier study revealed that Astragaloside IV ameliorated complement attack complex-induced podocyte damage through suppressing extracellular regulated protein kinase activity (Zheng et al., 2012). Recent several studies demonstrate that traditional Chinese medicines show a beneficial effect on animal models with MN. For example, treatment with total coumarins of Hydrangea paniculata ameliorates renal damage and dyslipidaemia, which are associated with inhibition of complement activation and phosphoinositide 3-kinase-protein kinase B pathways (Wang, W. et al., 2022). After oral administration, pharmacokinetics indicates that plasma 7-hydoxycoumarin and skimmin are main compound or metabolite. This study further shows that 7-hydoxycoumarin and skimmi may suppress interleukin-10 production through blocking phosphoinositide 3-kinase-protein kinase B and nuclear factor ƙB (NF-ƙB) signaling pathways (Wang et al., 2022). Another study shows that treatment with Sanqi oral solution reduces proteinuria levels, blunts kidney damage, suppresses depositions of C3 and IgG, and maintains protein expressions of podocin and synaptopodin in CBSA-induced MN rats, which are associated with NF-ƙB signaling pathway (Tian et al., 2019). In addition, other study shows that wenyang lishui decoction significantly reduces 24 h urine protein level and kidney histological injury in CBSA-induced rats, similarly, in vitro experiment shows that wenyang lishui decoction inhibits apoptosis rate in mouse podocytes incubated with RPMI-1640 medium containing 10% serum from patients with IMN, which are associated with decreasing p53 in both mRNA and protein expression and increasing Bcl-2 in both mRNA and protein expression (Lu et al., 2020). These findings reveal that traditional Chinese medicines ameliorate MN through regulating phosphoinositide 3-kinase-protein kinase B and NF-ƙB signaling pathways.
6 FUTURE THERAPIES AND CHALLENGES
Currently, available therapies in MN patients are described in Kidney Disease: Improving Global Outcomes guidelines in 2021. The patients should adopt optimal conservative treatment for at least 6 months or until eGFR decline. Based on proteinuria severity, eGFR change and anti-PLA2R antibody levels, patients are eligible for immunosuppressive treatment. Cyclophosphamide, rituximab or a calcineurin inhibitor may be considered based on expected efficacy and side effects. Over the past decade, achievements in the understanding of the pathomechanisms of MN will establish novel therapy perspectives, which have provided an opportunity for the establishment of more specific regimens that were beneficial for MN patients. The discovery of PLA2R as the predominant antigen in MN fulfilled an unprecedented breakthrough point in the mechanisms of MN, subsequently, the discovery of serum anti-PLA2R antibodies paved the way toward new regimens. Because patients with high serum pathogenic antibodies showed the most severe disease, the removal of antibodies might be beneficial for MN patients. Specific therapies require identification of pathogenic epitopes. Earlier study discovered two mimotopes that mimic conformational epitope recognized by maternal alloantibodies against NEP and immuno-adsorption of maternal serum removed most of the anti-NEP antibodies (Ronco and Debiec., 2017). Currently, a small pilot study of anti-PLA2R antibodies immune adsorption is used for establishment of the feasibility of rendering patients seronegative for anti-PLA2R antibodies in lack of immunosuppression (Hamilton et al., 2018). Removal of serum anti-PLA2R antibodies by immune adsorption ameliorated disease severity, but it could not cure the disease. It will remain necessary to block antibody production. Similarly, the study of THSD7A antigen/antibody is also considered.
If IgG4 antibodies lead to the podocyte damage by binding to PLA2R, independent from complement activation, it would provide feasibility to establish therapies by small peptides that would intervene in the binding of the antibodies to PLA2R antigen. However, substantial evidence showed that complement was activated and C5b–9 assembly caused podocyte damage. The coexistence of IgG1 in immune complex deposits could mediate complement activation. However, most IMN patients showed very low or undetectable levels of complement C1q in immune complex deposits compared with secondary MN patients. Therefore, these findings indicated that lectin signaling pathway might participate in complement activation and C5b–9 complex formation. Indeed, mannose-binding lectin signaling pathway was found in the glomeruli of most IMN patients. The pathomechanisms of C5b–9 complex formation provides an opportunity to develop targeted therapies through complement-specific antibodies.
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Lupus nephritis (LN) is the most common and severe type of organ damage and an important primary disease in end-stage renal failure in patients with systemic lupus erythematosus (SLE). Clinical guidelines recommend steroid treatment, but steroid resistance has become a major factor leading to treatment failure and affecting prognosis. Our previous study demonstrated that Saponins from Panax Notoginseng (Panax ginseng saponins, PNS) could reverse steroid resistance of lymphocytes by downregulating P-glycoprotein (P-gp) expression and provide renal protection in LN mice, but the mechanism by which lymphocytes transmit these related messages to renal lamina propria cells is not clear. Therefore, we further elucidated this mechanism through holistic experiments. In this study, low-dose methylprednisolone (0.8 mg/kg/day, MP) was used to induce a steroid-resistant lupus nephritis (SR-LN) mouse model in weeks one to four, and a therapeutic steroid dosage (MP 12 mg/kg/day) or a combined PNS (PNS 100 mg/kg/day) treatment was administered from week five to eight. Lymphocyte-derived exosomes (Lyme-Exos) were isolated from the spleens of mice and injected into untreated homozygous LN mice for 14 days via the tail vein. At the end of the experiment, the efficacy and mechanism of action of different groups of Lyme-Exos on LN mice were observed. The results revealed that exogenously injected Lyme-Exos were effectively taken up by the kidney and affected the progression of kidney disease. Steroid-resistant lymphocyte-derived exosomes intervented with PNS significantly downregulated the levels of silent information regulator-related enzyme 1 (Sirt1), multidrug resistance gene 1 (MDR1), and P-gp in the renal cortex and glomerular endothelial cells (GECs); reduced serum autoantibody [antinuclear antibody (ANA) and anti-double-stranded DNA (dsDNA)] levels and inflammatory markers (WBC, PCR, and PCT); improved renal function; and attenuated urinary microalbumin excretion. Additionally, renal histopathological damage (HE staining) and fibrosis (Masson staining) were improved, and immune complex (IgG) deposition and membrane attack complex (C5b-9) production were significantly reduced; the gene levels of inflammatory factors (INF-γ, MCP-1, IL-8, IL-17, vWF, VCAM-1, IL-1β, IL-6, PTX3) in the renal cortex were downregulated. Taken together, this study showed that PNS may alleviate steroid resistance in GEC by interfering with steroid-resistant Lyme-Exos to ameliorate LN progression, which will likely provide insights into developing a new LN treatment.
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1 INTRODUCTION
Lupus nephritis (LN) is a serious complication of systemic lupus erythematosus (SLE). Approximately 50% of patients with SLE have LN as a complication. As medical care improves, the risk of developing end-stage renal disease remains unchanged, despite reduced mortality and improved disease prognosis in SLE patients (Almaani et al., 2017; Gasparotto et al., 2020). An efficient and low-toxicity treatment option is the key to the problem. Commonly used steroid drugs have anti-toxic, anti-inflammatory, and immune-suppressing effects. Regrettably, due to long-term treatment of LN, steroid resistance and concurrent infections are often induced, thus making treatment more challenging. The alternative use of other cytotoxic agents remains risky and challenging and is further complicated by the reduced efficacy of other immunosuppressive agents when steroid resistance occurs (Jobst-Schwan et al., 2019). Thus, developing an understanding of how steroid resistance can be reversed in LN is vital.
Recently, several studies have shown that drug resistance information can be transmitted by exosomes laterally through drug resistance-associated miRNAs, multidrug resistance proteins and soluble membrane receptors, thus resulting in the acquisition of the same resistance in distant tissue or cells (Batrakova and Kim, 2015; Kamerkar et al., 2017). Exosomes play a role in an intercellular communication mechanism that can regulate the gene expression profile of target cells over long distances while also playing an important role in the regulation of physiological functions, pathogenic injury, and organ remodeling (Théry et al., 2018; McAndrews and Kalluri, 2019).
As high-quality carriers of biological information and drugs, the value of exosomes has been recognized in multidisciplinary areas (Familtseva et al., 2019; Zhao et al., 2020; Chen et al., 2022). In kidney disease, exosomes can play a role in the mediation of intrinsic cellular crosstalk between glomerular and tubular cells to mediate organ crosstalk and participate in the amplification or inhibition of renal injury and inflammation (Grange and Bussolati, 2022). Furthermore, exosomes are released into the circulation from distant tissues and may contribute to intraorgan crosstalk and multiorgan dysfunctional conditions. Circulating exosomes from autoimmune diseases, such as SLE and antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis, may be involved in renal pathology by promoting coagulation, thrombosis, and immune mediation (Mazzariol et al., 2021). Exosomes may similarly mediate the reversal of steroid resistance in LN, but little attention has been given to it.
As the first barrier to the glomerular filtration membrane, glomerular endothelial cells (GECs) are more susceptible to inflammation, proteins, lipids, and other biological molecules (Lassén and Daehn, 2020; Xu and Shao, 2022). One possible pathogenic mechanism responsible for LN involves SLE leading to the excessive activation of immune cells. In addition, immune complexes are created and deposited along the vessel wall, thus destroying endothelial cell autoantibodies. As a result, vascular inflammation is promoted, the endothelium is damaged, and function is disrupted (Barile-Fabris et al., 2014; Liu and Kaplan, 2018; Ryan et al., 2022). The glomerulus is structured as a network of tiny capillaries. When splenic lymphocyte-derived exosomes (Lyme-Exos) transmit messages over long distances to the kidney, it is likely that GECs are the key receivers of such messages.
In our previous study, we found that Panax ginseng saponin (PNS) reversed steroid resistance in the lymphocytes of steroid-resistant lupus nephritis (SR-LN) mice via the SIRT1/FoxO1/MDR1 signaling pathway (Pan et al., 2022). However, how the drug resistance or reversion information contained in lymphocytes is transmitted to the kidney and the mechanism responsible for the development of steroid resistance in kidney cells are unclear. Therefore, in this study, we observed the effect of treatment with Lyme-Exos on the level of resistance and lesions in the kidneys of LN mice from the perspective of overall animal experiments. Our findings are expected to provide insights into designing a new therapy for treating LN.
2 MATERIALS AND METHODS
2.1 Chemicals
Methylprednisolone (MP) tablets were obtained from Pfizer Italia S.r.l. (New York, United States). Panax notoginseng total saponin was provided by Guangxi Wuzhou Pharmaceutical (group) Co., Ltd. (Guangxi, China).
2.2 Animals
Female MRL/MpJ-Fas lpr (MRL-lpr) mice (16 weeks of age) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The mice were maintained under specific pathogen-free (SPF) conditions in the laboratory animal research center of the Zhejiang Institute of Traditional Chinese Medicine. All animal experiments were approved by the Chinese Institutional Animal Care and Use Committee (Approval number: 2019–045).
2.3 Animal experiments
In the first part of this study, we used our previous methods (Pan et al., 2022) to develop an SR-LN model. We did this by performing continuous gavage with a low dose of MP tablets (0.8 mg/kg/day) for 4 weeks. Then, we detected the expression of P-glycoprotein (P-gp) and its reaction substrate Rh-123 in splenic lymphocytes extracted from the mouse model. Increased expression of P-gp and reduced expression of Rh-123 in the model mice compared with the untreated mice with LN indicated that the steroid-resistant mouse model had been successfully constructed. Next, the SR-LN mice were randomly divided into three groups: a steroid-resistant group (SR) (0.8 mg/kg/day, MP), a therapeutic dose of steroid group (ST) (SR with 12 mg/kg/day, MP), and an ST with PNS group (ST + PNS) (ST with 100 mg/kg/day, PNS); an LN group as a control (equal volume, PBS) was treated for 4 weeks. MP was administered by gavage, while PNS was injected into the intraperitoneal cavity. All parallel groups were administered PBS-based alternative drug interventions in the same manner. Four groups of mice were sacrificed after 8 weeks of intervention. Four groups of Lyme-Exos were extracted, their protein concentration was determined, and the Lyme-Exos were then stored at −80°C. In the second part of the study, the Lyme-Exos from different groups were injected at a dosage of 20 µg/day for 14 days into untreated mice with LN via the tail vein, and the groups were named LN/Exo, SR/Exo, ST/Exo, and ST + PNS/Exo. All animal experiments were performed in accordance with the ethical requirements for laboratory animals.
2.4 Flow cytometry
Flow cytometry was used to detect the expression of P-gp and Rh-123 in the splenic lymphocytes of the mice in the SR-LN model group and the LN group to confirm the successful construction of the SR-LN model. Cell suspensions (1.0×106/ml) were washed twice with prechilled PBS and then centrifuged (300×g, 4°C, 5 min). The cells were then incubated with an anti-P-gp antibody (Santa Cruz Biotechnology, Santa Cruz, CA, United States) (0.1 μg/ml) for 30 min at room temperature. The cells were washed twice with cell buffer, centrifuged (300×g, 4°C, 5 min) and incubated with FITC-coupled goat anti-rat monoclonal antibody (Beijing Jiamei Biotech, Beijing, China) for 30 min in the dark. The cells were then washed twice with cell buffer, resuspended to a volume of 500 µl and analyzed by flow cytometry (FACS FC500; Beckman Coulter, Brea, CA, United States). An isotype-labeled FITC-coupled unrelated antibody was used as a negative control. The P-gp and Rh 123 expression of GECs was detected using the same method following an additional digestion step.
2.5 Preparation of exosomes
Based on the physical properties and composition of exosomes, we extracted exosomes using the classical differential ultracentrifugation method (Théry et al., 2006; Lobb et al., 2015). The exosomes were isolated from Lyme-Exo suspensions by extraction as follows: centrifugation (4°C, 300 × g, 10 min) was used to transfer the supernatant to a new tube, centrifugation (4°C, 3,000 × g, 15 min) was used to transfer the supernatant to a new tube, centrifugation was performed at 4°C, 10,000 × g for 30 min, and centrifugation was performed with 0.22 µm filters (Millipore Billerica, MA, United States) to remove bacteria from the supernatant. Finally, the precipitate was collected by ultracentrifugation (4°C, 100,000×g, 2 h) as exosomes. Exosomes were identified by transmission electron microscopy (morphological structure) and nanoparticle tracking analysis (NTA) (particle size), and capillary immunoassays were used to detect characteristic marker proteins (TSG101 and Hsp70).
2.6 Capillary immunoassays
For the quantitation of proteins, we used a partially automated Simple Western system (WES) that was based on capillary electrophoresis; reagents were provided by the manufacturer (WES, Protein Simple, San Jose, CA, United States) (Nguyen et al., 2011). Exosomal proteins were extracted by adding an equal volume of exosome-specific lysis solution (Umibio, Shanghai, China) to the exosome suspension and lysing it on ice for 5 min. The lysates were then centrifuged (12,000×g, 4°C, 5 min) to obtain a supernatant that contained exosomal proteins. The processing of renal tissue and the extraction of total protein from GECs were performed as described previously. Protein concentrations were determined with a BCA Protein Assay Kit, and equal amounts of protein samples were used for capillary immunoblotting. In accordance with the manufacturer’s instructions, the levels of key proteins were determined by incubation with specific primary monoclonal antibodies against TSG101 (1:100; Abcam, Cambridge, MA, United States), Hsp70 (1:50; Abcam, Cambridge, MA, United States), Sirt1 (1:30; Abcam, Cambridge, MA, United States), P-gp and GAPDH (1:100; Abcam, Cambridge, MA, United States). Signals were detected by an HRP-conjugated secondary anti-rabbit antibody, and chemiluminescence from the samples was visualized using protein simple compass software. We calculated the area of immunopositivity for each target protein and divided this by the area of immunopositivity for the internal reference GAPDH.
2.7 Extraction, culture and identification of primary glomerular endothelial cells
Tissue samples of the kidney cortex were cut into small pieces (1 mm × 1 mm) and digested with 0.1% type IV collagenase (STEMCELL Technologies Inc., Vancouver, Canada) at 37°C for 30 min. The digested kidney cortex was sequentially passed through 80, 100, 200, and 400 mesh sieves and gently ground on the sieves to remove excess tubules and cellular debris. The 400 mesh sieves eventually left only glomeruli. The glomeruli were washed with endothelial cell complete medium, and the suspension was incubated at 37°C with 5% CO2, during which the GECs wrapped around the glomeruli and crawled outwards (Figure 7A). Formal identification was provided by staining for key endothelial cell markers (vWF and CD31; Abcam, Cambridge, MA, United States) and detecting endothelial cell marker proteins (CD31, vWF and VE-calmodulin; Abcam, Cambridge, MA, United States) using flow cytometry.
2.8 Urinary and blood analysis
The day before the end of the experiment, each mouse was placed in a different metabolic cage for urine collection. During urine collection, the mice were deprived of food but allowed to drink freely. The collected urine was centrifuged at 3,000 × g for 15 min at room temperature, and the supernatant was used to detect urinary microalbumin levels. Upon sacrifice, whole-blood samples were collected from the mice, and 150 μl was dispensed into anticoagulated vacuum tubes for blood analysis and testing. The remaining whole blood was placed in a pro-coagulation vacuum tube for 1 h at room temperature and centrifuged at 3,500 × g for 10 min at 4°C, and the serum was collected for the detection of blood creatinine and urea nitrogen. The clinical laboratory of Zhejiang University of Traditional Chinese Medicine was commissioned to test these key indexes.
2.9 Hematoxylin-eosin staining and masson’s staining
Renal cortical tissue was fixed in formalin for 24 h and then embedded in paraffin. Two sections (4 μm in thickness) were cut, dewaxed and dehydrated. One section was subjected to hematoxylin and eosin staining, dehydrated and sealed; the other section was stained with Masson’s stain in accordance with a Masson’s kit (HaoKe Biotechnology Co., Ltd., Guangzhou, China); sections were treated overnight with potassium dichromate, followed by Lixin red staining, phosphomolybdate treatment, aniline blue staining, differentiation, and dehydration prior to being sealed. Images were acquired and analyzed by microscopy (Nikon Instruments Inc., United States).
2.10 Immunohistopathological analysis
Two 4 µm kidney sections were mounted on slides and rehydrated followed by overnight incubation (separately) with rabbit anti-mouse P-gp (1:500, Abcam, Cambridge, MA, United States) and rabbit anti-mouse Sirt1 (1:500, Abcam, Cambridge, MA, United States). Antigen retrieval was conducted in heated 10 mM citrate buffer for 10 min. Slides were incubated with an HRP-labeled goat anti-rabbit general-purpose secondary antibody (1:200, Abcam, Cambridge, MA, United States) for 30 min. Subsequently, stained histological sections were observed at 400× magnification with a light microscope (Nikon Eclipse TE 2000-U microscope, Japan).
2.11 Immunofluorescence staining
First, we identified GEC staining. GECs in culture dishes were fixed in 4% paraformaldehyde after deculturing. Primary antibodies (vWF and CD31; 1:100; Abcam, Cambridge, MA, United States) were added and incubated for 1 h (4°C). Then, a goat anti-rat fluorescent secondary antibody IgG (1:500, Abcam, Cambridge, MA, United States) was added. Second, we stained GECs for the exosome uptake experiments. Exosomes were stained with PKH67 (1:100, Umibio, Shanghai, China) and cocultured with GECs for 24 h. The GEC cytoskeleton was stained with phalloidin (1:1,000, Abcam, Cambridge, MA, United States) and DAPI (BOSTER, Wuhan, China). Third, 4 μm kidney sections were dewaxed, rehydrated, and antigenically repaired. A range of monoclonal primary antibodies were then added and incubated overnight at 4°C for immunostaining. The primary antibodies were C5b-9 (1:300 Biss Antibodies, Beijing, China) and IgG (1:200, Abcam, Cambridge, MA, United States). The renal expression of the target antigens (IgG, C5b-9) was then determined, and fluorescent secondary antibodies for color development were added the next day. All fluorescence staining was performed in the absence of light following the addition of fluorescent secondary antibodies; a final drop of fluorescence quenching solution (Vector Laboratories, United States) was added to seal the slides. Images were acquired and analyzed using a fluorescence microscope (Nikon Eclipse TE 2000-U microscope, Japan).
2.12 ELISA quantification
Mouse serum samples were prepared as described previously. Samples were evaluated with ELISA kits. An ELISA kit for P-gp was obtained from ELK Biotechnology (Wuhan, China), and ELISA kits for ANA and dsDNA were obtained from Alpha Diagnostic Intl. Inc. (San Antonio, United States). ELISA kits for CRP and PCT were obtained from mlbio (Shanghai, China). These assays were performed using the reagents provided in the kits and in accordance with the manufacturer’s instructions.
2.13 Quantitative real-time polymerase chain reaction analysis
Experimental methods of Quantitative real-time polymerase chain reaction (qRT‒PCR) were performed as described previously (Luo et al., 2021) in accordance with the instructions provided by the manufacturer. First, total RNA was extracted from the renal cortex and GECs by TRIzol reagent. Then, RNA concentrations were determined by a nanodrop detector (MA, United States) and reverse transcribed into cDNA with a PrimeScript RT reagent kit (TaKaRa, Dalian, China). Then, RT‒PCR was performed on a 7500 StepOne Plus system (Applied Biosystems, Foster, CA, United States). Next, we used a TB Green Premix Ex TaqTM II Kit (TaKaRa, Dalian, China) to detect the expression levels of INF-γ, MCP-1, IL-8, IL-17, vWF, VCAM-1, IL-1β, IL-6, PTX3, MDR1, Sirt1, P-gp, and β-actin. First, the samples were denatured at 95°C for 30 s (1 cycle). In the second stage, the samples were exposed to the following cycle: 95°C for 5 s and 60°C for 30 s (40 cycles). Extension was carried out at 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s (1 cycle). The ten primers were obtained from Sangon Biotech (Shanghai, China). The primer sequences are provided in Table 1. Fold change was calculated by the 2−△△Ct method. The endogenous reference genes for INF-γ, MCP-1, IL-8, IL-17, vWF, VCAM-1, IL-1β, IL-6, PTX3, MDR1, Sirt1, and P-gp was β-actin.
TABLE 1 | Primer sequences of the target genes used in RT PCR analysis.
[image: Table 1]2.14 Statistical analysis
The measurement data are expressed as the mean ± standard deviation. One-way analysis of variance (ANOVA) was used to compare the differences among different groups. Comparisons between two groups were performed by the t test or rank-sum test. Statistical significance was defined at p ≤ 0.05. The tools used for data processing were SPSS 25 (SPSS Inc., Chicago, IL, United States) and GraphPad Prism 9 (GraphPad Software, La Jolla, CA, United States). Image analysis was carried out with ImageJ software.
3 RESULTS
3.1 Lyme-exos were successfully prepared and carried the same drug resistance information as the mother cells
With 4 weeks of low-dose steroids, splenic lymphocytes of LN mice showed a significant increase in P-gp and a significant decrease in Rh-123 content, suggesting that the SR-LN model was established (Figures 1A–D). Based on this model, a 4-week intervention to reverse steroid resistance was performed in four groups: untreated mice with LN (LN), steroid-resistant mice with continuous low-dose steroid treatment (SR), mice with SR with added therapeutic doses of steroids (ST), and mice with ST with added PNS (ST + PNS). After treatment, there were differences in spleen size and splenic index between the four groups of mice, with a significant decrease in the ST + PNS group compared to the SR group (Figures 1E,F). The splenic Lyme-Exos were obtained from each group separately. Transmission electron microscopy revealed that the Lyme-Exos obtained by differential ultracentrifugation were high in quantity and low in impurities (Figure 1G). NTA experiments further confirmed that the proportion of exosomes that were 125.1 nm in diameter was 98.5% (Figure 1H). Capillary immunoassays confirmed that both TSG101 and Hsp70, characteristic markers of exosomes, were expressed in the extracted exosomes (Figure 1I). Analysis of exosomal capillary immunoassays for the four groups revealed that the protein levels of Sirt1 and P-gp were significantly higher in the SR group and significantly lower in the ST + PNS group (Figure 1J). The results showed that Lyme-Exos carried steroid resistance information consistent with the mother cells.
[image: Figure 1]FIGURE 1 | Validation of the SR-LN model and differential information expression of exosomes within the four groups. (A–D) Flow cytometry was used to detect P-gp expression and Rh-123 accumulation in splenic lymphocytes. (E) Images of one randomly selected mouse spleen per group and (F) The spleen index of each group of mice. (G) The morphology and structure of exosomes were photographed by transmission electron microscopy (scale bar 200 nm). (H) The particle size of the exosomes was detected by NTA. (I) Detection of the exosome markers TSG101 and Hsp70 by capillary immunoassays. (J) Capillary immunoassay analysis of exosome Sirt1 and P-gp protein expression in splenic Lyme-Exos extracted from each group. TSG101 is an exosome marker protein that acts as an internal reference. All data are expressed as the mean ± standard deviation from independent groups, *p < 0.05, **p < 0.01.
3.2 Kidneys can successfully take up circulating lyme-exos
We cocultured each group of PKH67-labeled Lyme-Exos with primary GECs in vitro and found that GECs successfully internalized the exosomes (Figure 2A). In in vivo experiments, we injected stained Lyme-Exos into mice via the tail vein and observed that circulating exosomes were successfully enriched in renal tissue: they reached the kidney at 24 h and were enriched in the glomerulus at 48 h (Figure 2B). This finding indicates that the kidney can successfully take up circulating Lyme-Exos and that GECs may be one of the main cells involved in this process.
[image: Figure 2]FIGURE 2 | Levels of exosome uptake by kidney. (A) Uptake of PKH67-labeled exosomes (green fluorescence) by GECs (red and blue fluorescence, phalloidin and DIPA-stained cytoskeleton) in each group by cellular immunofluorescent staining. A blank control group was set up in parallel (scale bar 250 μm; enlarged image). (B) After the injection of PKH67-labeled exosomes into the tail vein, the mice were sacrificed at 24 and 48 h. The kidney cortex was taken for frozen sectioning. The uptake of PKH67-labeled exosomes (ultracentrifugation to remove excess dye) was observed in the kidney (scale bar 250 μm).
3.3 Panax ginseng saponins reverses the expression of renal steroid resistance messages by interfering with steroid-resistant lymphocyte-derived exosomes
3.3.1 Overall results
Untreated LN mice were randomly divided into four groups and were injected with exosomes obtained after 8 weeks of different drug interventions (the LN/Exo group was injected with exosomes from the LN group, the SR/Exo group was injected with exosomes from the SR group, the ST/Exo group was injected with exosomes from the ST group, and the ST + PNS/Exo group was injected with exosomes from the ST + PNS group) (Figure 3A). Compared with those in the SR/Exo group, the serum P-gp levels were significantly decreased in the ST + PNS/Exo group mice and were lower than those in the ST group (Figure 3B). Renal cortical MDR1 mRNA (Figure 3C) and Sirt1 and P-gp protein expression were significantly downregulated (Figures 3D–F). Immunohistochemical results: the expression of glomerular Sirt1 and P-gp showed the same results (Figures 3G–I). It was suggested that PNS reversed the P-gp-mediated expression of the relevant steroid resistance message in the kidney by interfering with steroid-resistant Lyme-Exos.
[image: Figure 3]FIGURE 3 | Information expression on drug resistance in serum and renal tissue after Lyme-Exo treatment. (A) Treatment flow chart and grouping information. (B) ELISA for serum P-gp levels. (C) Detection of MDR1 gene expression of renal tissue by qRT-PCR. (D–F) Capillary immunoassay analysis of Sirt1 and P-gp protein levels of renal tissue. (G–I) Sirt1 and P-gp immunohistochemical staining (scale bar 20 μm). All data are expressed as the mean ± standard deviation from independent groups, *p < 0.05, **p < 0.01.
3.3.2 Cellular results
Four groups of mice GECs after different exosome interventions were extracted separately (Figure 4A) and identified. Immunofluorescence showed that almost all the cells expressed the endothelial cell surface markers CD31 and vWF (Figure 4B), and the expression rates of CD31, vWF and VE-cadherin in the extracted cells by flow cytometry were 95%, 94.85% and 96.34%, respectively (Figures 4D–F). It was confirmed that the extracted glomerular cells in each group were GECs.
[image: Figure 4]FIGURE 4 | Extraction and identification of primary GECs from each group of mice after Lyme-Exo treatment. (A) Recorded the GECs crawling out of the glomerulus and dynamic growth process using a phase contrast microscope (yellow arrows represent glomeruli, scale bar 75 μm). (B) Immunofluorescence detection of the surface markers CD31 and vWF in GECs (scale bar, 250 μm). (C) Negative control group. (D–F) Flow cytometric detection of the marker proteins CD31, vWF, and VE-cadherin in GECs.
Detection of steroid resistance-related genes and proteins in the extracted primary GECs from each group revealed that GECs in the SR/Exo group expressed significantly higher levels of P-gp, Sirt1, and MDR1 mRNA and Sirt1 and P-gp protein and that intracellular Rh-123 accumulation was significantly reduced (Figures 5A–H). In the ST/Exo group and ST + PNS/Exo group, the expression levels of P-gp, Sirt1, and MDR1 mRNA (Figures 5A–C) and Sirt1 and P-gp protein (Figures 5D,F–H) in GECs were inhibited to different degrees, and the accumulation of intracellular Rh-123 was significantly higher, with the most pronounced effect in the ST + PNS/Exo group (Figure 5E). The results of this experiment showed that steroid-resistant lymphocytes delivered steroid resistance information to GECs through their secreted exosomes, and we similarly observed the effect of PNS on steroid resistance in GECs at the cellular level, suggesting that GECs, as one of the main effector cells, are involved in the regulation of steroid resistance in LN kidneys by Lyme-Exos.
[image: Figure 5]FIGURE 5 | Expression of steroid resistance-related indicators in each group of GECs extracted after different Lyme-Exo interventions. (A–C) Detection of the mRNA expression of Sirt1, MDR1 and P-gp by qRT-PCR. (D,E) Flow cytometry detection of P-gp levels and accumulation of Rh-123 in each group of GECs. (F–H) Sirt1 and P-gp protein levels in GECs were detected by capillary immunoassay. All data are expressed as the mean ± standard deviation from independent groups, *p < 0.05, **p < 0.01.
3.4 Panax ginseng saponins reduced autoantibodies and inflammatory indexes and ameliorated renal injury in lupus nephritis mice by interfering with steroid-resistant lymphocyte-derived exosomes
3.4.1 Improvement in serological parameters, renal function and renal pathological damage
As shown in Figure 6, the mice in the LN/Exo and SR/Exo groups exhibited higher levels of serum autoantibodies and inflammatory markers, urinary protein, and serum creatinine and urea nitrogen. Meanwhile, obvious signs of renal injury such as inflammatory cell infiltration and glomerulophilic hemoglobin deposition in both groups. Serum autoantibodies (Figures 6A,B) and inflammatory markers (Figures 6C–E) were significantly decreased in the ST + PNS/Exo group. Serum creatinine and urea nitrogen of the ST + PNS/Exo group were not only lower than those in the LN/Exo and SR/Exo groups but also better than those in the ST/Exo group (Figures 6F,G). In addition, urinary microalbumin excretion was reduced (Figure 6H); renal tissue pathological damage was significantly improved in the ST + PNS/Exo group (Figure 6I).
[image: Figure 6]FIGURE 6 | Evaluation of autoantibodies, inflammatory indexes, renal function, and renal pathological damage in each group of LN mice after different Lyme-Exo interventions. (A–D) Expression of serum autoantibody ANA, dsDNA, and inflammatory markers (CRP and PCT) by ELISA. (E) Whole-blood WBC assay by fully automated hematology analyzer. (F–G) Serum creatinine, urea nitrogen by automatic biochemical analyzer. (H) Urinary microalbumin excretion by fully automated protein analyzer. (I) Renal pathology HE and Masson staining (scale bars 100 μm and 20 μm). All data are expressed as the mean ± standard deviation from independent groups, *p < 0.05, **p < 0.01.
3.4.2 Diminished IgG and C5b-9 deposition in glomerular capillary collaterals
Among the four groups, the glomerular immunofluorescence of mice in the SR/Exo group exhibited stronger immunoglobulin fine-granular deposition of IgG and membrane attack complex C5b-9 along the capillary collaterals (Figure 7A). In contrast, the deposition of IgG and C5b-9 in the glomerular capillary collaterals of LN mice in the ST + PNS/Exo group was significantly attenuated and even lower than that in the ST/Exo group (Figures 7B,C). This finding suggests that PNS/Exos contribute to the amelioration of glomerular immunopathological injury in LN mice.
[image: Figure 7]FIGURE 7 | Effects of different exosome interventions on IgG and C5b-9 deposition in glomerular capillary collaterals of LN mice. (A) Glomerular IgG and C5b-9 expression in each group detected by Immunofluorescence staining of renal tissues (scale bar 20 μm). (B,C) Quantitative analysis of glomerular IgG and C5b-9 fluorescence intensity in each group (ImageJ software). All data are expressed as the mean ± standard deviation of independent groups, *p < 0.05, **p < 0.01.
3.4.3 Downregulation of mRNA levels of multiple inflammatory factors in the renal cortex
After different exosome interventions, we observed that the mRNA expression levels of various cytokines were regulated in the renal cortex. Such as IFN-γ, MCP-1, IL-8 and IL-17 secreted by activated T cells, (Figures 8A–D), adhesion molecules responding to vascular endothelial injury, such as VCAM-1 and vWF (Figures 8E,F), and various proinflammatory factors, such as IL-1β, IL-6, and PTX3 (Figures 8G–I) in ST/Exo and ST + PNS/Exo groups were decreased to different degrees, but only the ST + PNS/Exo group showed a statistically significant decrease.
[image: Figure 8]FIGURE 8 | Renal cortical inflammatory factor mRNA expression was detected by qRT-PCR. (A–I) mRNA expression levels of IFN-γ, MCP-1, IL-17, IL-8, vWF, VCAM-1, IL-1β, IL-6, and PTX3. All data are expressed as the mean ± standard deviation from independent groups, *p < 0.05, **p < 0.01.
4 DISCUSSION
In this study, we investigated the effect of splenic Lyme-Exos on reversing steroid resistance in LN. The results of this study suggested that steroid-resistant lymphocytes deliver resistance information to the kidney by secreting exosomes that cross the circulatory system and that may also carry corresponding inflammatory factors and complement-activated components from the spleen (Figure 8). This phenomenon leads to the development of steroid resistance and the exacerbation of immune-inflammatory responses in the kidney, such as the marked increase in IgG in the kidneys of mice in the SR/Exo group. This immune complex further stimulates the complement system and the cascade reaction to form a membrane attack complex (C5b-9) that can trigger various inflammatory signals that subsequently promote inflammation and kidney injury (Ort et al., 2020) (Figure 7). In steroid-resistant splenic lymphocytes, the mechanism responsible for P-gp-mediated resistance in lymphocytes was damaged following PNS intervention (Figures 3, 4, 5). Exosomes secreted by effector lymphocytes carry key biological information for reversing drug resistance in the kidneys. The suppression of Sirt1 levels in the kidney downregulates the expression of the MDR1 gene in renal tissues, thereby downregulating the levels of P-gp. Consequently, steroid resistance in the kidney can be reversed, thus enhancing sensitivity to steroid therapy drugs. This process also downregulates the inflammatory responses mediated by effector T cells in the kidneys, alleviates renal microvascular injury and improves the fibrosis caused by persistent inflammation (Figures 6, 8).
Drug resistance is a serious obstacle to the success of pharmacotherapy, and a common mechanism of drug resistance is the overexpression of ATP-binding cassette (ABC) efflux transporters (Amawi et al., 2019). P-gp is located in the cellular membrane and is a transmembrane ATP-dependent transporter molecule that responds to the efflux of drugs (Halder et al., 2022). The overexpression of P-gp and corresponding low expression of the P-gp substrate (Rh-123) is one main mechanism underlying the drug resistance of cells (Zhang Y. et al., 2016; Halder et al., 2022). Sirt1 is an NAD + -dependent deacetylase from the Sir2 family that regulates cell survival and longevity in many different organisms (Ceballos et al., 2018; Zheng et al., 2019). Overexpression of Sirt1 decreased Rh-123 staining and successfully increased the expression of MDR1/P-gp in R-HepG2 cells (Jin et al., 2015). Therefore, the search for Sirt1/P-gp inhibition strategies appear to be crucial for drug resistance. This study showed consistent results: PNS intervention with splenic Lyme-Exos is able to overcome drug resistance in LN-related cells, and the mechanism is related to the Sirt1/P-gp signaling pathway. The reduction in steroid outflow was reduced, thereby improving efficacy, which provides us with a new target for PNS treatment of steroid resistance.
PNS, a type of Chinese medicine that can activate blood stasis, has various pharmacological effects, including blood circulatory effects, antioxidative stress and blood pressure amelioration; immunity and blood sugar regulation; and anti-inflammatory action (Xi et al., 2000; Karu et al., 2007; Li et al., 2016; Zhang G. et al., 2016). The traditional Chinese medicinal pathology of LN is characterized by a deficiency of kidney and heart toxicity, with blood stasis running throughout the course of the disease. Successive clinical studies have also shown that the method of activating blood and resolving blood stasis can improve the clinical efficacy of LN (Pan et al., 2022). In this study, we performed an initial exploration of the mechanism underlying this important function. As an intermediate, exosomes can participate in proximal and distant intercellular communication and affect all aspects of cell biology (Pegtel and Gould, 2019). The functionality of exosomes is determined by the cell from which they originate and varies with the metabolic state and cellular environment of the cell (Skotland et al., 2017; Gao et al., 2018). In this experiment, we used the spleen as the main immune organ. The experimental results showed that the expression of drug resistance-related information in exosomes derived from splenic lymphocytes underwent changes when the mode of intervention was altered. In addition, we hypothesized that the mechanism by which exosomes achieve functional effects is as follows. The key active ingredient of PNS in the exosomes within lymphocytes and other small molecules can undergo complex interaction reactions and immune regulation in the drug-resistant environment of SLE splenic lymphocytes. When a certain time point is reached, exosomes are secreted by lymphocytes to target the kidney to exert biological effects. This speculation is consistent with the results of many studies (Kalluri and LeBleu, 2020). In the future, we will further identify the components of Lyme-Exos involved in this phenomenon.
The basic pathological manifestation of LN is well known to be microvascular inflammation. LN associated with vascular injury is predicted to result in severe renal damage and is considered an independent risk factor for poor renal prognosis (Tan et al., 2014). The pathological mechanism underlying LN microangiopathy is complex; studies have shown that the key pathological mechanisms of this disease are the activation of GECs, injury and the abnormal function of the immune system (Rodríguez-Carrio et al., 2012; Atehortúa et al., 2017; Atehortúa et al., 2019). In the present study, we used in vitro cell experiments to show that GECs from mice with LN can take up exosomes. The expression of Sirt1/P-gp in primary GECs extracted at the end of the experiment demonstrated that steroid resistance in the PNS group was also effectively reversed. Furthermore, mRNA detection of the renal cortex revealed the significant regulation of the endothelial-associated inflammatory factors VCAM-1 and vWF. Our conclusions indicated that splenic Lyme-Exos interact with endothelial cells and participate in the inflammatory responses of glomerular vascular endothelial cells and that the major intrinsic cells of exosome action in LN are likely to be GECs.
In general, this study indicated that exosomes of splenic lymphocytes under PNS interference are potential targets for reversing steroid resistance and can improve LN. The major strength of this study is that the activity and quantity of exosomes prepared from the mouse model using drug interventions in vivo are better than those obtained from in vitro coculture. Of course, this study has limitations, such as some heterogeneity among the LN mice. If artificial intelligence and other technological means can be used to load the active ingredients into exosomes in an efficient and standardized manner, then these exosomes may help in developing a new strategy for treating LN, and this will be the direction and goal of our future efforts.
5 CONCLUSION
Our study shows that steroid-resistant lymphocytes transmit steroid resistance information to GECs through their secreted exosomes, which exacerbates inflammatory lesions and histopathological damage in the kidney. PNS reverses steroid resistance in GECs by interfering with steroid-resistant Lyme-Exos, which results in varying degrees of inhibition of the secretion of various cytokines, proinflammatory factors, and vascular adhesion molecules. PNS/Exo also reduces the level of autoantibodies in the serum of LN mice, decreases urinary protein excretion, improves renal pathology, and thus protects renal function. Notably, the effect of ST + PNS/Exo is better than that of ST/Exo, suggesting that PNS can play a better role in the treatment of refractory LN in synergy with steroids. In addition, this study suggests that exosomes can be used as a medium to comprehensively explore the pathological mechanism of steroid resistance in LN and can be used as a carrier of therapeutic drugs to further investigate and develop the efficacy of traditional Chinese medicine treatments for LN.
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Background: Here, a bibliometric and knowledge-map analysis was used to analyze the research status and application of herbal medicine for the treatment of chronic kidney disease (CKD). By looking for research hotspots and key topics, we provide new clues and research directions for future research.
Methods: Articles and reviews regarding herbal medicine in the treatment of CKD were retrieved from the Web of Science Core Collection on 23 May 2022. The R-bibliometrix, VOSviewer, and CiteSpace software were used to conduct the bibliometric and knowledge-map analysis.
Results: In total, 5,920 authors at 1,330 institutions from 68 countries published 1,602 papers in 355 academic journals. China is the leader and pioneer in the research and application of herbal medicine in the field of CKD treatment. Beijing University of Chinese Medicine contributed the most publications. Ping Li (China-Japan Friendship Hospital) published the most articles, while Yingyong Zhao (Northwest University) had the most cocitations. However, cooperation among countries and the research institutions is not sufficient. Journal of Ethnopharmacology published the most research and application of herbal medicine in the treatment of CKD and was the most commonly co-cited journal. The most influential research hotspots about herbal medicine in the treatment of CKD focused on diabetic nephropathy-related research, Balkan endemic nephropathy, and pharmacokinetic study.
Conclusion: Herbal medicine has a wide range of pharmacological activities and therapeutic value. The research and application of herbal medicine for the treatment of CKD, especially diabetic nephropathy, will remain a hot topic in the future.
Keywords: herbal medicine, chronic kidney disease, bibliometrics, hotspots, research status
INTRODUCTION
Chronic kidney disease (CKD) is a multifactorial and slowly progressive condition that causes a decrease in renal function, and this condition is not effectively treated with the current therapies (Zhong et al., 2017; Kalantar-Zadeh et al., 2021). Epidemiological surveys show that the high global incidence rate of 11%–15% makes CKD a major public health problem worldwide, especially in high-income countries (Hoste et al., 2018; Lv and Zhang, 2019). The global burden of CKD is continuously increasing and is projected to become the fifth most common cause of years–of–life lost globally by 2040 (Polenakovic et al., 2021). At present, there is no specific drug or safe drug treatment for CKD in clinical, so it is urgent to discovering effective and safe new therapeutic drugs.
Numerous drugs have originated from herbs or natural substances (Geng et al., 2020; Cao et al., 2022). A large number of clinical trials and experimental studies have demonstrated that herbal medicine, either as a single natural herb or a polyherbal formulation, has an effect on protecting kidneys and improving chronic inflammation, gaining more attention for the treatment of CKD all over the world (Peng et al., 2005; Shen et al., 2018). Due to the specific theories and thousands of years clinical practice, herbal medicine has been confirmed to exhibit multi-target and multi-channel protective effects in CKD (Chen et al., 2018; Yang et al., 2019). With the expansion of clinical application and the rapid development of modern biomedical and technology, the research and application of herbal medicine in the treatment of CKD need a comprehensive summary and generalization to determine the research trend. New technologies and diagnostic criteria are also being introduced, Therefore, the trends and hotspots of herbal medicine in the treatment of CKD research have also changed in recent years, resulting in challenges to clinical work and researchers. Groups of clinicians and scholars have made great efforts and published many papers in this field. However, a summing-up commentary is lacking. A comprehensive summary and generalization to determine the research trend of this field is essential for the benefit of old and new participants in this field.
As an interdisciplinary science, bibliometrics is used for assessing and monitoring the progress of specific disciplines via mathematical methods and statistical analysis of published data (Demir et al., 2020; Li et al., 2020). Bibliometric analysis can be used to estimate the outputs and citations of countries, institutions, and authors and the keyword frequency of research hotspots and frontiers in particular fields (Luo et al., 2021). By using bibliometric techniques, this study sought to conduct a 22-year longitudinal view (2000–2021) of the evolution of the scientific literature on the research and application of herbal medicine in the treatment of CKD. The published literature was primarily analyzed using the following criteria: publication year, country, affiliation, journal, author, keyword, citation, and H-index. Finally, the bibliometric analysis results were combined with a traditional review conducted under the guidance of bibliometrics to demonstrate the evolution of the research and application of herbal medicine for CKD. This study was the first to conduct a statistical analysis on the literature on herbal medicine for CKD. It could help researchers determine future research strategies and provide them with useful references for funding decisions (Wang et al., 2021).
MATERIALS AND METHODS
Data collection
The Science Citation Index-Expanded database of the Web of Science (WoS) was used to obtain bibliographic data. Deviations caused by daily database renewal were prevented by retrieving and downloading all documents published between 2000 and 2021 from the WoS Core Collection (WoSCC) database on 23 May 2022. The search terms were: TOPICS = (chronic kidney disease OR CKD OR chronic renal disease OR chronic renal failure OR chronic renal insufficiency OR lupus nephritis OR chronic glomerulonephritis OR chronic nephropathy OR chronic nephritis OR tubulointerstitial nephritis OR diabetic kidney OR diabetic nephropathy OR nephrotic syndrome) AND TOPICS = (herbal medication OR herbal medicine OR herbal formulas OR herbal extract OR herbal supplement OR herbal products OR traditional medicine OR traditional herbal medicine OR traditional Chinese medicine OR Chinese medicine OR Chinese herbal decoction OR Chinese herbal medicine OR Chinese herbal preparation OR Chinese patent medicine OR patent herbal drug). The language was limited to English, and only research articles or reviews were retrieved. Two investigators (YLX and JC) independently conducted the primary data search and discussed any discrepancies. The final agreement reached a value of 0.90, indicating a substantial agreement (Landis and Koch, 1977). The data were saved and stored in download_txt format. Proceedings papers, editorial materials, meeting abstracts, early access, letters, book chapters, and corrections were excluded.
Data analysis and visualization
Microsoft Office Excel 2019 was used to manage data and analyze annual publications. The total number of publications (NP) was used to measure productivity, and the total number of citations (NC) without self-citations was used to represent the impact. The H-index was used to evaluate the academic contribution and predict future scientific achievements. For visual analysis, all valid data collected from the WoSCC database were imported into VOSviewer (version 1.6.10) and CiteSpace (version 5.8.R3). The collaborative networks between countries, institutions, journals, and authors and the co-citation of keyword clusters were visually analyzed using VOSviewer. On the VOSviewer maps, different bubbles represent different elements, while the size of each bubble indicates the NP or cooccurrence frequency, where the larger the NP/frequency, the larger size of its bubbles. A line between two bubbles reflects the relationship, where the larger the scale of the cooperation, the thicker the connecting line is (van Eck and Waltman 2010). CiteSpace was used to analyze the research progress, investigate the research status, and hotspots, construct the dual-map overlay for journals and determine the field’s development trend (Chen 2004; Ma et al., 2021). The research development trajectory and current status of this field can be fully understood by examining keyword frequency, centrality intensity, and prominence (Romero and Portillo-Salido 2019). A coword network was constructed based on the keyword co-occurrence, in which each node represents a keyword. When two keywords appear in the same article, they form a co-occurrence relationship and are represented in the network as a single edge. A large mean value indicates that the node has significant representation in a particular subject field at a specific time. The degree of emergence suggests the collinear frequency of a node and the amount of increase in the number of cocitations over time. The greater the degree of emergence is, the more evidence that the node was a research hotspot during a given period.
RESULTS
Publication overview
The total NP over a given period can objectively and quantitatively reflect a field’s overall development trend. A total of 1,602 publications were chosen based on the defined search terms, including 1,289 original articles (80.46%) and 313 reviews (19.53%). The annual NP is shown in Figure 1. Despite some fluctuations, the NP increased from four in 2000 to 241 in 2021. Over the last 22 years, the growth rate remained relatively stable. Figure 1 also depicts the polynomial fitting curve for the publications’ total annual growth trend. The annual NP trended upward and was positively associated with the year of publication (R2 = 0.9803). These findings indicate that the research and applications of herbal medicine in the treatment of CKD have attracted increasing attention.
[image: Figure 1]FIGURE 1 | Number of publications by year and curve fitting of the annual growth trend of publications (R2 = 0.9803).
Country/region
The publications were produced by 68 countries/regions, and the 10 most influential countries/regions are listed in Table 1, along with their NP, NC, H-index, and average citations per item (AC). China was the leading country in terms of NP (64.8%, 1,038/1,602), followed by the United States (10.0%,161/1,602) and India (6.6%,106/1,602). The top three countries also have the highest NC and H-index. As indicated in Figure 2A, the top 10 countries/regions were distributed across four continents, of which six were located in Asia. Figure 2B illustrates the countries/regions’ coauthorship network. China, the most productive country, showed the most cooperation with other countries/regions, followed by the United States, India, South Korea, and Iran. These countries/regions had close collaborations with other countries/regions, indication that theyhave more research exchanges and collaborations.
TABLE 1 | Topmost 10 productive countries/regions in the field of herbal medicine to control CKD.
[image: Table 1][image: Figure 2]FIGURE 2 | Regional distribution (A) and network map of countries/regions collaboration visualization map related to herbal medicine in the treatment of CKD (B).
Institutions
More than 1,330 institutions contributed to this field, among which 122 institutions produced more than four papers. Table 2 summarizes the 10 most influential institutions with the highest NP related to herbal medicine for the treatment of CKD. The Beijing University of Chinese Medicine had the highest NP (83), followed by Guangzhou University of Chinese Medicine (77) and Nanjing University of Chinese Medicine (72). The most significant AC scores were obtained from Fudan University (20.87), followed by Nanjing University of Chinese Medicine (17.03) and Shanghai University of Traditional Chinese Medicine (15.70). Figure 3 depicts the institutional coauthorship network, in which the frequent collaborating institutions include the Beijing University of Chinese Medicine, China-Japan Friendship Hospital, Shanghai University of Traditional Chinese Medicine, and China Academy of Chinese Medical Sciences. Interestingly, the most productive institutions are mainly specialized medical universities and have a high frequency of collaboration network with other institutions.
TABLE 2 | Topmost 10 productive institutions in the field of herbal medicine to control CKD.
[image: Table 2][image: Figure 3]FIGURE 3 | Institutions coauthorship network visualization map.
Authors and cocited authors
Over 5,920 authors have authored publications in this field. Among them, 129 authors contributed at least four papers to this collection. Table 3 summarizes the 10 most active and productive authors. Ping Li (China-Japan Friendship Hospital) was the most prolific author (NP = 28, NC = 319) followed by Xusheng Liu (Guangzhou University of Chinese Medicine) and Yueyi Deng (Shanghai University of Traditional Chinese Medicine). Yingyong Zhao (Northwest University Xi’an) had the highest AC and H index. A network of coauthorship was produced using VOSviewer (Figure 4A). Ping Li and Tingting Zhao are the most cooperative authors. The data suggest that the researchers’ cooperation is relatively loose, and the team’s radiation scope is small.
TABLE 3 | The top 10 active authors in the field of herbal medicine to control CKD.
[image: Table 3][image: Figure 4]FIGURE 4 | (A) Author coauthorship network visualization map. (B) Timeline view of cocited authors cluster analysis.
Cocited authors are two or more authors who are simultaneously cited in one or more papers. These authors are related via cocitations. Among the 43,062 cocited authors, 154 had at least 50 citations. CiteSpace was used to cluster cocited authors to identify research hotspots, and the “log-likelihood ratio” algorithm was employed for extracting group inscriptions. As shown in Figure 4B, the node size and color on the horizontal line represent the NP and year range of occurrence, respectively. Purple outlines indicate articles with significant betweenness centrality, and red nodes indicate frequently cited references (Kaur et al., 2017). In addition, the uppermost line shows the timeline for different fields, and the number of longitudinal lines describe the distinct categories of herbal medicine to control CKD research, which are arranged vertically in descending order of the cluster’s size; the smaller the number of clusters is, the more authors are included, and each cluster is composed of multiple closely related words. Early research on herbal medicine for CKD control was conducted on polyherbal formula. Figure 4B shows the timeline view of cocited author clusters, and their cluster labels are located on the right. Based on the cluster summary, the polyherbal formula has been the focus of current research. The popular themes that have emerged in recent years also include Polyherba formula, triptolide, effective ingredients, dementia, prescription patterns, endothelial dysfunction, anti-diabetic effect, Tinospora cordiflolia, n-butanol extract of taohe-chenqi decoction, systems biology, serum creatinine, chronic kidney disease, and antioxidant activity.
Journals and cocited journals
A total of 355 scholarly journals have published papers on herbal medicine in the treatment of CKD. A total of 138 journals had more than two publications. Table 4 lists the top 10 most productive journals, their publishers, ISSN, NP, the impact factor (IF), NC, and H index. Most of the journals specialize in pharmacotherapy. Journal of Ethnopharmacology was the most prolific journal (NP = 155, NC = 4,486, H-index = 36) followed by Evidence Based Complementary and Alternative Medicine (NP = 106, NC = 686) and Frontiers in Pharmacology (NP = 77, NC = 665). Biomedicine Pharmacotherapy had the highest IF (7.419), followed by the Phytomedicine (6.656) and American Journal of Chinese Medicine (6.005).
TABLE 4 | The top 10 most productive journals in the field of herbal medicine to control CKD.
[image: Table 4]In co-cited journals, two or more journals are cited concurrently by researchers. Among the 9,186 cocited journals cited by the retrieved papers, 182 had at least 50 cocitations. The dual-map overlay of journals demonstrated relationship distribution among journals, with citing journals on the left and cited journals on the right, and the colored paths between them suggest the cited relationships. The green path in Figure 5A indicates that the documents published in health/nursing/medicine journals are often cited by medicine/medical/clinical journals. Figure 5B visualizes the journals of clusters in cocited journals network map. Each journal in the visualization has different size that indicates its frequency. Journal of Ethnopharmacology, Kidney International, Journal of the American Society of Nephrology, American Journal of Kidney Diseases, and Nephrology Dialysis Transplantation were the five most frequently and centrally cited journals.
[image: Figure 5]FIGURE 5 | (A) The dual-map overlay of journals on herbal medicine for chronic kidney disease. (B) Citations journals co-occurrence analysis.
References
Among the 45,867 cocited references cited by the retrieved papers, 210 had at least nine cocitations. Figure 6 shows the timeline of the cocited reference clusters that was used to divide the papers into different clusters. Cluster 0 included the most references, and it mainly focused on diabetic nephropathy, indicating that this topic was closely related to herbal medicine to control CKD research and needs further mining. The popular themes that emerged in Abelmoschus Manihot, adenine-induced chronic kidney disease, retrospective cohort study, traditional Chinese herbal medication, IgA nephropathy, therapeutic potential, Shenkang injection, Fushengong decoction treatment, aryl hydrocarbon receptor activation, treating CKD, and prevention were also included this field.
[image: Figure 6]FIGURE 6 | Timeline view of cocited references cluster analysis.
Research hotspots
The keywords filter the research content of the literature and represent the theme of the article. When a keyword appears frequently, it reveals the distribution of scientific research topics and the hotspots and trends of research. Keyword analysis can also determine the time when a keyword with a change in frequency first appeared in a node, thereby defining the research field’s boundaries. Between 2000 and 2021, 8,078 keywords were used, in which 131 keywords occurred for more than 20 times. The Bibliometrix and Bibliophagy installation packages in the R tool were adopted to count the author keywords and draw a trend topic of the top 40 keywords in this area. Figure 7 shows that oxidative stress, chronic kidney disease, expression, and diabetic nephropathy account for the highest frequency of the total keywords, while, aqueous extract, endoplasmic-reticulum stress, and autophagy are new high-frequency keywords in the past 5 years.
[image: Figure 7]FIGURE 7 | Frequency of keywords occurrence over time in the topic of herbal medicine to control CKD.
Clustering analysis in literature metrology, which is based on the frequency of two or two keywords appearing, uses statistical methods to simplify the complex keyword mesh relationship into a few relatively small groups of classes. As shown in Figure 8, hierarchical clustering was used to cluster the keywords; the two others with the uppermost similarity scale were clustered to generate another cluster. Then, a tree dendrogram that details the correlation and decorrelation between the keywords was generated. The plot revealed two clusters represented as cluster 1 (blue) and cluster 2 (red). Cluster 1: mainlyshows the general epidemiological survey and pathological findings of CKD. Cluster two indicates the mechanism of action and key regulators of herbal medicine in the treatment of CKD.
[image: Figure 8]FIGURE 8 | Tree dendrogram of hierarchical cluster analysis of keywords in the field of herbal medicine treatment for CKD.
DISCUSSION
Herbal medicine has unique advantages in the treatment of chronic diseases, and the potential value associated with herbal medicine application has attracted attention (Zhong et al., 2013). The development of herbal medicine as a supplement in combination with western medicine for the treatment of CKD has become an emerging research area (Lu et al., 2020). Improving knowledge of herbal medicine application in CKD is crucial for drug discovery and clinical application research. In the present, the application of herbal medicine in the treatment of CKD research status from 2000 to 2021 was analyzed for the first time based on the quantity of publications, cocitation analysis, and keyword analysis.
In the past 22 years, trends in the NP about “herbal medicine to control CKD” have substantially, increased. Therefore, the broad pharmacological activities of herbal medicine are attractive to researchers and will be a significant research field (Figure 1). According to the polynomial fitting curve, the annual NP trended generally upward and increased in the latter half of the period, particularly after 2012. The rapid economic growth and investment in scientific research indirectly led to an annual increase in the NP, which may be the main reason for this result. From 2000 to 2021, the most productive country in terms of publishing studies on herbal medicine for CKD control was China (Figure 2). In China, the application of herbal medicine in the treatment of nephropathy has a history of thousands of years, but the research on its pharmacological mechanism and clinical application was performed slightly later but developed quickly, making it the first in the NP. However, compared with other medical disciplines, the NC and H index are low. Therefore, ethnopharmacology scholars and institutions need further studies to improve their research output.
Analysis of collaboration networks revealed collaborations between different countries. China has the most cooperation with United States, England, Denmark, Canada, Thailand, South Korea, Australia, South Africa, Japan and other countries. Among them, China and the United States have the thickest connection, indicating that the cooperation between the two countries is the strongest. However, China has less cooperation with India, Egypt, New Zealand, Turkey, Iran and other countries. The possible reason is that these countries have less research in this field and their research foundation is weak. Therefore, in future research, China should strengthen cooperation with more countries to further promote the development of herbal medicine in the treatment of CKD.
Eight of the top 10 productive institutions from Chinese Medicine University, and five of the top 10 productive authors were from Guangzhou University of Chinese Medicine, suggesting that the Chinese Medicine University was the pioneer in the research on herbal medicine for CKD control (Table 3). Ping Li was the most prolific researcher in this field and focused mainly on the mechanism, efficacy, and safety evaluation of herbal medicine in CKD treatment (Li et al., 2012; Li et al., 2021). Yingyong Zhao was the most cited author publishing articles on the herbal medicine treatment for CKD and focused mainly on metabolomics and traditional Chinese medicine against renal interstitial fibrosis research. In addition, other frequently cited works illustrated multiple mechanisms of herbal medicine in the treatment of CKD (Figure 4). Among the top 10 journals that published studies on the herbal medicine for CKD control, five journals had an IF greater than 5. The number of articles published in these journals accounted for 7.7% of the total publications included in this study. Therefore, publishing research on herbal medicine for CKD control in high-quality journals is a challenge. To date, the most relevant subjects of herbal medicine for CKD control include ethnopharmacology, pharmacology, integrative medicine, and molecular biology, which may continue to be the main subjects of focus in future studies (Figure 5). Articles with a high NC were published in journals with a high-IF, indicating that these journals have published a greater number of potential breakthroughs in this field. As a result, researchers interested in this field focus on recent publications in these journals.
Hot spot analysis helps in exploring research frontiers and trends. Based on the analysis of the keyword map (Figure 7), the current research hotspot in the field is gradually shifting from the research of clinical diagnosis, and pathological to signaling pathways and regulatory indicators. The various active functions of herbal medicine in the prevention and treatment of CKD do not exist in isolation, and they exist synergistic or causal relationships between them. Herbal medicines and polyherbal formulas may protect the kidneys in a different way. Oxidative stress is a central link in the pathogenesis of CKD, and various traditional Chinese medicines and natural products (e.g., Abelmosk capsule and Shenkang Injection et al.) can significantly regulation NrF2/ARE and NF-κB pathway signaling pathways to improve the oxidative stress state of CKD (Cai et al., 2018; Ji et al., 2018; Feng et al., 2019; Fu and Hu, 2019; Yu et al., 2022). Micro-inflammatory state is an important factor in promoting kidney disease progression. Herbal medicines such as Rheum officinale and curcumin could intervene in the damaged cells to interfere with the micro-inflammatory state and protect renal function (Zou et al., 2020). Renal fibrosis is one of the most important pathological manifestations of chronic nephritis as the disease progresses to the end stage, and it causes chronic nephritis (Wu et al., 2015; Luo et al., 2021a). The decisive factor of renal failure, traditional Chinese medicine (curcumin, rhubarb, etc.,) and herbal preparations (Shenqi pills, Huangqi-Danshen decoction, etc.,) can effectively slow down the process of renal fibrosis by regulating TGF-β/Smad, downstream signaling pathways, and Notch 1/jagged 1 (Chen et al., 2017; Liu et al., 2019). Furthermore, podocyte injury involves all stages of CKD, thus reducing podocyte damage and apoptosis is an important link in delaying the development of CKD (Cao et al., 2019; Wang et al., 2018). No effective treatment method is currently available for podocyte injury in western medicine, while some traditional Chinese medicines and compound prescriptions have anti-podocyte injury effects (Wang et al., 2018). Overall, these recent research hotspots may make herbal medicine an exciting clinical candidate for the treatment or prevention of CKD.
Currently, the most successful and extensive research on the use of herbal medicine for CKD control is related to diabetic nephropathy. Of course, this is also an area of particular concern and efforts of various clinicians and scholars (Figure 6). The World Health Organization has listed more than 400 plants which are available used for herbal medicine treatment of diabetic nephropathy. Among them, Astragalus memeranaceus, Salvia miltiorrhiza Lobed Kudzuvine Root, Panax notoginseng, Schisandra chinensisand and other herbal formulas developed for the clinical treatment of diabetic nephropathy have achieved good clinical results (Wen et al., 2020). One of the main advantages of herbal medicine is the low side effects of these drugs, which has attracted various researchers to develop new molecules for the treatment of diabetes (Kumar et al., 2021). Of course, similar to other drug discovery, clinical application still faces many challenges. Bioavailability, active substance base or functional differences, safety, and clinical trials also need to be overcome. Undoubtedly, this will require researchers to demonstrate with their studies in the future.
Limitations
This study is based on bibliometric analysis and visualization network analyses of the literature, which may improve the professional knowledge of the field’s development, status and trends, as well as understanding of academic frontiers among researcher. Additionally, this study employs the NC as an indicator, which may help scholars comprehend significant nodes in the trend in this field. Nonetheless, this study has some limitations. Above all, only articles published on English language and reviews from SCI-Expanded-indexed journals were included. Furthermore, some unavoidable deviations may be occurred because of the inability of R-bibliometrix, VOSviewer, and CiteSpace software to analyze the full text of publications. Additionally, some newly published excellent papers may be ignored due to lag and exhibits lower NC. We hope that future studies will look at more databases and obtain a complete picture of the research and application of herbal medicine in the treatment of CKD worldwide.
CONCLUSION
The research on the complex mechanism of herbal medicine for CKD, the crosstalk between different types of CKD, and herbal medicine for CKD have shown important research value and broad application prospects, the research on the treatment of CKD with herbal medicine has been increasing yearly. By using CiteSpace, VOSviewer, and BiblioShiny for visual analysis, illustrated that China is the leading country in this research. Among the research institutions, the Beijing University of Chinese Medicine is the institution with the highest influence on achievements. Different countries and institutions need to strengthen cooperation and exchanges. Ping Li is an outstanding contributor to the field of herbal medicine treatment for CKD. Most of the articles concerning herbal medicine for CKD are cited from internationally influential journals, indicating that herbal medicine for CKD has received much attention. Current research on herbal medicine for CKD mainly focuses on diabetic nephropathy-related research, Balkan endemic nephropathy, and pharmacokinetic study, which will also be the focus of future research.
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Renal ischemia reperfusion injury (IRI) is a leading and common cause of acute kidney injury (AKI), and inflammation is a critical factor in ischemic AKI progression. Calycosin (CAL), a major active component of Radix astragali, has been reported to have anti-inflammatory effect in multiple organs. However, whether CAL can alleviate renal IRI and its mechanism remain uncertain. In the present study, a renal IRI model is established by bilateral renal pedicles occlusion for 35 min in male C57BL/6 mice, and the effect of CAL on renal IRI is measured by serum creatinine and pathohistological assay. Hypoxia/reoxygenation (H/R) stimulated human renal tubular epithelial cells HK-2 were applied to explore the regulatory mechanisms of CAL. Luciferase reporter assay and molecular docking were applied to identify the CAL’s target protein and pathway. In the mice with renal IRI, CAL dose dependently alleviated the renal injury and decreased nuclear factor kappa B (NF-κB) mediated inflammatory response. Bioinformatics analysis and experiments showed that early growth response 1 (EGR1) increased in mice with renal IRI and promoted NF-κB mediated inflammatory processes, and CAL dose-dependably reduced EGR1. Through JASPAR database and luciferase reporter assay, peroxisome proliferator-activated receptor γ (PPARγ) was predicted to be a transcription factor of EGR1 and repressed the expression of EGR1 in renal tubular epithelial cells. CAL could increase PPARγ in a dose dependent manner in mice with renal IRI and molecular docking predicted CAL could bind stably to PPARγ. In HK-2 cells after H/R, CAL increased PPARγ, decreased EGR1, and inhibited NF-κB mediated inflammatory response. However, PPARγ knockdown by siRNA transfection abrogated the anti-inflammation therapeutic effect of CAL. CAL produced a protective effect on renal IRI by attenuating NF-κB mediated inflammatory response via PPARγ/EGR1 pathway.
Keywords: calycosin, acute kidney injury, ischemia/reperfusion injury, peroxisome proliferator-activated receptor γ, early growth response 1
INTRODUCTION
Acute kidney injury (AKI) is defined as a rapid decrease in kidney function with increased serum creatinine levels and/or decreased urine output. AKI occurs in approximately 10%–15% of hospitalized patients, which is increasingly recognized as a risk factor for chronic kidney disease (CKD) (Ronco et al., 2019; Rashid et al., 2022). However, there is no effective prevention and treatment for AKI (Zhou et al., 2020; Li et al., 2021). Renal ischemia reperfusion injury (IRI) is a leading and common cause of AKI, and delayed recovery of IRI contributes to chronic kidney disease (CKD) and even end-stage kidney disease (Pefanis et al., 2019; Husain-Syed et al., 2021). Therefore, it is important to explore effective intervention for ischemic AKI.
Previous studies indicated that renal IRI is closely associated with the oxidative stress and inflammatory response (Andrade-Oliveira et al., 2019; Sato et al., 2020), which is especially relevant to renal tubular epithelial cells (TECs) injury (Tammaro et al., 2020) that contributing to the overall renal damage. Nuclear factor kappa B (NF-κB)-mediated pro-inflammatory response plays a critical role in AKI (Song et al., 2019). The underlying mechanism study showed that NF-κB activation triggers the release of inflammatory cytokines such as interleukin-1beta (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) that exacerbating kidney injury (Place and Kanneganti., 2018). Therefore, targeting NF-κB pathway is a promising anti-inflammation treatment which necessary to prevent or treat ischemic AKI.
Early growth response protein 1 (EGR1), a zinc-finger transcription factor of the immediate early gene family, has been reported to promote the release of pro-inflammatory mediators by activating NF-κB and exacerbate renal damage (Ho et al., 2016). However, the effect of EGR1 on inflammation in renal IRI has not been clarified. Peroxisome proliferator-activated receptor γ (PPARγ) is an important transcriptional factor, which belongs to superfamily of nuclear receptors. Previous studies have shown a relationship between PPARγ and EGR1, among which activation PPARγ can inhibit EGR1 to suppress inflammation responses (Li and Xia, 2020). However, the regulatory relationship between EGR1 and PPARγ and their role in inflammatory response in renal IRI remain unclear.
Natural products have been considered an alternative therapy for the treatment of various renal diseases including AKI and CKD (Geng et al., 2020; Meng et al., 2020; Fang et al., 2021; Shao et al., 2021; He et al., 2022). Calycosin, an isoflavonoid phytoestrogen isolated from Radix astragali, has various pharmacological activities including anti-cancer, anti-inflammatory, anti-oxidant and neuroprotective effects (Deng et al., 2021; Wang et al., 2022). Recent research has focus on the anti-inflammatory effect of CAL, such as suppressing neuroinflammation via blocking NF-κB pathway and NLRP3 inflammasome (Chen et al., 2020). However, whether CAL has a protective effect on renal IRI and its mechanism remains elusive. In this study, we investigate CAL effect on ischemic AKI and underlying mechanisms.
MATERIALS AND METHODS
Drug
CAL (CAS: 20575-57-9, purity ≥98.0%, MedChem Express, NJ, United States) was suspended in 10% dimethyl sulfoxide (DMSO) and 90% corn oil for mice administration. For cell experiment, CAL was dissolved in DMSO to make a 1 mg/ml stock solution.
Animals protocol
C57BL/6 male mice (6–8weeks) were purchased from Pengyue Laboratory Animal Co., Ltd. (Jinan, China). Mice were randomly allocated into seven groups (eight per group): control, sham, IRI, IRI + 5 mg/kg CAL, IRI +10 mg/kg CAL, IRI +20 mg/kg CAL, IRI + DMSO. CAL was intragastrically given daily for 7 days before IRI modeling (Figure 1A). To establish the renal IRI model, mice were anesthetized with intraperitoneal pentobarbital and subjected to bilateral renal artery occlusion for 35 min followed by reperfusion 24 h. The kidneys were observed until the color turned bright red which confirmed reperfusion. The sham operation was identical to the treatment operation, except for renal pedicle clamping. To explore the therapeutic effect of post-surgery CAL administration on IRI, some mice was subjected to bilateral renal artery occlusion for 35 min followed by reperfusion 24 h, and then treated with CAL for 7 days. Some mice were treated with CAL intragastrically without IRI operation. Blood samples were obtained from the orbital sinus and renal cortex tissue samples were stored at −80°C until use. Animal care and experimental procedures were approved by the Laboratory Animal Welfare Ethics Committee at Qingdao University (ethics number: 202105C5730202106036).
[image: Figure 1]FIGURE 1 | CAL protected the kidney from IRI. (A) The pattern diagram of the animal research design for CAL pre-treatment. (B) SCr and BUN levels in kidney samples of different groups. (C) Renal tubular damage index and H and E staining images of kidney tissue samples in different groups. Scale bar, 100 µm. (D) KIM-1 mRNA level in kidney samples of different groups. **p < 0.01 vs. sham group. ##p < 0.01 vs. IRI group. n = 8 per group. (E) The pattern diagram of the animal research design for CAL post-surgery administration. (F) SCr level in kidney samples of different groups. (G) Renal tubular damage index and H and E staining images of kidney tissue samples in different groups. Scale bar, 100 µm. **p < 0.01 vs. sham group. #p < 0.05, ##p < 0.01 vs. IRI group. n = 8 per group. The data are presented as the mean ± SD.
Renal function assessment
The renal function was assessed by measuring serum creatinine (SCr) and blood urea nitrogen (BUN) levels. The samples were evaluated using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s recommended protocol.
Histopathological studies
Kidney tissue samples were collected after IRI and fixed in 10% formaldehyde overnight. The samples were embedded in paraffin, cut into 4-µm-thick sections. And then stained with hematoxylin and eosin (H & E) (Solarbio, Beijing, China) is performed. Renal tubular damage was scored according to the extent of foamy degeneration and the detachment of tubular cells on a semiquantitative scale.
Cell lines and cell treatment
Human renal tubular epithelial cells HK-2 were purchased from the Procell Life Science and Technology (Wuhan, China). HK-2 cells were cultured in DMEM/F-12 medium (Biological Industries, Kibbutz Beit Haemek, Israel) mixed with 10% fetal bovine serum (Gibco, NY, United States) and 100 × penicillin-streptomycin solution (Solarbio, Beijing, China) and incubated in a 37°C humidified incubator in an atmosphere of 5% CO2.
CAL solutions at different concentrations were prepared for incubation with HK-2 cells for 24 h, and equal volumes of DMSO were added to the vehicle groups. For Hypoxia/reoxygenation (H/R) treatment, cells were plated to 80% confluence, and exposed to 24 h of hypoxia (5% CO2, 1% O2, and 94% N2) followed by 3 h of reoxygenation. The experimental groups are as follows: control, H/R, H/R + 8 μM CAL, H/R + 16 μM CAL, H/R + 32 μMCAL, H/R + DMSO.
Cell viability detection
Cell Counting Kit-8 (CCK-8, MedChem Express, NJ, United States) was used for cell viability assessment. HK-2 cells were seeded in 96-well plates followed by incubation with graded concentrations of CAL for 24 h. Then 10 μl CCK-8 was added into each well and incubated for 2 h at 37°C. A microplate reader (Thermo Fisher Scientific Inc., MA, United States) was used for the measurement of absorbance at 450 nm.
Western blot
The mice kidney tissues and cells were lysed in RIPA lysis buffer (Elabscience Biotechnology, Wuhan, China). Protein samples were subjected to SDS-PAGE, followed by transfer to polyvinylidene fluoride membranes (PVDF, Millipore, MA, United States). After blocked, membranes were incubated at 4°C overnight with primary antibodies as follows: anti-phospho-IκBα (1:1000, Cell Signaling Technology, MA, United States), anti-IκBα (1:1000, Cell Signaling Technology, MA, United States),anti-phospho-NF-κB p65 (1:1000, Cell Signaling Technology, MA, United States),anti-NF-κB p65 (1:1000, Cell Signaling Technology, MA, United States), anti-β-actin (1:1000, Proteintech, IL, United States), anti-EGR1 (1:2000, Cell Signaling Technology, MA, United States), anti-PPARγ (1:1000, Cell Signaling Technology, MA, United States). The secondary antibody, goat anti-rabbit IgG-HRP (1:5000, Elabscience Biotechnology, Wuhan, China), was incubated at room temperature for 1 h and detected using Excellent Chemiluminescent Substrate (ECL) detection kit (Elabscience Biotechnology, Wuhan, China). The bands were subjected to gray scale analysis using ImageJ (version 1.8.0) software.
Enzyme linked immunosorbent assay
The levels of IL-1β, IL-6, and TNF-α of mice serum and cell culture supernatants were determined by an ELISA system (Elabscience Biotechnology, Wuhan, China) according to the manufacturer’s protocols.
Quantitative real-time PCR
Total RNA isolation was performed using Trizol (Invitrogen, MA, United States). cDNA was synthesized using a HiScript RT SuperMix (Vazyme Biotech, Nanjing, China). qRT-PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China), and the data were normalized to the expression of β-actin. The primers used are shown in Supplementary Table S1.
Immunohistochemical
EGR1 and PPARγ immunohistochemical were performed as described previously (Singh et al., 2019). Primary antibody: anti-EGR1 antibody (1:500, Proteintech, IL, United States), anti-PPARγ antibody (1:200, Elabscience Biotechnology, Wuhan, China). EGR1 and PPARγ area ratio was analyzed using ImageJ (version 1.8.0) software.
Bioinformatics
Raw microarray data of GSE52004 (Affymetrix Mouse Gene 1.0 ST Array platform) were downloaded from GEO Datasets (https://www.ncbi.nlm.nih.gov/gds). The microarray data were contributed by Liu et al. (2014). The raw data were preprocessed using a robust multi-array averaging algorithm in R (version 4.0.4) software. The Limma package was loaded for differential expression analysis. The adjusted p value (adj. P) was calculated with the Benjamini and Hochberg method. DEGs were identified with absolute log2FC > 3 and adj. p < 0.05.
PPI information was acquired from the STRING database (http://www.string-db.org/). Medium confidence (0.4) was chosen as the minimum required interaction score to screen the interactions among DEGs. PPI network visualization was conducted by Cytoscape (version 3.9.1) software. Hub genes were selected by Maximal Clique Centrality methods with a criterion of score >100 (Chin et al., 2014).
Molecular docking was carried out by Auto Dock 4.2.6 (The Scripps Research Institute). Briefly, proteins were selected as rigid receptor molecules, while CAL was selected as the ligand for protein docking. PDB files of proteins were downloaded from the RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). The SDF file for CAL was downloaded from the NCBI PubChem Compound database (https://www.ncbi.nlm.nih.gov/pccompound). After the receptor molecule and ligand files were prepared, a grid box was set for the movement and rotation of the ligand. Finally, docking was accomplished via the AutoDock4 program. The visual simulation was conducted using the PyMOL 2.5 (DeLano Scientific LLC, CA, United States).
In vitro transfection experiment
HK-2 cells were plated into 6-well plates. When grown to 60% confluence, the cells were transfected with siRNA against target gene or control siRNA (GenePharm, Shanghai, China) using Lipofectamine 3,000 (Invitrogen, MA, United States). After 24 h, knockdown of target gene expression was validated by qRT-PCR analysis and cultures with more than 80% reduction in target gene mRNA expression comparing to the control cultures were included in further experiments.
Luciferase reporter assay
The promoter sequence of EGR1 was cloned into the pGL3 vector (Promega, WI, United States) upstream of the luciferase sequence (pGL3-EGR1). 293T cells were seeded into 24-well plates. When grown to 60% confluence, 293T cells were co-transfected with the 0.5 μg PPARγ over-expression plasmid (PPARγ-OE), 0.5 μg pGL3-EGR1 and 0.02 μg Renilla plasmid (pRL-TK) using X-tremegene HP reagent (Roche, Basel, Switzerland). And CAL (8 μM) were prepared for incubation with cells. After 48 h, the firefly and Renilla luciferase activities were measured with a Dual-Luciferase Reporter Assay System (Promega, WI, United States). The firefly luciferase activity was normalized to Renilla luciferase activity.
Statistical analyses
Values are expressed as the mean ± SD from at least three experiments. Statistical significance was analyzed by ANOVA followed by the Bonferroni post hoc test in SPSS 25.0 statistical software. A value of p < 0.05 was considered statistically significant.
RESULTS
Calycosin improved kidney function and reduced renal inflammation responses
After IRI 24 h, mice exhibited elevated SCr and BUN levels, while CAL pretreatment significantly reduced both in a dose-dependent manner (Figure 1B). The IRI kidneys showed more renal tubular injury with high kidney pathological injury score, but 20 mg/kg CAL treatment reduced approximately half of the score (Figure 1C). Furthermore, CAL significantly decreased the level of kidney injury molecule-1 (KIM-1) in renal cortex compared with IRI group (Figure 1D). The effect of post-surgery CAL administration on IRI was explored (Figure 1E), and the results showed that CAL treatment after IRI preserved more kidney function and alleviated the renal pathological change (Figures 1F,G). To investigate the anti-inflammatory effects of CAL on IRI-induced AKI, the mRNA levels and concentrations of inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, were detected. As shown in Figure 2A, the inflammatory cytokines significantly increased after IRI, whereas CAL pretreatment markedly inhibited them. Meanwhile, we found that IRI significantly increased NF-κB activation and IκBα degradation. However, treatment of CAL dose-dependently inhibited IRI-induced NF-κB activation (Figure 2B).
[image: Figure 2]FIGURE 2 | CAL ameliorated inflammation response in mice after IRI and H/R-induced HK-2 cells. (A) IL-1β, IL-6, and TNF-α mRNA levels in kidney samples and IL-1β, IL-6, and TNF-α concentrations in mice serum of different groups. (B) The protein levels of p-NF-κB/NF-κB and p-IκBα/IκBα in kidney samples of different groups. **p < 0.01 vs. sham group. ##p < 0.01 vs. IRI group. n = 8 per group. (C) Results of CCK-8 testing of different concentrations of CAL on HK-2 cells. *p < 0.05, **p < 0.01 vs. control cells. (D) The HIF-1α mRNA level in different cell groups. (E) IL-1β, IL-6, and TNF-α mRNA levels in cell lysates and IL-1β, IL-6, and TNF-α concentrations in supernatant of different groups. (F) The protein levels of p-NF-κB/NF-κB and p-IκBα/IκBα in cell lysates of different groups. **p < 0.01 vs. control group. ##p < 0.01 vs. H/R group. n = 4 per group. The data are presented as the mean ± SD.
Invitro, the toxicity of CAL was negligible at concentrations of 32 μM or less for 24 h (Figure 2C). H/R induced HK-2 cells model was applied to mimic renal IRI, and H/R treatment led to a significant increase in hypoxia-inducible factor 1α (HIF-1α) expression in HK-2 cells, whereas CAL incubation reduced the levels of HIF-1α in a dose-dependent manner (Figure 2D). Likewise, the inflammatory cytokines were induced by treatment with H/R in HK-2 cells and were decreased by incubation with CAL (Figure 2E). And CAL inhibited H/R induced NF-κB activation in HK-2 cells (Figure 2F). These results suggested that CAL alleviates renal function injury and inhibits excessive inflammation in TECs after H/R.
Early growth response 1 involved in the anti-inflammatory effect of calycosin
We identified 58 DEGs in the kidneys of IRI mice (Figures 3A,B; Supplementary Table S2), and ten hub genes were selected (Figure 3C). Among these hub genes, early growth response 1 (EGR1) had the highest score and upregulated markedly in IRI (adj. p < 0.01). In vivo, both protein and mRNA levels of EGR1 are significantly increased after IRI (Figure 3D). The EGR1 mainly expressed in TECs in the renal cortex, which increased significantly after IRI (Figure 3E), while CAL pretreatment showed a significant dose-dependent decrease of EGR1 expression in TECs. In vitro, EGR1 siRNA was transferred into HK-2 cells to knock down EGR1 (Figure 3F). Compared to the H/R group, the expression of inflammatory cytokines and NF-κB activation were suppressed after EGR1 knock down (Figures 3G,H). Taken together, EGR1 was upregulated after IRI, and involved in the inflammatory response of TECs.
[image: Figure 3]FIGURE 3 | EGR1 involved in the anti-inflammatory effect of CAL. (A) Heatmap of GSE52004. Absolute log2FC > 3 with adj. p < 0.05 was considered the threshold of DEGs (orange: high expression; blue: low expression). (B) Volcanic plot of the DEGs (orange: up-regulated; blue: down-regulated). (C) PPI network of top 10 hub genes selected by the Maximal Clique Centrality method via Cytoscape. (D) The EGR1 protein and mRNA levels in kidney samples of different groups. (E) Immunohistochemistry showed the expression of EGR1 of kidney tissue samples in different groups. Scale bar, 50 µm. **p < 0.01 vs. sham group. ##p < 0.01 vs. IRI group. n = 8 per group. (F) The protein and mRNA expression of EGR1 in HK-2 cells transfected with EGR1 siRNA or PPARγ siRNA. **p < 0.01 vs. control group (G) IL-1β, IL-6, and TNF-α mRNA levels in cell lysates and IL-1β, IL-6, and TNF-α concentrations in cell supernatant of different groups. (H) The protein levels of p-NF-κB/NF-κB and p-IκBα/IκBα in cell lysates of different groups. **p < 0.01 compared with control group. ##p < 0.01 compared with the H/R group. n = 4 per group. The data are presented as the mean ± SD.
Peroxisome proliferator-activated receptor γ targeted and inhibited early growth response 1
In order to study the upstream of EGR1, we explored the transcriptional factor that might bind to the promoter region of EGR1. As the result, PPARγ is one of the factors that targeting the EGR1 with a relative score = 0.766 (Figure 4A). In vivo, PPARγ expressed in renal cortex and was significantly reduced after IRI compared with the sham group, but CAL promote PPARγ expression (Figures 4B,C). In vitro, PPARγ siRNA significantly increased the expression of EGR1 (Figures 3F, 4D), indicating that PPARγinhibitEGR1 in tubular cells. Moreover, luciferase reporter assay confirmed that PPARγ interact with EGR1 promoter, as EGR1 increased after EGR1 promoter plasmid transfection but decreased after PPARγ overexpression (Figure 4E). Meanwhile, the repressive effect of PPARγ on the EGR1 promoter was more obvious upon CAL incubation (Figure 4E). Taken together, these results indicated that PPARγ inhibited EGR1 expression and represses the activity of the EGR1 promoter.
[image: Figure 4]FIGURE 4 | PPARγ targeted and inhibited EGR1. (A) The binding sites of PPARγ between EGR1 promoter region predicted by JASPAR website. (B) Immunohistochemistry showed the expression level PPARγ of kidney tissue samples in normal control group and 20 mg/kg CAL group. Scale bar, 50 µm. **p < 0.01 vs. control group. n = 3 per group. (C) The PPARγ mRNA and protein levels in kidney samples of different groups. (D) Immunohistochemistry showed the expression level PPARγ of kidney tissue samples in different groups. Scale bar, 50 µm. **p < 0.01 vs. sham group. ##p < 0.01 vs. IRI group. n = 8 per group. (E) The mRNA and protein levels of PPARγ in HK-2 cells transfected with PPARγ siRNA or control siRNA. **p < 0.01 vs. control siRNA group. n = 4 per group. (F) Luciferase reporter assay showed the effect of CAL and PPARγ on the activities of EGR1 promoters. **p < 0.01 vs. pGL3-EGR1 without PPARγ-OE group. ##p < 0.01 vs. pGL3-EGR1 with PPARγ-OE group. n = 3 per group. The data are presented as the mean ± SD.
In order to study the upstream of EGR1, we explored the transcriptional factor that might bind to the promoter region of EGR1. As the result, PPARγ is one of the factors that targeting the EGR1 with a relative score = 0.766 (Figure 4A). In vivo, CAL administration improved PPARγ expression in renal cortex (Figure 4B). Meanwhile, PPARγ was significantly reduced after IRI compared with the sham group, but CAL promoted PPARγ expression (Figures 4C,D). In vitro, PPARγ siRNA significantly increased the expression of EGR1 (Figures 3F, 4E), indicating that PPARγ inhibit EGR1 in tubular cells. Moreover, luciferase reporter assay confirmed that PPARγ interact with EGR1 promoter, as EGR1 increased after EGR1 promoter plasmid transfection but decreased after PPARγ overexpression (Figure 4F). Meanwhile, the repressive effect of PPARγ on the EGR1 promoter was more obvious upon CAL incubation (Figure 4F). Taken together, these results indicated that PPARγ inhibited EGR1 expression and represses the activity of the EGR1 promoter.
Calycosin inhibited inflammation via peroxisome proliferator-activated receptor γ/early growth response 1
As a ligand, CAL could be embedded into the orthosteric pocket of PPARγ with a binding energy of -6.46 kcal/mol, which is exactly the binding pocket of thiazolidinedione agonists represented by troglitazone (Figures 5A,B; Supplementary Table S3). Interestingly, CAL formed hydrogen bonds with the residues Ser342, Ile281, and Glu291, in the ligand binding cavity of PPARγ, whereas troglitazone with the residues Ser342 and Ser289 (Figure 5C). This suggests that CAL probably activate PPARγ through a canonical thiazolidinedione ligand-binding cavity in a similar manner with troglitazone.
[image: Figure 5]FIGURE 5 | CAL inhibited inflammation via PPARγ/EGR1. (A) Chemical structure of troglitazone and CAL. (B) Structure of PPARγ revealed troglitazone and CAL is located in the orthosteric pocket of PPARγ. Troglitazone and CAL are shown as the spheres structure, and PPARγ is shown as the surfaces structure. (C) Troglitazone and CAL (ligand) bound to PPARγ (receptor) via hydrogen bonds. Ligand are shown as the stick structure, and PPARγ is shown as the cartoon structure. Hydrogen bonds are shown as dotted lines (yellow). ILE, isoleucine; SER, serine; GLU, glutamate. (D) The PPARγ and EGR1 mRNA and protein levels in different cell groups. (E) IL-1β, IL-6, and TNF-α mRNA levels in cell lysates and IL-1β, IL-6, and TNF-α concentrations in supernatant of different groups. (F) The protein levels of p-NF-κB/NF-κB and p-IκBα/IκBα in cell lysates of different groups. **p < 0.01 vs. control group. ##p < 0.01 vs. H/R group. n = 4 per group. The data are presented as the mean ± SD.
In vitro, compared with H/R induced cells, PPARγ increased and EGR1 decreased considerably in the CAL incubation groups (Figure 5D). However, the protective effect of CAL on H/R induced inflammation was absent when PPARγ knockdown, with increase of inflammatory cytokines and NF-κB activation (Figures 5E, F). These results indicated the PPARγ plays a role in CAL protection against H/R induced cells. Thus, we suggested that CAL might ameliorate renal IRI and inhibit inflammation via PPARγ/EGR1.
DISCUSSION
The present study provided a novel approach and mechanism for the treatment of ischemic AKI. The main findings are as follows: 1) CAL alleviated renal injury and suppressed excessive inflammation response in renal IRI. 2) The protective effect of CAL was accessed by targeting the PPARγ/EGR1 pathway.
Oxidative stress and inflammation play a vital role in the pathophysiology of various diseases, such as senescence, cardiovascular disease, cancer and AKI (Li et al., 2020; Ikeda et al., 2021; Radovanovic et al., 2021; Zhang. et al., 2021; Wen et al., 2022). The activation of NF-κB signaling pathway has been identified as a major contributor of inflammation in the injured kidneys (Zhu et al., 2021). Consistent with this, in the present study, activation of NF-κB and inflammatory cytokines such as IL-1β, IL-6, and TNF-α are significantly increased in IRI mice, while CAL has reported to effectively inhibit inflammation by inhibiting NF-κB in various organ models (Zhang et al., 2019; Zhu et al., 2021). Of note, CAL treatment showed a good anti-inflammatory effect with the decrease of proinflammatory cytokines and inhibition of NF-κB activation in kidney after IRI.
To investigate the potential mechanisms of CAL, we applied differential gene analysis and PPI network analysis, and the results showed that EGR1 as a hub gene is significantly elevated in ischemic AKI. EGR1, a zinc-finger transcription factor of the immediate early gene family, is known to modulate inflammation responses in various tissues (Pritchard et al., 2010; Yan et al., 2021). Particularly, Ho et al. (2016) demonstrated that EGR1 aggravates tubulointerstitial nephritis by promotes NF-κB/NLRP3 in tubular cells. Consistent with this, we found that EGR1 expression in TECs was elevated after IRI stimulation and H/R stimulation, and proinflammatory cytokines were reduced and NF-κB activation was reduced when EGR1 knockdown, suggesting that EGR1 is involved in promoting the inflammatory response in TECs. In the IRI mice model, CAL dose-dependently decreased EGR1 in TECs after IRI, suggesting that the anti-inflammatory effect of CAL is related to EGR1.
PPARγ is a transcriptional factor belonging to nuclear receptors (NRs) superfamily (Wang et al., 2016; Gao et al., 2021). Previous studies have found that the activation of PPARγ inhibits EGR1 to suppress inflammation responses in brain and lung (Li et al., 2020; Yan et al., 2021), but the specific mechanism remains unclear. In the present study, EGR1 was upregulated significantly in HK-2 cells after PPARγ knockdown. Furthermore, luciferase reporter assay suggested that PPARγ repressed the activity of the EGR1 promoter, which provided a possibility to explain the regulatory relationship between PPAR and EGR1. In IRI stimulated mice and H/R induced HK-2 cells, the expression of PPARγ decreased, which are consistent with the previous findings (Singh et al., 2019; Wei et al., 2019). One of the possible reasons is that pro-inflammatory stimulation causes a decrease in the expression of PPARγ (Korbecki et al., 2019). A regulatory feedback loop between the PPARγ and TLR4 pathways may partly explain this phenomenon. When stimulated by LPS or other stimuli, TLR4 acts as an initial signal transduction, triggering the activation of pro-inflammatory signaling pathways, and preventing anti-inflammatory activity by negatively regulating PPARγ (Cao et al., 2018). Activation of PPARγ can negatively regulate the expression of TLR4 gene and attenuate the activation of downstream inflammatory signaling pathways (Mateu et al., 2015). Besides, prostaglandin (PG)H2 is specifically catalyzed to PGE2 by mPGES-1 under inflammatory conditions. The pro-inflammatory PEG2 can also inhibit the expression of PPARγ through pathways involving PI3K and Akt signaling (Kapoor et al., 2007; García-Alonso et al., 2013).
Extensive studies have demonstrated that many natural compounds are PPARγ agonist (Bernardo et al., 2021; Ji et al., 2021; Zhang et al. (2021), Zhang et al., 2020; Zhu et al., 2020). CAL as an isoflavonoid is reported to be an effective PPARγ agonist (Shen et al., 2006). This phenomenon was supported by molecular docking evidence, showing that CAL bind PPARγ stably by forming hydrogen bonds with residues Ser342, Ile281, and Glu291 in the orthosteric pocket of PPARγ. The binding patterns of agonists of PPARγ affect the recruitment of co-activators and co-repressors, playing an important role in modulating target gene expression (Jang et al., 2017). identified that interaction with Ser342 could be essential for transrepression of hypoxia inducible factor-1alpha (HIF-1α) by ligand-activated PPARγ, since Ser342 mutation abolished the transrepression effect of PPARγ on HIF-α by recruiting the co-repressors SMRT (Zhang et al., 2018). The mechanism by which CAL binds to PPARγ affects the expression of downstream target genes is still unclear, but the results of molecular docking provided a potential direction for further research.
Furthermore, although CAL may facilitate the activation PPARγ resulting in inhibiting inflammation, the potential role of CAL regulation of PPARγ expression in this context could not be excluded. We found that CAL has increased the expression of PPARγ in kidney after IRI and tubular cells after H/R. Increased protein abundance of PPARγ may facilitate its nuclear transcriptional activity. We thus speculated that CAL suppression of inflammation could also be partially attributed to upregulation of PPARγ expression. The siRNA-mediated knockdown of PPARγ expression could validate this speculation.
However, there are still some limitations to this study. The effect of CAL on the transcriptional activity of PPARγ and the binding site of PPARγ regulating the EGR1 promoter still require further experiments to explore. In addition, the regulation of inflammation by PPARγ involves multiple signaling pathways, such as transrepressing of NF-κB expression, inhibiting of NF-κB p65 activation, suppressing of AP-1 activation and inhibiting the AP-1 DNA binding activity, increasing SOCS3 expression to disrupt JAK2/STAT3 activation and many more (Pascual et al., 2005; Yu et al., 2008; Wang et al., 2021). In this work, we only explored that CAL inhibits inflammatory responses through the PPARγ/EGR1 pathway, but CAL may also exert anti-inflammatory effects through other signaling pathways, and further studies are needed.
In summary, our study demonstrated that CAL could significantly modulate inflammation by targeting the PPARγ/EGR1 pathway, contributing to the alleviation of renal IRI (Supplementary Figure S1). CAL, as a novel PPARγ activator, may serve as a potential candidate for pharmaceutic prevention and therapy of ischemic AKI. While the current in vivo and in vitro models supported the effect of CAL to attenuate ischemic AKI, additional studies will be required to determine whether this strategy could also be used in clinical settings.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was reviewed and approved by Laboratory Animal Welfare Ethics Committee at Qingdao University (ethics number: 202105C5730202106036).
AUTHOR CONTRIBUTIONS
NZ performed the design, experiments, and thesis writing. CG and ZL performed the animal experiments and experimental guidance. CL and CY performed the bioinformatics analysis and data analysis. LX and MN performed the cell experiments and data analysis. LZ, BZ, LC, and YW performed the design and experimental guidance. YX performed the design, experimental guidance, and data analysis.
FUNDING
This work was funded by the National Natural Science Foundation of China (81770679 and 81970582), Qingdao Municipal Science and Technology Bureau (20-3-4-36-nsh), and Qingdao Key Health Discipline Development Fund. This work was also supported by Clinical Medicine + X project of the Affiliated Hospital of Qingdao University and Medical Science and Technology Development Project of Shandong Province (202103050716).
ACKNOWLEDGMENTS
We thank all the research subjects and their families for their generous participation in this study. We thank all those colleagues who provided support and help in various ways to this study. Supplementary Figure S1is created by Figdraw (www.figdraw.com).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.970616/full#supplementary-material
REFERENCES
 Andrade-Oliveira, V., Foresto-Neto, O., Watanabe, I. K. M., Zatz, R., and Câmara, N. O. S. (2019). Inflammation in renal diseases: New and old players. Front. Pharmacol. 10, 1192. doi:10.3389/fphar.2019.01192
 Bernardo, A., Plumitallo, C., De Nuccio, C., Visentin, S., and Minghetti, L. (2021). Curcumin promotes oligodendrocyte differentiation and their protection against TNF-α through the activation of the nuclear receptor PPAR-γ. Sci. Rep. 11 (1), 4952. doi:10.1038/s41598-021-83938-y
 Cao, X. J., Zhang, M. J., Zhang, L. L., Yu, K., Xiang, Y., Ding, X., et al. (2018). TLR4 mediates high-fat diet induced physiological changes in mice via attenuating PPARγ/ABCG1 signaling pathway. Biochem. Biophys. Res. Commun. 503 (3), 1356–1363. doi:10.1016/j.bbrc.2018.07.048
 Chen, C., Cui, J., Ji, X., and Yao, L. (2020). Neuroprotective functions of calycosin against intracerebral hemorrhage-induced oxidative stress and neuroinflammation. Future Med. Chem. 12 (7), 583–592. doi:10.4155/fmc-2019-0311
 Chin, C. H., Chen, S. H., Wu, H. H., Ho, C. W., Ko, M. T., and Lin, C. Y. (2014). cytoHubba: identifying hub objects and sub-networks from complex interactome. BMC Syst. Biol. 8, S11. doi:10.1186/1752-0509-8-s4-s11
 Deng, M., Chen, H., Long, J., Song, J., Xie, L., and Li, X. (2021). Calycosin: A review of its pharmacological effects and application prospects. Expert Rev. anti. Infect. Ther. 19 (7), 911–925. doi:10.1080/14787210.2021.1863145
 Fang, C. Y., Lou, D. Y., Zhou, L. Q., Wang, J. C., Yang, B., He, Q. J., et al. (2021). Natural products: Potential treatments for cisplatin-induced nephrotoxicity. Acta Pharmacol. Sin. 42 (12), 1951–1969. doi:10.1038/s41401-021-00620-9
 Gao, Z., Xu, X., Li, Y., Sun, K., Yang, M., Zhang, Q., et al. (2021). Mechanistic insight into PPARγ and Tregs in atherosclerotic immune inflammation. Front. Pharmacol. 12, 750078. doi:10.3389/fphar.2021.750078
 García-Alonso, V., López-Vicario, C., Titos, E., Morán-Salvador, E., González-Périz, A., Rius, B., et al. (2013). Coordinate functional regulation between microsomal prostaglandin E synthase-1 (mPGES-1) and peroxisome proliferator-activated receptor γ (PPARγ) in the conversion of white-to-brown adipocytes. J. Biol. Chem. 288 (39), 28230–28242. doi:10.1074/jbc.M113.468603
 Geng, X. Q., Ma, A., He, J. Z., Wang, L., Jia, Y. L., Shao, G. Y., et al. (2020). Ganoderic acid hinders renal fibrosis via suppressing the TGF-β/Smad and MAPK signaling pathways. Acta Pharmacol. Sin. 41 (5), 670–677. doi:10.1038/s41401-019-0324-7
 He, J. Y., Hong, Q., Chen, B. X., Cui, S. Y., Liu, R., Cai, G. Y., et al. (2022). Ginsenoside Rb1 alleviates diabetic kidney podocyte injury by inhibiting aldose reductase activity. Acta Pharmacol. Sin. 43 (2), 342–353. doi:10.1038/s41401-021-00788-0
 Ho, L. C., Sung, J. M., Shen, Y. T., Jheng, H. F., Chen, S. H., Tsai, P. J., et al. (2016). Egr-1 deficiency protects from renal inflammation and fibrosis. J. Mol. Med. 94 (8), 933–942. doi:10.1007/s00109-016-1403-6
 Husain-Syed, F., Villa, G., Wilhelm, J., Samoni, S., Matt, U., Vadász, I., et al. (2021). Renal markers for monitoring acute kidney injury transition to chronic kidney disease after COVID-19. Nephrol. Dial. Transpl. 36 (11), 2143–2147. doi:10.1093/ndt/gfab235
 Ikeda, Y., Taniguchi, K., Nagase, N., Tsuji, A., Kitagishi, Y., and Matsuda, S. (2021). Reactive oxygen species may influence on the crossroads of stemness, senescence, and carcinogenesis in a cell via the roles of APRO family proteins. Explor. Med. 2, 443–454. doi:10.37349/emed.2021.00062
 Jang, J. Y., Koh, M., Bae, H., An, D. R., Im, H. N., Kim, H. S., et al. (2017). Structural basis for differential activities of enantiomeric PPARγ agonists: Binding of S35 to the alternate site. Biochim. Biophys. Acta. Proteins Proteom. 1865 (6), 674–681. doi:10.1016/j.bbapap.2017.03.008
 Ji, Z., Li, J., and Wang, J. (2021). Jujuboside B inhibits neointimal hyperplasia and prevents vascular smooth muscle cell dedifferentiation, proliferation, and migration via activation of AMPK/PPAR-γ signaling. Front. Pharmacol. 12, 672150. doi:10.3389/fphar.2021.672150
 Kapoor, M., Kojima, F., Qian, M., Yang, L., and Crofford, L. J. (2007). Microsomal prostaglandin E synthase-1 deficiency is associated with elevated peroxisome proliferator-activated receptor gamma: Regulation by prostaglandin E2 via the phosphatidylinositol 3-kinase and Akt pathway. J. Biol. Chem. 282 (8), 5356–5366. doi:10.1074/jbc.M610153200
 Korbecki, J., Bobiński, R., and Dutka, M. (2019). Self-regulation of the inflammatory response by peroxisome proliferator-activated receptors. Inflamm. Res. 68 (6), 443–458. doi:10.1007/s00011-019-01231-1
 Li, H., and Xia, N. (2020). The role of oxidative stress in cardiovascular disease caused by social isolation and loneliness. Redox Biol. 37, 101585. doi:10.1016/j.redox.2020.101585
 Li, Y. Y., Guo, J. H., Liu, Y. Q., Dong, J. H., and Zhu, C. H. (2020). PPARγ activation-mediated egr-1 inhibition benefits against brain injury in an experimental ischaemic stroke model. J. Stroke Cerebrovasc. Dis. 29 (12), 105255. doi:10.1016/j.jstrokecerebrovasdis.2020.105255
 Li, Z. L., Wang, B., Lv, L. L., Tang, T. T., Wen, Y., Cao, J. Y., et al. (2021). FIH-1-modulated HIF-1α C-TAD promotes acute kidney injury to chronic kidney disease progression via regulating KLF5 signaling. Acta Pharmacol. Sin. 42 (12), 2106–2119. doi:10.1038/s41401-021-00617-4
 Liu, J., Krautzberger, A. M., Sui, S. H., Hofmann, O. M., Chen, Y., Baetscher, M., et al. (2014). Cell-specific translational profiling in acute kidney injury. J. Clin. Invest. 124 (3), 1242–1254. doi:10.1172/jci72126
 Mateu, A., Ramudo, L., Manso, M. A., and De Dios, I. (2015). Cross-talk between TLR4 and PPARγ pathways in the arachidonic acid-induced inflammatory response in pancreatic acini. Int. J. Biochem. Cell Biol. 69, 132–141. doi:10.1016/j.biocel.2015.10.022
 Meng, J., Sai-Zhen, W., He, J. Z., Zhu, S., Huang, B. Y., Wang, S. Y., et al. (2020). Ganoderic acid A is the effective ingredient of Ganoderma triterpenes in retarding renal cyst development in polycystic kidney disease. Acta Pharmacol. Sin. 41 (6), 782–790. doi:10.1038/s41401-019-0329-2
 Pascual, G., Fong, A. L., Ogawa, S., Gamliel, A., Li, A. C., Perissi, V., et al. (2005). A SUMOylation-dependent pathway mediates transrepression of inflammatory response genes by PPAR-gamma. Nature 437 (7059), 759–763. doi:10.1038/nature03988
 Pefanis, A., Ierino, F. L., Murphy, J. M., and Cowan, P. J. (2019). Regulated necrosis in kidney ischemia-reperfusion injury. Kidney Int. 96 (2), 291–301. doi:10.1016/j.kint.2019.02.009
 Place, D. E., and Kanneganti, T. D. (2018). Recent advances in inflammasome biology. Curr. Opin. Immunol. 50, 32–38. doi:10.1016/j.coi.2017.10.011
 Pritchard, M. T., Cohen, J. I., Roychowdhury, S., Pratt, B. T., and Nagy, L. E. (2010). Early growth response-1 attenuates liver injury and promotes hepatoprotection after carbon tetrachloride exposure in mice. J. Hepatol. 53 (4), 655–662. doi:10.1016/j.jhep.2010.04.017
 Radovanovic, J., Banjac, K., Obradovic, M., and Isenovic, E. R. (2021). Antioxidant enzymes and vascular diseases. Explor. Med. 2 (6), 544–555. doi:10.37349/emed.2021.00070
 Rashid, I., Katravath, P., Tiwari, P., D'Cruz, S., Jaswal, S., and Sahu, G. (2022). Hyperuricemia-a serious complication among patients with chronic kidney disease: A systematic review and meta-analysis. Explor. Med. 3 (3), 249–259. doi:10.37349/emed.2022.00089
 Ronco, C., Bellomo, R., and Kellum, J. A. (2019). Acute kidney injury. Lancet 394 (10212), 1949–1964. doi:10.1016/s0140-6736(19)32563-2
 Sato, Y., Takahashi, M., and Yanagita, M. (2020). Pathophysiology of AKI to CKD progression. Semin. Nephrol. 40 (2), 206–215. doi:10.1016/j.semnephrol.2020.01.011
 Shao, M., Ye, C., Bayliss, G., and Zhuang, S. (2021). New insights into the effects of individual Chinese herbal medicines on chronic kidney disease. Front. Pharmacol. 12, 774414. doi:10.3389/fphar.2021.774414
 Shen, P., Liu, M. H., Ng, T. Y., Chan, Y. H., and Yong, E. L. (2006). Differential effects of isoflavones, from Astragalus membranaceus and Pueraria thomsonii, on the activation of PPARalpha, PPARgamma, and adipocyte differentiation in vitro. J. Nutr. 136 (4), 899–905. doi:10.1093/jn/136.4.899
 Singh, A. P., Singh, N., Pathak, D., and Bedi, P. M. S. (2019). Estradiol attenuates ischemia reperfusion-induced acute kidney injury through PPAR-γ stimulated eNOS activation in rats. Mol. Cell. Biochem. 453 (1-2), 1–9. doi:10.1007/s11010-018-3427-4
 Song, N., Thaiss, F., and Guo, L. (2019). NFκB and kidney injury. Front. Immunol. 10, 815. doi:10.3389/fimmu.2019.00815
 Tammaro, A., Kers, J., Scantlebery, A. M. L., and Florquin, S. (2020). Metabolic flexibility and innate immunity in renal ischemia reperfusion injury: The fine balance between adaptive repair and tissue degeneration. Front. Immunol. 11, 1346. doi:10.3389/fimmu.2020.01346
 Wang, J., Xu, X., Li, P., Zhang, B., and Zhang, J. (2021). HDAC3 protects against atherosclerosis through inhibition of inflammation via the microRNA-19b/PPARγ/NF-κB axis. Atherosclerosis 323, 1–12. doi:10.1016/j.atherosclerosis.2021.02.013
 Wang, S., Dougherty, E. J., and Danner, R. L. (2016). PPARγ signaling and emerging opportunities for improved therapeutics. Pharmacol. Res. 111, 76–85. doi:10.1016/j.phrs.2016.02.028
 Wang, X., Li, W., Zhang, Y., Sun, Q., Cao, J., Tan, N., et al. (2022). Calycosin as a novel PI3K activator reduces inflammation and fibrosis in heart failure through AKT-IKK/STAT3 Axis. Front. Pharmacol. 13, 828061. doi:10.3389/fphar.2022.828061
 Wei, L., Qin, Y., Jiang, L., Yu, X., and Xi, Z. (2019). PPARγ and mitophagy are involved in hypoxia/reoxygenation-induced renal tubular epithelial cells injury. J. Recept. Signal Transduct. Res. 39 (3), 235–242. doi:10.1080/10799893.2019.1660894
 Wen, L., Tao, S. H., Guo, F., Li, L. Z., Yang, H. L., Liang, Y., et al. (2022). Selective EZH2 inhibitor zld1039 alleviates inflammation in cisplatin-induced acute kidney injury partially by enhancing RKIP and suppressing NF-κB p65 pathway. Acta Pharmacol. Sin. 43 (8), 2067–2080. doi:10.1038/s41401-021-00837-8
 Yan, C., Chen, J., Ding, Y., Zhou, Z., Li, B., Deng, C., et al. (2021). The crucial role of pparγ-egr-1-pro-inflammatory mediators Axis in IgG immune complex-induced acute lung injury. Front. Immunol. 12, 634889. doi:10.3389/fimmu.2021.634889
 Yu, J. H., Kim, K. H., and Kim, H. (2008). SOCS 3 and PPAR-gamma ligands inhibit the expression of IL-6 and TGF-beta1 by regulating JAK2/STAT3 signaling in pancreas. Int. J. Biochem. Cell Biol. 40 (4), 677–688. doi:10.1016/j.biocel.2007.10.007
 Zhang, F., Lu, S., He, J., Jin, H., Wang, F., Wu, L., et al. (2018). Ligand activation of PPARγ by ligustrazine suppresses pericyte functions of hepatic stellate cells via SMRT-mediated transrepression of HIF-1α. Theranostics 8 (3), 610–626. doi:10.7150/thno.22237
 Zhang, W., Qi, R., Li, T., Zhang, X., Shi, Y., Xu, M., et al. (2021). Kidney organoids as a novel platform to evaluate lipopolysaccharide-induced oxidative stress and apoptosis in acute kidney injury. Front. Med. 8, 766073. doi:10.3389/fmed.2021.766073
 Zhang, Y. Y., Tan, R. Z., Zhang, X. Q., Yu, Y., and Yu, C. (2019). Calycosin ameliorates diabetes-induced renal inflammation via the NF-κB pathway in vitro and in vivo. Med. Sci. Monit. 25, 1671–1678. doi:10.12659/msm.915242
 Zhang, Y., Zhang, Y., Li, Y., Zhang, L., and Yu, S. (2021). Preclinical investigation of alpinetin in the treatment of cancer-induced cachexia via activating PPARγ. Front. Pharmacol. 12, 687491. doi:10.3389/fphar.2021.687491
 Zhang, Z. H., He, J. Q., Zhao, Y. Y., Chen, H. C., and Tan, N. H. (2020). Asiatic acid prevents renal fibrosis in UUO rats via promoting the production of 15d-PGJ2, an endogenous ligand of PPAR-γ. Acta Pharmacol. Sin. 41 (3), 373–382. doi:10.1038/s41401-019-0319-4
 Zhou, Y., Ren, Q., Chen, G., Jin, Q., Cui, Q., Luo, H., et al. (2020). Chronic kidney diseases and acute kidney injury in patients with COVID-19: Evidence from a meta-analysis. Front. Med. 7, 588301. doi:10.3389/fmed.2020.588301
 Zhu, D., Yu, H., Liu, P., Yang, Q., Chen, Y., Luo, P., et al. (2021). Calycosin modulates inflammation via suppressing TLR4/NF-κB pathway and promotes bone formation to ameliorate glucocorticoid-induced osteonecrosis of the femoral head in rat. Phytotherapy Res. 35, 2824–2835. doi:10.1002/ptr.7028
 Zhu, Y. D., Guan, X. Q., Chen, J., Peng, S., Finel, M., Zhao, Y. Y., et al. (2020). Neobavaisoflavone induces bilirubin metabolizing enzyme UGT1A1 via PPARα and PPARγ. Front. Pharmacol. 11, 628314. doi:10.3389/fphar.2020.628314
 Zhu, Y., Xu, D., Deng, F., Yan, Y., Li, J., Zhang, C., et al. (2021). Angiotensin (1-7) attenuates sepsis-induced acute kidney injury by regulating the NF-kappa B pathway. Front. Pharmacol. 12, 601909. doi:10.3389/fphar.2021.601909
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.
Copyright © 2022 Zhang, Guan, Liu, Li, Yang, Xu, Niu, Zhao, Zhou, Che, Wang and Xu. 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.
		ORIGINAL RESEARCH
published: 28 October 2022
doi: 10.3389/fphar.2022.940773


[image: image2]
Mechanism of Tripterygium wilfordii Hook.F.- Trichosanthes kirilowii Maxim decoction in treatment of diabetic kidney disease based on network pharmacology and molecular docking
Lingfei Lu1,2†, Jinting Peng3†, Peijun Wan1,2, Hongcheng Peng1,2, Jiandong Lu1,4* and Guoliang Xiong1*
1Department of Nephrology, Shenzhen Traditional Chinese Medicine Hospital, Guangzhou University of Chinese Medicine, Shenzhen, Guangdong, China
2The Fourth Clinical Medical College of Guangzhou University of Chinese Medicine, Shenzhen, Guangdong, China
3Department of Gynecology, Shenzhen Traditional Chinese Medicine Hospital, Guangzhou University of Chinese Medicine, Shenzhen, Guangdong, China
4Department of Nephrology, Shenzhen Traditional Chinese Medicine Hospital, Affiliated to Nanjing University of Chinese Medicine, Shenzhen, Guangdong, China
Edited by:
Ying-Yong Zhao, Northwest University, China
Reviewed by:
Peng Liu, Beijing Traditional Chinese Medicine Hospital, China
Xuefeng Zhou, Chinese PLA General Hospital, China
Yuyang Wang, Guang’anmen Hospital, China Academy of Chinese Medical Sciences, China
* Correspondence: Jiandong Lu, lujiandong@yeah.net; Guoliang Xiong, szxiongguoliang@126.com
†These authors have contributed equally to this work and share first authorship
Specialty section: This article was submitted to Renal Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 10 May 2022
Accepted: 14 October 2022
Published: 28 October 2022
Citation: Lu L, Peng J, Wan P, Peng H, Lu J and Xiong G (2022) Mechanism of Tripterygium wilfordii Hook.F.- Trichosanthes kirilowii Maxim decoction in treatment of diabetic kidney disease based on network pharmacology and molecular docking. Front. Pharmacol. 13:940773. doi: 10.3389/fphar.2022.940773

Background: Diabetic kidney disease (DKD) is the most common cause of end-stage renal disease. The effective treatment of DKD would rely on the incorporation of a multi-disciplinary. Studies have shown that Tripterygium wilfordii Hook.F. and Trichosanthes kirilowii Maxim have remarkable curative effects in treating DKD, but their combination mechanism has not been fully elucidated.
Methods: We explored the mechanism of Tripterygium wilfordii Hook.F.-Trichosanthes kirilowii Maxim decoction (Leigongteng-Tianhuafen Decoction,LTD) in the treatment of DKD by network pharmacology and molecular docking. The main active components and action targets of LTD were collected from Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) database. The speculative targets of DKD were obtained from GeneCards, DisGeNET, and Online Mendelian Inheritance in Man (OMIM) databases. Then, an herb-component-target network was constructed based on the above analyses. The biological function of targets was subsequently investigated, and a protein-protein interaction (PPI) network was constructed to identify hub targets of DKD. The gene ontology (GO) function enrichment analysis and kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis were performed by RStudio. Finally, molecular docking was performed by AutoDock Vina and PyMOL software to explore the interaction between compounds and targets. Furthermore, the DKD model of human renal tubular cells (HK-2) induced by high glucose (HG) was selected, and the predicted results were verified by western blot analysis and immunofluorescence.
Results: A total of 31 active components of LTD were screened out, and 196 targets were identified based on the TCMSP database. A total of 3,481 DKD related targets were obtained based on GeneCards, DisGeNET, and OMIM databases. GO function enrichment analysis included 2,143, 50, and 167 GO terms for biological processes (BPs), cellular composition (CCs), and molecular functions (MFs), respectively. The top 10 enrichment items of BP annotations included response to lipopolysaccharide, response to molecule of bacterial origin, response to extracellular stimulus, etc. CC was mainly enriched in membrane raft, membrane microdomain, plasma membrane raft, etc. The MF of LTD analysis on DKD was predominately involved in nuclear receptor activity, ligand-activated transcription factor activity, RNA polymerase II-specific DNA-binding transcription factor binding, etc. The involvement signaling pathway of LTD in the treatment of DKD included AGE-RAGE signaling pathway in diabetic complications, IL-17 signaling pathway, insulin resistance, TNF signaling pathway, etc. Molecular docking results showed that kaempferol, triptolide, nobiletin, and schottenol had a strong binding ability to PTGS2 and RELA. Furthermore, the in vitro experiments confirmed that LTD effectively decreased the expression of PTGS2, NF-κB, JNK, and AKT in the HG-induced DKD model.
Conclusion: The findings of this study revealed that the therapeutic efficacy of LTD on DKD might be achieved by decreasing the expression of PTGS2, NF-κB, JNK, and AKT, which might improve insulin resistance, inflammation, and oxidative stress. These findings can provide ideas and supply potential therapeutic targets for DKD.
Keywords: Tripterygium wilfordii Hook.F., Trichosanthes kirilowii Maxim, diabetic kidney disease, network pharmacology, molecular docking, mechanism
INTRODUCTION
Diabetic kidney disease (DKD), which accounts for about 40% of diabetic patients, is the main cause of chronic kidney disease (CKD) worldwide. The natural history of DKD includes glomerular hyperfiltration, progressive proteinuria, decreased glomerular filtration rate, and eventually end-stage renal disease (ESRD) (Alicic et al., 2017). DKD is one of the main causes of ESRD and is associated with the high mortality of diabetic patients (Deng et al., 2021). Studies have shown that by 2040, the global prevalence of diabetes is expected to increase to 642 million, of which 30–40% will develop into DKD (Tang and Yiu, 2020). If effective intervention is not given to people with diabetes and DKD, the peak of ESRD caused by DKD may come in the next 10–20 years, which will bring an unbearable burden to the medical and health system. Therefore, it is necessary to explore and develop effective methods to prevent and treat DKD.
In recent years, Traditional Chinese Medicine (TCM) has shown remarkable advantages in treating DKD. Studies have shown that Tripterygium wilfordii Hook.F. and Trichosanthes kirilowii Maxim have remarkable curative effects in treating DKD. Experiments in vitro and in vivo have shown that Tripterygium wilfordii Hook.F. has powerful immunosuppressive, anti-inflammatory, and anti-proteinuria effects (Lengnan et al., 2020). Trichosanthes kirilowii Maxim has hypoglycemic and antioxidation effects (Chen et al., 2014; Sang et al., 2019). The combination of Tripterygium wilfordii Hook.F. and Trichosanthes kirilowii Maxim has been widely used in the treatment of DKD in TCM, but their combination mechanism has not been fully elucidated.
Network pharmacology is a new method that combines computer science with medicine, constructs, and visualizes the interaction network of multi-gene, multi-target, and multi-pathway to evaluate the molecular mechanism of herbs (Yuan et al., 2017). Because of its complex matrix properties, this method is very suitable for the study of multi-component herbs such as TCM(Boezio et al., 2017). Molecular docking refers to the process of a small molecule docking with a large molecule in space and obtaining the complete value at the binding site, which is used in structure-based herb design (Saikia and Bordoloi, 2019).
In this paper, we initially explore the mechanism of action of Tripterygium wilfordii Hook.F.-Trichosanthes kirilowii Maxim decoction (Leigongteng-Tianhuafen Decoction,LTD) for the treatment of DKD by network pharmacology and molecular docking. The main active components and targets of LTD in the treatment of DKD were screened based on network pharmacology and molecular docking, and the pharmacodynamic material basis of LTD in the treatment of DKD was preliminarily verified, to provide ideas for further mechanism research and clinical promotion.
MATERIALS AND METHODS
Collection of components and targets of LTD and construction of herb-component-target network
Traditional Chinese Medicine System Pharmacology Database and Analysis Platform (TCMSP) (https://tcmsp-e.com/) was used to extract the active components of LTD the compounds were screened according to the two ADME attribute values of oral bioavailability (OB)≥30% and herb-likeness property (DL)≥0.18. Consulting the literature and searching the TCMSP database, there are few active compounds of Trichosanthes kirilowii Maxim. Then the active compounds of Trichosanthes kirilowii Maxim were transformed into Canonical SMILES format by PubChem database (https://pubchem.ncbi.nlm.nih.gov/). SMILES was imported into SwissTargetPrediction (http://www.swisstargetprediction.ch/) platform, and the attribute was set as Homo Sapiens to predict the potential targets of active compounds and supplement the known targets of unpredicted active compounds according to literature reports (Gfeller et al., 2014) and used the Uniprot database (https://www.uniprot.org/) to corrected the gene names of targets. The target proteins were introduced into Cytoscape3.9.0 software to construct an herb-component-target network and to be analyzed.
Screening of DKD related targets
In the GeneCards databases (https://www.genecards.org/), DisGeNET databases (https://www.disgenet.org), and OMIM databases (http://www.omim.org), “diabetic kidney disease” and “diabetic nephropathy” was used as the search term to collect disease targets related to DKD. Finally, duplicates from the three databases were removed to obtain the final DKD related targets.
PPI network construction
The intersecting targets and Venn diagram of LTD and DKD targets were obtained through the online Venn map platform. Intersection targets were extracted and submitted to STRING version 11.5 database (https://cn.string-db.org/) to build a Protein-Protein Interaction (PPI) network. The biological species was set as “Homo sapiens”, the minimum interaction threshold was set as “highest confidence” (>0.9), and the isolated proteins were hidden. Then, the PPI network was obtained by Cytoscape3.9.0 software, and the core targets were screened by CytoNCA. The core targets were obtained with Degree, Betweenness, and Closeness greater than or equal to the median as screening conditions.
GO function enrichment analysis and KEGG pathway enrichment analysis
To further understand the functions of the intersection targets for the treatment of DKD and their roles in signaling pathways selected above, GO function enrichment analysis and KEGG pathway enrichment analysis was performed using RStudio. The biological processes (BPs), molecular functions (MFs), and cellular compositions (CCs) were included in the GO function enrichment analysis. Furthermore, the condition was limited to p < 0.01 and Homo Sapiens. The data was sequenced according to the number of enriched targets, and the first 20 entries of enrichment pathways were selected to visualize.
Construction of the herb-compound-target-pathway-disease network and molecular docking
The components of LTD, LTD-DKD-KEGG pathway common targets and pathway were imported into Cytoscape3.9.0 software to obtain the network diagram of herb-compound-target-pathway-disease network. Then, the targets and components in the top 4 of the Degree value were selected for molecular docking, and the 3D structure was downloaded from PubChem and converted to the component structure through PDB format. The receptor file of the core protein would be imported into PyMOL software to remove small-molecule ligands and water molecules, and imported into AutoDockTools software to add hydrogen, then output as a PDBQT file. The molecular docking was conducted by importing into AutoDock Vina software to obtain the minimum binding free energy of the target protein and the ligand. The optimal binding pattern of each protein was plotted by using Discovery Studio 2019 software.
Cell culture
Human kidney proximal tubular epithelial cells (HK-2) were maintained with DMEM/F12 medium containing 10% FBS in the conditions: 95% air and 5% CO2 at 37°C in an incubator, and passaged or preserved every 2–3 days. Cells were observed under microscopy and digested with 0.25% trypsin solution for passaging when they reached 80%–90% confluence. HK-2 cells were separated into three groups: normal group (DMEM/F12 medium supplemented with 5.5 mmol/L glucose), high glucose (HG) group (DMEM/F12 medium supplemented with 30 mmol/L glucose), and high glucose (HG)+LTD group (DMEM/F12 medium supplemented with 30 mmol/L glucose, 50 μg/ml LTD).
Western blotting
After inventions, the whole cell lysate of HK-2 was obtained using RIPA buffer (Cell Signaling Technology, Massachusetts, USA) and cOmplete™ Protease Inhibitor Cocktail tablets (Roche Diagnostics, Mannheim, Germany). The protein concentration was quantified by the Quick Start™ Bradford Protein Assay Kit (BioRad, California, USA). Then the samples were separated electrophoresed through 10% SDS-polyacrylamide gels, and then transferred to the PVDF membrane (Millipore, Massachusetts, USA). Following blocking in 5% non-fat milk for 1 h at room temperature, and incubated overnight at 4°C with primary antibodies. The primary antibodies included PTGS2 Monoclonal antibody (1:1,000, Proteintech), NF-κB p65 Polyclonal antibody (1:1,000, Proteintech), Phospho-NF-κB p65 (1:1,000, Cell Signaling Technology), AKT Monoclonal antibody (1:1,000, Proteintech), Phospho-AKT Monoclonal antibody (1:1,000, Proteintech), Recombinant Anti-JNK1+JNK2+JNK3(1:1,000, Abcam), Phospho-JNK (1:1,000, Cell Signaling Technology), GAPDH (1:1,000, Proteintech). Then, the membranes were incubated with secondary antibodies (anti-mouse/rabbit IgG, Proteintech) for 1 h at room temperature.
Immunofluorescence
HK-2 cells were immunofluorescently stained for phospho-p65 using anti-phospho-NF-κB p65 antibody in a humid environment at 4°C overnight. After being immunostained, the cells were treated for 1 h at 37°C with a secondary antibody that was TRITC (red fluorescence) or FITC (green fluorescence)-labeled. DAPI solution (1.0 g/ml) was then used to stain the cell nuclei for 10 min. A fluorescence microscope (Zeiss, Jena, Germany) was used to capture images of immunofluorescence staining.
RESULTS
Component and targets of LTD
The active components of LTD were screened through the TCMSP database. With OB ≥ 30% and DL ≥ 0.18 as the screening conditions, a total of 53 active components were obtained, including 51 from Tripterygium wilfordii Hook.F. and 2 from Trichosanthes kirilowii Maxim. There were 22 active components without corresponding targets in the database, and 31 active components were finally obtained, as shown in Table 1. The targets corresponding to the active components of LTD were selected by using the UniProt database. Meanwhile, potential targets were added according to the literature, and 151 targets were obtained after the repetitive items were deleted. The potential targets of the active components of Trichosanthes kirilowii Maxim were predicted based on the SwissTargetPrediction platform, and the targets and repetitions with a probability of 0 were deleted, and a total of 61 potential targets were obtained. After the repetitive items were deleted, a total of 196 potential targets for the active components in LTD were finally obtained.
TABLE 1 | Key active components of LTD.
[image: Table 1]Construction of herb-component-target network
The obtained active components and potential targets were imported into Cytoscape3.9.0 software, and the obtained herb-component-target network was shown in Figure 1, which contained 229 nodes with 639 edges. The pink nodes represented 2 active components of Trichosanthes kirilowii Maxim, the yellow nodes represented 29 active components of Tripterygium wilfordii Hook.F., and the blue nodes represented 196 targets related to the components of LTD. The nodes with a larger area and darker color have a larger degree value. According to herb-component-target network analysis, the active components in the top 6 of the Degree values were kaempferol, spinaterol, schottenol, β-sitosterol, nobiletin, and triptolide, respectively. The top 6 targets of Degree value were prostaglandin-endoperoxide synthase 2(PTGS2), sodium voltage-gated channel alpha subunit 5(SCN5A), nuclear receptor coactivator 2(NCOA2), progesterone receptor (PGR), DNA topoisomerase II alpha (TOP2A), and potassium voltage-gated channel subfamily H member 2(KCNH2), respectively. It was speculated that they might be the important components and possible active targets of LTD.
[image: Figure 1]FIGURE 1 | Network of herb-component-target. The pink nodes represented 2 active components of Trichosanthes kirilowii Maxim, the yellow nodes represented 29 active components of Tripterygium wilfordii Hook.F., and the blue nodes represented 196 targets related to the components of LTD. The nodes with a larger area and darker color have a larger degree value.
Screening of DKD related targets
The GeneCards database obtained 3,422 diabetic nephropathy targets and 13,244 diabetic kidney disease targets. The targets with a relevance score greater than the median were set as the potential targets of DKD, and the final targets were obtained through multiple median screening. After DisGeNET, OMIM, and the database were combined to supplement the related targets, and the duplicate values were deleted after the combination, a total of 3,481 DKD related targets were obtained.
Construction of PPI network
Taking the intersection of the LTD and DKD related targets, a total of 126 potential action targets of LTD in the treatment of DKD were obtained, as shown in Figure 2. The 126 potential targets were input into the STRING11.5 database to obtain the PPI network. The PPI network was constructed by using Cytoscape3.9.0 software, as shown in Figure 3. The PPI network consisted of 103 nodes and 738 edges. The CytoNCA was used to screen the core targets, and 39 core targets were obtained with the screening condition of Degree, Betweenness, and Closeness being greater than or equal to the median, which might be the core targets of LTD.
[image: Figure 2]FIGURE 2 | Venn diagram of the intersection target of LTD and DKD.
[image: Figure 3]FIGURE 3 | PPI network diagram of target proteins. The nodes with a larger area and darker color have a larger degree value.
GO function enrichment analysis and KEGG pathway enrichment analysis
In the GO function enrichment analysis of 126 intersection targets using RStudio, 2,143 BPs, 50 CCs, and 167 MFs were obtained as the target genes. The first 10 entries of the enrichment pathway were selected to visualize the data, as shown in Figure 4. The BPs were mainly related to response to lipopolysaccharide, response to molecule of bacterial origin, response to extracellular stimulus, response to nutrient levels, response to xenobiotic stimulus, response to tumor necrosis factor, response to peptide, response to decreased oxygen levels, response to metal ion, response to oxygen levels, etc. The CCs were mainly related to membrane raft, membrane microdomain, plasma membrane raft, external side of plasma membrane, caveola, transcription regulator complex, RNA polymerase II transcription regulator complex, organelle outer membrane, outer membrane, endoplasmic reticulum lumen, etc. The MFs were mainly related to nuclear receptor activity, ligand-activated transcription factor activity, RNA polymerase II-specific DNA-binding transcription factor binding, nuclear steroid receptor activity, steroid binding, DNA-binding transcription factor binding, carboxylic acid binding, transcription coregulator binding, monocarboxylic acid binding, heme binding, etc. The involvement signaling pathway of LTD in the treatment of DKD included AGE-RAGE signaling pathway in diabetic complications, IL-17 signaling pathway, insulin resistance, TNF signaling pathway, etc. The top 20 pathways were visualized by using bubble charts, as shown in Figure 5.
[image: Figure 4]FIGURE 4 | The top 10 pathways for the GO function enrichment analysis based on the common targets of LTD and DKD.
[image: Figure 5]FIGURE 5 | The top 20 pathways for the KEGG pathway are enriched from the common targets between LTD and DKD.
Construction of herb-component-target-pathway network
The components of LTD, LTD-DKD-KEGG pathway common targets and KEGG pathway were imported into Cytoscape3.9.0 software for intersection, and the herb-component-target-pathway network was obtained, as shown in Figure 6. The herb-component-target-pathway network consisted of 87 nodes and 377 edges. According to the analysis of the herb-component-target-pathway network, the active components in the top 4 of Degree values were kaempferol, triptolide, nobiletin, and schottenol, and the top 4 targets for Degree values were prostaglandin-endoperoxide synthase 2(PTGS2), transcription factor p65 (RELA), AKT serine/threonine kinase 1 (AKT1), and mitogen-activated protein kinase 8 (MAPK8).
[image: Figure 6]FIGURE 6 | Network of herb-component-target-pathway. The yellow nodes represent the herb component, the blue nodes represent the LTD-DKD-KEGG pathway common target, and the red nodes represents the KEGG pathway. The nodes with a larger area and darker color have a larger degree value.
Molecular docking
Molecular docking was conducted on the key targets and active ingredients in the herb-component-target-pathway network. The protein structures of the core targets PTGS2(5F19), RELA (3QXY), AKT1(3CQU), and MAPK8(2XRW) were downloaded from the PDB database according to the set selection conditions. It is generally believed that the closeness of association between protein and ligand can be represented by the binding energy of docking binding. Generally, lower binding energies will lead to more stable binding conformations and more likely interaction (Yuan et al., 2021). Molecular docking results showed that the docking binding energy of the core compounds of LTD and potential action targets were mostly ≤ -5.0 kcal mol−1, which indicated that LTD had a strong binding activity with the predicted action targets. The docking binding energy was shown in Table 2. The molecular docking binding energy showed that PTGS2 and RELA had good binding with kaempferol, triptolide, nobiletin, and schottenol. The molecular docking diagram showing good binding of the main components and main targets in the LTD. was selected as a schematic diagram, as shown in Figure 7.
TABLE 2 | Docking binding energy of main compounds and key targets of LTD.
[image: Table 2][image: Figure 7]FIGURE 7 | Molecular models of main compounds binding to their predicted key protein targets. (A): molecular docking diagram of PTGS2(5F19) and kaempferol; (B) molecular docking diagram of PTGS2(5F19) and triptolide; (C) molecular docking diagram of PTGS2(5F19) and nobiletin; (D) molecular docking diagram of PTGS2(5F19) and schottenol; (E) molecular docking diagram of RELA (3QXY) and kaempferol; (F) molecular docking diagram of RELA (3QXY) and triptolide; (G) molecular docking diagram of RELA (3QXY) and nobiletin; (H) molecular docking diagram of RELA (3QXY) and schottenol; (I) molecular docking diagram of AKT1(3CQU) and kaempferol; (J) molecular docking diagram of AKT1(3CQU) and triptolide; (K) molecular docking diagram of AKT1(3CQU) and nobiletin; (L): molecular docking diagram of AKT1(3CQU) and schottenol; (M): molecular docking diagram of MAPK8(2XRW) and kaempferol; (N): molecular docking diagram of MAPK8(2XRW) and triptolide; (O): molecular docking diagram of MAPK8(2XRW) and nobiletin; (P): molecular docking diagram of MAPK8(2XRW) and schottenol).
LTD significantly reduced PTGS2, NF-κB, JNK, and AKT expressions in HK-2 cells under HG ambience
To dissect the effect of high glucose on PTGS2, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), c-Jun N-terminal kinases (JNK), and AKT expression in vitro, we exposed cultured HK-2 cells to glucose (30 mmol/L) and showed an upregulation of PTGS2, NF-κB, JNK, and AKT expression (Figure 8A), whereas the expression pattern was reversed by LTD. Moreover, fluorescence microscope data showed that when compared with the control group, an upregulation of P-P65 expression could be seen in the groups treated with HG, this increase was reversed by LTD (Figure 8B).
[image: Figure 8]FIGURE 8 | LTD significantly reduced PTGS2, NF-κB, JNK, and AKT expressions in HK-2 Cells under HG ambience. (A) Relative protein expression of PTGS2, NF-κB, JNK, and AKT in the HK-2 Cells of the control, HG, and HG + LTD groups by western blot analysis. Representative bands show the relative expression of PTGS2, NF-κB, JNK, and AKT. (B) The fluorescence intensity (red) indicated the expression level of P-P65 in HK-2 of the control, HG, and HG + LTD groups by immunofluorescence. Red and blue fluorescence represent P-P65 and the cell nucleus, respectively.
DISCUSSION
In our research, we found that LTD may act on key targets such as PTGS2, NF-κB, JNK, and AKT through a variety of chemical components (such as kaempferol, triptolide, nobiletin, and schottenol), and further exert its multi-component, multi-target, and multi-network renal protection by regulating the AGE-RAGE signaling pathway in diabetic complications, IL-17 signaling pathway, insulin resistance, and TNF signaling pathway.
The pathogenesis, pathological process, and related mechanisms of DKD are complex and diverse. Modern medicine mainly treats DKD by controlling blood glucose and preventing or delaying the progressive deterioration of renal function. At present, the therapeutic schemes mainly include angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, and sodium-glucose cotransporter 2 inhibitors. However, the residual risk of DKD progression and cardiovascular death remains high. In recent years, TCM has demonstrated significant advantages in the treatment of DKD, but the specific mechanism remains unclear. Therefore, it is of great significance to explore the mechanism of TCM in the treatment of DKD.
Studies have found that Tripterygium wilfordii Hook.F. and its extracts can effectively reduce proteinuria and protect renal function. Its pharmacological mechanism is related to anti-inflammation, anti-oxidation, anti-fibrosis, and anti-glomerular sclerosis. The mechanism is achieved by balancing Th1/Th2 cells, regulating macrophage infiltration, and regulating p38 mitogen-activated protein kinases (MAPK), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), transforming growth factor-β(TGF-β), Wnt/β catenin signaling, AKT serine/threonine kinase (AKT), and neurogenic locus notch homolog protein 1(Notch1) (Huang et al., 2020). Ma et al. applied tripterygium glycosides combined with irbesartan to explore the effect on urinary podocyte excretion in DKD patients, and the results indicated that the combination of the tripterygium glycosides and irbesartan was effective for preventing podocyte injury in DKD patients, which might be achieved by down-regulating the expressions of connective tissue growth factor (CTGF), osteopontin and TGF-β(Ma et al., 2013). The research by Ge et al. confirmed that Tripterygium wilfordii Hook.F. extract could reduce the urinary protein level of DKD patients, and was a new, potentially effective, and safe herb for the treatment of DKD with proteinuria (Ge et al., 2013). Modern studies have unveiled the efficacy of Trichosanthes kirilowii Maxim in lowering blood glucose, anti-inflammation, and regulating immunity (Lu et al., 2018; Lu et al., 2019).
To further study and explore the pharmacodynamic basis and potential biological mechanism of LTD in the treatment of DKD, we used network pharmacology and molecular docking to screen 53 compounds of LTD to obtain 126 intersecting targets of diseases and herbs, then construct a protein interaction network, conduct GO function enrichment analysis and KEGG pathway enrichment analysis, then obtained four relevant important components, namely, kaempferol, triptolide, nobiletin, and schottenol, respectively. It was speculated that these extracts were the key components of LTD in the treatment of DKD. Kaempferol has a variety of pharmacological properties, including anti-inflammation, anti-oxidation, and anti-tumor, and it has attracted wide attention as an anti-diabetic herb (Calderón-Montaño et al., 2011). Kaempferol has been found to improve kidney injury and fibrosis by promoting the release of glucagon-like peptide-1 (GLP-1)and insulin and inhibiting RhoA/Rho kinase (Sharma et al., 2020). Triptolide has effects on anti-rheumatism, anti-inflammation, immune regulation, and anti-tumor (Qiu and Kao, 2003; Noel et al., 2019; Huang et al., 2020). Tripterygium wilfordii Hook.F. and its extracts are often used in the treatment of a variety of chronic kidney diseases (Chen et al., 2010; Liu et al., 2015; Wang et al., 2017), especially DKD (Li et al., 2019; Liang et al., 2021). It has been demonstrated that nobiletin has anti-inflammatory, anti-oxidant, and anti-cancer properties, and is considered to be a potential therapeutic agent for the prevention of diabetes and diabetic complications. Its role is achieved by regulating the release of inflammatory cytokines, the acetylation of NF-κB, and the expression of Sirtuin 3/6 through the Toll-like receptor/Myeloid differentiation factor 88/NF-κB signaling pathway (TLR/MyD88/NF-κB signaling pathway (Lee et al., 2021). Recent studies have shown that schottenol can regulate mitochondrial activity and affect cell metabolism (Badreddine et al., 2015). In summary, the 4 key core compounds of LTD have anti-inflammatory and anti-oxidant effects in the treatment of DKD, and some of them have been verified by experiments, further confirming the pharmacodynamic material basis of LTD in the treatment of DKD.
According to the analysis of the results of the herb-component-target-pathway network, we found that targets such as PTGS2, RELA, AKT1, and MAPK8 might be the key targets for the treatment of DKD. PTGS2 is a key enzyme that catalyzes the conversion of arachidonic acid to prostaglandins, and it is also an important substance that mediates insulin resistance. PTGS2 can affect renin release and regulation of the renin-angiotensin-aldosterone system (RAAS), as well as renal blood flow and hemodynamics (Nasrallah et al., 2016). RAAS is an important medium for the occurrence and development of DKD (Rahimi, 2016). It has been found that the expression of PTGS2 is increased in KK-Ay mice of different weeks of age, and they show signs of glomerular injury such as glomerular mesangial matrix thickening and nodular sclerosing lesions (Yabuki et al., 2010). DKD is often accompanied by podocyte hypertrophy, shedding, and apoptosis, and podocyte injury is an important factor in the progression of DKD (Zhang et al., 2020). A recent study found that the expression level of PTGS2 was positively correlated with the release of inflammatory cytokines and could mediate the low-density lipoprotein receptor (LDLr) pathway, leading to lipid accumulation and injury of podocytes. At the same time, inhibition of PTGS2 could reduce the injury of podocytes (Ma et al., 2019). Moreover, overexpression of PTGS2 increases the expression of the renin receptor, which would cause local activation of podocytes RAAS, leading to podocyte injury (Cheng et al., 2011). RELA is one member of the NF-κB family, one of the essential transcription factors under intensive study. NF-κB signaling pathway plays an important role in the pathophysiology of DKD. Persistent hyperglycemia and insulin resistance will lead to the increase of advanced glycation end products and excessive production of reactive oxygen species (ROS), leading to NF-κB activation. Excessive activation of NF-κB can lead to apoptosis of vascular endothelial cells. At the same time, NF-κB as an inflammatory mediator can activate a series of inflammatory reactions in the kidney, thereby aggravating kidney damage and accelerating the occurrence and development of DKD (Tóbon-Velasco et al., 2014; Yang et al., 2019; Ke et al., 2021). MAPK8 is a member of the MAPK family. The mammalian MAPK family of kinases includes three subfamilies: Extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), p38 mitogen-activated protein kinases (p38s). Previous studies reported that the MAPK signaling pathway played an important role in the occurrence and development of DKD. Many studies have also confirmed that different herbs can effectively improve the occurrence and development of DKD by inhibiting MAPK signaling pathway. The research by Malik et al. indicated that apigenin inhibited oxidative stress and fibrosis by down-regulating the phosphorylation of MAPK, thereby improving the kidney injury caused by DKD. These changes closely resembled the effects of ramipril (Malik et al., 2017). Moreover, MAPK8 plays an essential role in the development of insulin resistance and obesity, whereas MAPK8 knockout mice displayed improved adiposity and insulin sensitivity (Wu H. et al., 2019). AKT is a serine/threonine kinase that regulates adaptation to many cellular stress induction processes. Phosphoinositide 3-kinases (PI3K)/AKT signaling pathway is closely related to glomerular mesangial cell dilatation, podocyte apoptosis, and renal tubular injury. Upregulation of the PI3K/AKT pathway has a protective effect on CKD. PI3K/AKT pathway plays a renal protection role in the DKD model by inhibiting inflammation, apoptosis, and fibrosis, as well as the expression of antioxidants (Mohamed et al., 2022). In agreement with the previous studies stating that PTGS2, NF-κB, JNK, and AKT expression are upregulated in HK-2 cells under HG ambience, and the expression pattern was reversed by LTD under our experimental conditions. In summary, the above targets all play important roles in the occurrence and development of DKD.
Through GO function enrichment analysis, it was found that LTD exerted effects on the treatment of DKD mainly by participating in such biological processes as response to lipopolysaccharide, response to molecule of bacterial origin, response to extracellular stimulus, membrane raft, membrane microdomain, plasma membrane raft, nuclear receptor activity, ligand-activated transcription factor activity, RNA polymerase II-specific DNA-binding transcription factor binding, etc., demonstrating the multifunctional nature of LTD component. The results of the KEGG pathway enrichment analysis showed that it was mainly involved in AGE-RAGE signaling pathway in diabetic complications, IL-17 signaling pathway, insulin resistance, TNF signaling pathway, etc. The AGE-RAGE signaling pathway is closely related to diabetes mellitus and its complications. With the occurrence of insulin resistance, excessive glucose in the blood will cause non-enzymatic glycosylation of proteins, lipids and DNA in the body, resulting in excessive advanced glycosylation end products (AGEs), which are widely distributed in various tissues (Behl et al., 2016). AGEs mainly play a biological role by binding to the receptors of advanced glycation end products (RAGE) on the cell membrane. RAGE is a member of the cell surface immunoglobulin superfamily multi-ligand receptor (Fukami et al., 2014). RAGE in combination with AGEs can activate and promote inflammatory reactions and oxidative stress, leading to other complications of insulin resistance and diabetes mellitus (Ramasamy et al., 2011). Previous studies have found that insulin resistance is a common early change in CKD patients, especially in DKD (Xu and Carrero, 2017), and oxidative stress caused by persistent hyperglycemia is the core mechanism of DKD. Excessive production of ROS under high glucose conditions accelerates mitochondrial DNA damage and mitochondrial function indirectly induces insulin resistance and aggravates renal damage (Wu M. et al., 2019; Carré and Affourtit, 2019). Increased levels of AEGs and excessive production of ROS activate the NF-κB pathway, ultimately leading to apoptosis of vascular endothelial cells. As an inflammatory mediator, NF-κB can also trigger a series of inflammatory reactions in the kidney, thereby aggravating kidney damage and hastening the onset and progression of DKD (Tang et al., 2021). Therefore, it can be speculated that LTD may treat DKD by improving insulin resistance, inflammatory response, oxidative stress, and other mechanisms.
In addition, the core components in the top 4 of the Degree value in the herb-component-target-pathway network diagram of LTD were molecularly docked with the core targets in this study. The results showed that the docking effect of the model is generally good and the structure is stable. The PTGS2 and RELA have relatively low binding energies for docking with most components. These results suggested that LTD might treat DKD by targeting PTGS2 and RELA.
CONCLUSION
In summary, the mechanism of LTD in the treatment of DKD was analyzed and discussed in this paper by network pharmacology and verified by molecular docking analysis, western blotting, and immunofluorescence based on the preliminarily screened action targets. The results indicated that the therapeutic efficacy of LTD on DKD might be achieved by decreasing the expression of PTGS2, NF-κB, JNK, and AKT, which might improve insulin resistance, inflammation, and oxidative stress. Moreover, from the perspective of holism in TCM, the multi-component and multi-target synergistic therapeutic effects of TCM are revealed, which is of certain guiding significance for further confirming the key active components of LTD in the treatment of DKD and the development of new herbs in the later stage. We will focus on the study related to the treatment of DKD with LTD to clarify the efficacy and specific mechanism of LTD in intervening DKD.
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+TGT
M1 194 = 157113 220£926% 221923  846: 114+ 090:030* 106+ 109 +
+TGT 51944 1:35442: 5.17AAA 1.06444: 127444
M2 374 433 + 23444 433+ 433 = 6.38 383+ 042x 833+ 837+
LTGT  13.paascs BO.4AAAGL  gESAMASL | Q7AAAG | ggAAAAA () (AAAAA  p(0AAAA  p(gAAAA

The normal and two types of adriamycin-induced-NS rats are assigned to Con + TGT, M1+TGT, and M2+TGT groups, respectively. 4p < 0.05, 44p < 0.01, 444p <0.005 vs
Con + TGT, %0 < 0.05, 2p < 0.01 vs M1+TGT.
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Group

NS and Crnax

NS and AUCo.

NS and Cuigney

NS and Civer

u

Proteinuria
ALB

™

T

TG

Proteinuria
ALB

P

TC

TG

Proteinuria
ALB

™

T

TG

Proteinuria
ALB

™

T

TG

0 < 0.05 means & significant dilference.

Loading

-0.678
0.838
0.806

-0.913

-0.644

-0.844
0.896
0.931

-0.982

-0.796

-0.362
0.341
0.209

-0.242

-0.792

-0.929
0.759
0.842

-0.707

-0.722

TRL
WA
WFG
WFT
WFD
WFR

TPL
WA
WFG
WFT
WFD
WFR

TPL
WA
WFG
WFT
WFD
WFR

TPL
WA
WFG
WFT
WFD
WFR

Loading

-0.687
0.632
-0.684
-0.555
-0.692
-0.679

-0.230
0.708

-0.565
-0.674
-0.888
-0.914

-0.898
-0.789
-0.974
-0.947
-0.921
-0.91

-0.390
-0.297
-0.376
-0.432
-0.392
-0.268

Rc

0.929

0.933

0.982

0.951

3.106

2.825

3.859

2.201

0.0003

0.001

0.00006

0.014
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Category

Blood kidney function (Scr&BUN)
Ser early stage-all
early stage-8W
early stage-12W
dlinical stage-12W
kidney failure stage-12W
BUN carly stage-all
carly stage-8W
early stage-12W
clinical stage-12W
kidney failure stage-12W
Serum Cys-C
Serum Cys-C-8W
Serum Cys-C-12W
GFR
GFR -8W
GFR-12W
Molecules in urine
UAER

24 h urinary protein/24 h urinary albumin

al-MG
B2-MG
Endothelium function
NO
ET
Inflammation index
Hs-CRP
IL6
TNF-a

Hemodynamic index (Blood viscosity)

n

[T

“ o e

[NV

Participants, n
(cases/controls)

1,464/1,462
500/499
898/895
113/113
43/42
629/629
281/281
297295
113/113
43/42
518/518
276/278
242/240

82/79
82/79

643/645
448/443
142/142
368/368

155/155
205/205

205/205
80/80
55/55.
93/90

Heterogeneity
Py I (%)
0.00 87
0.00 78
0.00 89
0.00 99
NA NA
0.00 86
0.00 0
000 87
027 19
NA NA
000 85
002 68
0.00 91
100 0
026 2
0.00 93
000 94
0.00 91
000 98
043 0
010 51
0.00 96
000 99
000 99
0.00 98

SMD
(95%CI)

~0.84 (~1.05 to ~0.62)
~045 (=073 to ~0.17)
~097 (-127 to ~0.67)
~2.08 (-2.45 to ~1.72)
~071 (-1.15 to ~0.27)
~0.64 (~0.96 to ~0.32)
~048 (~0.65 to ~0.31)
~055 (~1.03 to ~0.07)
~0.70 (~0.97 to ~0.43)
~0.63 (~1.07 to ~0.20)
~095 (-129 to ~0.61)
~078 (~1.10 to ~0.45)
~113 (-1.78 to ~047)

0.17 (-0.14-0.48)
1.66 (1.26-2.07)

~129 (-1.75 to ~0.82)
~195 (~2.63 to ~1.27)
~232 (-3.36 to ~1.28)
~3.00 (~441 to ~1.58)

068 (0.45-0.91)
-0.81 (-1.11 to -051)

~1.43 (-2.66 to ~0.21)
~6.07 (~14.56 to 2.43)
~8.07 (~24.95 to 881)
~2.06 (-5.35 to 1.23)

Z-test

Z =758 P.<0.00
7 =316; P.<0.00
Z = 6.37; P.<0.00
Z = 1115; P.<0.00
Z =318 P, = 0.00
Z =392 P.<0.00
Z = 5.60; P.<0.00
Z =224 P, = 0.03
Z =515 P.<0.00
Z=285P,
Z = 543; P.<0.00
Z =473 P.<0.00
Z = 3.37; P,<0.00

0.00

Z=1.09; P, = 027
Z =7.99; P.<0.00

Z = 541; P.<0.00
Z = 563 P.<0.00
Z =438 P.<0.00
Z = 4.14; P.<0.00

Z = 5815 P.<0.00
Z = 5.26; P.<0.00

7 =230; P. = 0.2
Z = 140; P. = 0.16
Z=094 P,
Z=12%P, =022

035

P,<0.05, shows a significant association. CI, confidence interval; NA, not available; SMD, standardized mean difference; Ph, p-values for heterogeneity of Q-test; Scr, serum creatinine;

BUN, blood urea nitrogen; GER, glomerular filtration rate; UAER, urine albuni

nitric oxide; ET, endothelin; Hs-CRP, hypersensitive c-reactive protein; IL-6, interleukin-6; and TNF-a, factor-a.

excretion rate; al-MG, alpha-1-microglycoprotein; §2-MG, p2-microglobulin; Cys-C, cystatin C; NO,
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No. Chemical composition References

1 Quercitrin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (201 (2019)
2 Rutin Bagalkotkar et al. (2008); Li XR et al. (2007); Kaur et al. (2017); Jantan et al. (2019)
3 Niranthin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (201 (2019)
4 Nirtetraiin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (2017); Jantan et al. (2019)
5 Phyllanthin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (201 (2019)
6 Phyftetralin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (201 (2019)
7 Corlagin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (2017); Jantan et al. (2019)
8 Elagic acid Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (201 (2019)
9 Astragain Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (2017); Jantan et al. (2019)
10 Quercetin Bagalkotkar et al. (2008); Kaur et al. (2017); Jantan et al. (2019)

11 Lupeol Bagalkotkar et al. (2006); Kaur et al. (2017); Jantan et al. (2019)

12 Cubebin dimethyl ether Bagalkotkar et al. (2006); Kaur et al. (2017); Jantan et al. (2019)

13 Urinatetralin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et dl. (2017)

14 Hinokinin Li XR et al. (2007); Kaur et al. (2017); Jantan et al. (2019)

15 Hypophyllanthin Bagalkotkar et al. (2006); Kaur et al. (2017); Jantan et al. (2019)

16 Isolintetralin Bagalkotkar et al. (2006); Li XR et al. (2007); Jantan et al. (2019)

17 Lintetralin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (2017)

18 Phylinirurin Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (2017)

19 Phyllanthine Bagalkotkar et al. (2006); Li XR et al. (2007); Kaur et al. (2017)

20 Gallic acid Bagalkotkar et al. (2006); Kaur et al. (2017); Jantan et al. (2019)
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Gene

SCD

SQLE

HMGCS1

PDB
accession
number
B6C6R
4ZY0

2P8U

Ligand
D

FAD
SsT9

COA

Autodock
score
(kcal/mol)

-10.6
-98

=78

Hydrophilic
interactions

Thi261(A), Tp262(A), Asni48(A)

ASp40B(A),Gly420(A), Phe166(4),Glut 65(4),
Tyr335(A), lle162(4)
Scy129(A), Tyr163(A), Tyr267(A), Ser377(A)

Hydrophobic contacts

His157(A), Asn265(A), Val264(A), His171(A), Asp156(4),
Tip153(A), Trp184(A), Gin147(A)

Gly419(A), Gly418(A), Gly164(A), Val163(A), Leudds(a),
Pro415(A)

Tyr375(A), Ser221(A), Phe204(A), Val216(A), Ala168(A),
16222(A), Leu270(A)
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Genes

m-p-Actin
m-KIM-1
m-Caspase-3
mBCL2
m-BCL2L1
mBAX
m-BAD
m-EGRI

Forward primer

ACGGCCAGGTCATCACTATTG
CAGGGAAGCCGCAGAAAAA
GAGGAGATGGCTTGCCAGAA
CGTCGCTACCGTCGTGACTT
GAGAGGCAGGCGATGAGTTT
CCAAGAAGCTGAGCGAGTGTCT
GAGGAGCTTAGCCCTTTTCGA
GCAGCGGCGGTAATAGCA

Reverse primer

AGAGGTCTTTACGGATGTCAACGT
GGAAGGCAACCACGCTTAGA
CTTGTGCGCGTACAGCTTCA
'CCCCACCGAACTCAAAGAAG
CGATGCGACCCCAGTTTACT
TGAAGTTGCCATCAGCAAACA
TTTGTCGCATCTGTGTTGCA
CTCCACCATCGCCTTCTCAT
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Primer name

Occludin-1

Z0-1

Claudin-1

Bactin

IL-6

IL-4

Primer sequence (5'--3")

TCTCTCAGCCGGCATACTCT
GCGATGCACATCACGATGAC
ACAGCCAGCTCTTGGTCATC
GTATGGTGGCTGCTCAAGGT
TGGCATGAAGTGCATGAGGT
CCCAGCCAGTAAAGAGAGCC
AGGGAAATCGTGCGTGACAT
GAACCGCTCATTGCCGATAG
CACTTCACAAGTCGGAGGCT
TCTGACAGTGCATCATCGCT
TCCAGGGTGCTTCGCAAAT
GTTCAGACCGCTGACACCTC
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Traditional Chinese
medicine

Astragalus membranaceus

Shengi particle

Jian pi qu shi formula

Shulifenxiao formula

Combination TW
multiglycosides with
prednisone

Combination of chemical
drugs and Yinxingdamo
injection

Combination of chemical
drugs and Danhong injection
Astragaloside IV

HP total coumarins

Sangi oral solution

Wenyang lishui decoction

Patients
or animal models

IMN patients
Patients with IMN and nephrotic
syndrome

MN patients who fail to
immunosuppressive intervention
Steroid and immunosuppressant-
resistant refractory IMN patients
IMN patients

IMN patients

IMN patients
MAC-induced podocyte model
CBSA-induced rats
CBSA-induced rats

CBSA-induced rats and IMN
patients serum treated-podocytes

Eftects

Decrease in proteinuria and remission
efficacy effect

80% of patients obtain remission and
improvement of proteinuria, serum albumin
and cholesterol levels

81% of patients obtain remission

Similar for both TW multiglycosides and
tacrolimus

Increase in serum albumin and decrease in
proteinuria excretion

Increase in serum albumin and decrease in
proteinuria excretion

Improvement of complement attack
complex-induced podocyte damage

Amelioration of renal damage and
dyslipidacmia

Inhibition of proteinuria levels, kidney
damage, C3 and IgG depositions

Inhibition of proteinuria levels and kidney
damage

Mechanism

Regulation of 1485 IMN-related
genes and 45 core genes

suppressing extracellular
regulated protein kinase activity

Inhibition of complement
activation and PI3K pathways

Inhibition of NF-KB signaling
pathway

Regulation of p53 and Bel-2 in
both mRNA and protein
expression

Refs

Ahmed et al.
(2007)

Chen et al.
(2013)

Shi et al. (2018)

Cui et al. (2021)

(Jin et al,, 2020;
Shi et al, 2022)

Yu et al. (2020)

Yu et al. (2020)

Zheng et al.
(2012)

Wang et al.
(2022)

Tian et al.
(2019)

Lu et al. (2020)

HP, Hydrangea pani

lata; PI3K, phosphoinositide 3-]

inase-protein kinase B; TW, Tripterygium wilfor
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MDR-1

IFN-y

MCP-1

VCAM-1

vWF

IL-1p

IL-6

IL-8

IL-17A

PTX3

Sirtl

P-gp

Bactin

F-GCTGTCAGCCCTCTTATTGGAT
R-GCTTTTGCATAAGCCTGGAGTTC
F-CTGGAGGAACTGGCAAAAGGATGG
R-GACGCTTATGTTGTTGCTGATGGC
F-CCACTCACCTGCTGCTACTCATTC
R-CTTCTTTGGGACACCTGCTGCTG
F-GAGGGTGGTGCTGTGACAATGAC
R-GGGTGGCATTTCCTGAGAGAAGC
F-CATGTGCCAACAGCCAGTCTCC
R-GAAGGTGACGATGTGCCGAGTG
F-TCGCAGCAGCACATCAACAAGAG
R-AGGTCCACGGGAAAGACACAGG
F-CTTCTTGGGACTGATGCTGGTGAC
R-AGGTCTGTTGGGAGTGGTATCCTC
F-TCGGGAGACCTCTAGACACTTTGC
R-GCCTGTCAAGCTGACTTCACTGG
F-TGATGCTGTTGCTGCTGCTGAG
R-CACATTCTGGAGGAAGTCCTTGGC
F-AGTGGCTGAGACCTCGGATGAC
R-CTCGGTGGGATGAAGTCCATTGTC
F-CCAGACCTCCCAGACCCTCAAG
R-GTGACACAGAGACGGCTGGAAC
F-TCCACCTGTAGCCTGAAGACTATCC
R-AAGAGGTCGGCAATGCTGTCAAC
F-TATGCTCTCCCTCACGCCATCC
R-GTCACGCACGATTTCCCTCTCAG

Expression levels were determined by normalizing the Ct values to two control genes.
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TCM Mol id Mark Main active OB
components %
LTD ~ MOL000296 LGT1 hederagenin 3691 075
LTD ~ MOL003182 LGT2  (+)-Medioresinol di-O-beta-n-glucopyranoside_qt 6069 0.62
LTD ~ MOL003184 LGT3  81,827-74-9 4542 053
LTD ~ MOL003185 LGT4  (IRdaR,10aS)-5-hydroxy-1-(hydroxymethyl)-7-isopropyl-8-methoxy-1,4a-dimethyl-4,9,10,10a-tetrahydro-3H- 4884 038
phenanthren-2-one
LTD ~ MOL003187 LGT5 triptolide 5129 068
LTD  MOL003196 LGT6  Tryptophenolide 4850 0.44
LTD ~ MOL003199 LGT7  5:8-Dihydroxy-7-(4-hydroxy-5-methyl-coumarin-3)-coumarin 6185 054
LTD  MOL003208 LGT$  Celafurine 7294 044
LTD ~ MOL003209 LGT9  Celallocinnine 8347 059
LTD ~ MOL003217 LGTI0 Isoxanthohumol 5681 039
LTD ~ MOL003224 LGT1l Tripdiotolnide 5640 067
LTD ~ MOL003225 LGTI2 Hypodiolide A 7613 049
LTD ~ MOL003229 LGTI3 Triptinin B 3473 032
LTD ~ MOL003231 LGT14 Triptoditerpenic acid B 4002 036
LTD ~ MOL003245 LGTI5 Triptonoditerpenic acid 4256 039
LTD ~ MOL003248 LGTI6 Triptonoterpene 4857 028
LTD ~ MOL003266 LGT17  21-Hydroxy-30-norhopan-22-one 3411 077
LTD ~ MOL003280 LGTIS TRIPTONOLIDE 4951 049
LTD ~ MOL000358 LGT19 beta-sitosterol 3691 075
LTD ~ MOL000211 LGT20  Mairin 5538 078
LTD ~ MOL000422 LGT21 kaempferol 4188 024
LTD ~ MOL000449 LGT22 Stigmasterol 4383 076
LTD ~ MOL002058 LGT23  40,957-99-1 5720 062
LTD ~ MOL003283 LGT24  (2R3R4S)-4-(4-hydroxy-3-methoxy-phenyl)-7-methoxy-2,3-dimethylol-tetralin-6-ol 6651 039
LTD MOL004443  LGT25  Zhebeiresinol 5872 0.9
LTD ~ MOL005828 LGT26 nobiletin 6167 052
LTD ~ MOL007415 LGT27  [(25)-2-(((25)-2-(benzoylamino)-3-phenylpropanoylJamino]-3-phenylpropyl] acetate 5802 052
LTD ~ MOL007535 LGT28  (55,85,95,10R,13R,14S,17R)-17-[(IR AR)-4-ethyl-1,5-dimethylhexyl]-10,13-dimethyl-2,4,5,7,8,9,11,12,14,15,16,17- 3312 079
dodecahydro-1H-cyclopenta (a]phenanthrene-3,6-dione
LTD ~ MOL009386 LGT29  3,3'-bis-(34-dihydro-4-hydroxy-6-methoxy)-2H-1-benzopyran 5211 054
LTD ~ MOL004355 THFI  Spinasterol 4298 076
LTD ~ MOL006756 THE2  Schottenol 3742 075





OPS/images/fphar-13-872940/fphar-13-872940-g007.gif
P
e





OPS/images/fphar-13-940773/fphar-13-940773-g008.gif





OPS/images/fphar-13-872940/fphar-13-872940-g006.gif





OPS/images/fphar-13-940773/fphar-13-940773-g007.gif
L EA
4% 8%
e R4 Py
4% By
paty E1 0y
4% 8%
Gy e &k 3

4 % B %





OPS/images/fphar-13-872940/fphar-13-872940-g005.gif





OPS/images/fphar-13-940773/fphar-13-940773-g006.gif
1
Ly

1 ¥
fygat

11
... L
v
i

[ e
Tihrjeis
crbiedieg
(R
dardses
vhiteaiie
Preneti
tridigin

EET






OPS/images/fphar-13-872940/fphar-13-872940-g004.gif
L AALL L el w ALy

e ;
i W, il
sisss /'/I:I;/ /'//;1}"

e SEEEE S0, )
anmm e S A0

&

HJl
=

e "*%:"

1.
o e 5
S il i
sisss gy T
oSMA [EESRRSEEE) a240a 1 !
o . M 5 liLli
i mmmmesm, T &
Bubi S—iy |- i

LSS LS





OPS/images/fphar-13-940773/fphar-13-940773-g005.gif





OPS/images/fphar-13-872940/fphar-13-872940-g003.gif





OPS/images/fphar-13-940773/fphar-13-940773-g004.gif





OPS/images/fphar-13-872940/fphar-13-872940-g002.gif





OPS/images/fphar-13-940773/fphar-13-940773-g003.gif





OPS/images/fphar-13-872940/fphar-13-872940-g001.gif





OPS/images/fphar-13-940773/fphar-13-940773-g002.gif
Targetof LTD Target of DKD

3155
(94.5%)






OPS/images/fphar-13-872940/crossmark.jpg
©

|





OPS/images/fphar-13-940773/fphar-13-940773-g001.gif
TEESTEREA NN
et
akkvpREERED

EauemdEgnnsEn
zmd ez Rl
e e
T
ssssndmEsEeE.
W
shmsssnidnnnne






OPS/images/fphar-13-940773/crossmark.jpg
©

|





OPS/images/fphar-13-917975/fphar-13-917975-t002.jpg
TCM intervention

Shengi particle vs. prednisone/
cyclophosphamide

Bupi Yishen formula vs. losartan
Tangshen formula vs. placebo

TCMsa vs. benazepril vs. TCMs/
benazepril combination

Niaoduging particles vs. placebo

Zioulyin decoction vs. Huangkui
capsule

Huangkui capsule vs. losartan

Chinese herbal formula granules vs.
placebo

TCMsa vs. losartan

Huangkui capsule vs. losartan vs.
Huangkui capsule/losartan
combination

TCMsa vs. losartan

Qidan Dihuang grain/angiotensin
receptor blocker combination vs.
angiotensin receptor blocker
Shenhua tablet vs. fosinopri

Disease

Idiopathic
membranous
nephropathy
Nondiabetic CKD
stage 4

Type 2 diabetic
Kidney disease
CKD stage 3

CKD stage 3b-4
Diabetic kidney
disease

IgA nephropathy

CKD stage 3

CKD stage 1-2

Primary glomeruiar

disease
CKD stage 1-2

Diabetic kidney
disease

IgA nephropathy

N

190

567

180

578

300

88

1470

343

396

417

81

102

131

Trial
period
(mo)

12

12

Primary outcome

CR+PR

€GFR slope
UAER + 24h UP.

Mean eGFR

Changes in Scr and éGFR
between pre treatment
and posttreatment
Changes in eGFR between
pre treatment and
posttreatment

Changes in 24 h UP
between pre treatment
and posttreatment

24 h UP + Scr + eGFR

24h UP

Changes in 24 h UP
between pre treatment
and posttreatment
24h UP

24 h albuminuria

24 h UP + TCM syndrome
score

Outcome

46/63 (73.0%) vs. 54/69 (78.3%); p = 0.5

-2.3 vs. -4.5 m/min/1.73 m?/year

(0 < 0.08)

UAER: ~19.5 vs. ~7.0 pg/min (o = 0.7);
24h UP: -0.2vs. 0.4 g (0 < 0.05)
485+159vs. 430+ 124 vs. 483 =
17.5 ml/min (p < 0.05)

Ser: 1.1vs. 11.7 pmol/L (p < 0.01); eGFR:
0.2 vs. 22 m/min/1.73m? (0 < 0.05)

26+18.5vs. 7.1 £ 24.7 m/min/1.73 m*
(p < 0.05)

230 vs. ~263 mg (0 = 0.6)

24hUP: 10+ 11vs. 1.0+ 1.3g/d (p >
0.05); Sor: 1308 + 32.6 vs. 149.1 +
41.3 pmollL (o < 0.05); eGFR: 55.7 +
50.8 vs. 4.5  12.6 miimin/1.73 m?

(0 <008)

801.6 = 911.7 vs. 1080.6 + 925.8 mg/L
(0 <008)

508 vs. ~376 mg/d (0 = 0.003)

vs. -545 mg/d (p < 0.001)

0.4 06vs. 02099 (0 < 0.05)
41.4 vs. 47.7 mg (p < 0.05)
24hUP:1.05+1.07vs.1.1821.18 g (0>

0.05); TCM syndrome score: 2.86 +
2.06 vs. 353 + 1.91 (0 < 0.05)

Ref.

Chen et al.
(2013)

Meo et al.
(2021)
Liet 4. (2015)

Yong-un
Wang et al.
(2012)
Zheng et al.
(017)

Liu et al
(2022)

LiP.etal.
(2020)

Zhao et al.
(2020)

Wu et al.
(2015)
Zhang et al.
(2014)

Wang et al.
(2013)
Xang et al.
(2016)

Chen et al.
(2007)
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Yishen Huoxue
prescription

You-gui pil

Yigi Huoxue
formula

Shen Shuai Il
recipe

Shenkang

Nephrokeli

Qilong-Lishui
granule

HuangQi
decoction

Danggui
Shaoyao San

Chailing
decoction

Jianpi ginghua
recipe

Shenhua tablet

Jian-Pi-Yi-
Shen formula

Kangdanling

Improving Qi activating
Blood, and removing stasis
and turbidity

Warming and recuperating
kidney-Yang

Nourishing Qi, invigorating
blood circuiation,
strengthening the spleen,
and promoting diuresis

Strengthening the spleen,
tonifying kidney-Yang,
activating blood circulation,
and removing stasis

Improving Qi and removing
stasis and turbidity

Nourishing kidneys

Tonifying Qi, removing stasis,
removing dampness, and
promoting diuresis

Nourishing Qi and Yin and
tonifying the spleen and

kidneys

Invigorating blood circulation
and promoting diuresis

Smoothing liver,
strengthening the spleen,
promoting diuresis, and
removing turbidity

Invigorating the spieen,
improving Qi, clearing heat,
and removing dampness

Tonifying Qi, nourishing Yin,
activating Blood, and
removing stasis

Fortfying the spleen, tonifying
the kidneys, activating Blood,
and removing stasis

Strengthening Qi and
removing stasis

Imperatae Rhizoma, Leonur Herba,
and Euryales Semen

Astragali Radix, Angelicae Sinensis
Radix, Chuanxiong Rhizoma, Salvia
Mitiorrhizae Radix et Rhizoma, Rhei
Radix et Rhizoma, and Notoginseng
Radix et Rhizoma

Rehmanniae Radix Praeparata,
Dioscoreae Rhizoma, Corni
Fructus, Lycil Fructus, Cuscutae
Semen, Ceni Comus Colla,
Eucommiae Cortex, Cinnamormi
Cortex, Angelicae Sinensis Radix,
and Acontti Lateralis Radix
Praeparata

Astragali Radix, Angelicae Sinensis
Radix, Chuanxiong Rhizoma, Salvia
Mitiorrhizae Racix et Rhizoma,
Paconiae Radix Rubra, Plantaginis
Herba, Achyranthis Bidentatae
Radix, and Taraxaci Herba

Saivia Miiorrhizae Racix et
Rhizoma, Epimedii Folium,
Codonopsis Radix, Angelicae
Sinensis Radix, Rhei Radix et
Rhizoma, Perillae Folium, Persicae
Semen, Chuanxiong Rnizoma, and
Coptidis Rhizoma

Rhei Radix et Rhizoma, Salvia
Mitiorrhizae Racix et Rhizoma,
Carthami Flos, and Astragali Radix

Ligustri Lucidi Fructus, Testudinis
Carapax et Plastrum, Dioscoreae
Rhizoma, Typhae Pollen, Ecliptae
Herba, Perilla, Atractylodis
Rhizoma, Coicis Semen,
Rehmanniae Radix, and Hedyotis
Diffusa

Bupleuri Radix, Astragali Radix,
Angelicae Sinensis Radix,
Dioscoreae Nipponicae Rhizoma,
Polyporus, and Pyrrosiae Folium
Astragali Radix, Poria, Rehmanniae
Radix, Trichosanthis Radix,
Ophiopogonis Radix, Schisandrae
Chinensis Fructus, and Glycyrrhizae
Radix et Rhizoma Praeparatacum
Melle

Angelicae Sinensis Radix, Paeoniae
Radiix Alba Rhizoma, Chuanxiong
Rhizoma, Atractylodis
Macrocephalae Rhizoma, Alismatis
Rhizoma, and Poria

Bupleuri Radix, Scutellariae Radix,
Pinelliae Rhizoma, Ginseng Radix et
Rhizoma, Glycyrrhizae Radix et
Rhizoma, Zingiberis Rhizoma
Recens, Jujubae Fructus,
Polyporus, Cinnamomi Ramulus,
Atractylodis Macrocephalae
Rhizoma, Poria, and Alismatis
Rhizoma

Codonopsis Radix, Astragali Radix,
Tsaoko Fructus Semen,
Atractylodis Rhizoma, Copiis
Rhizoma, and Prepared Rhei Radix
et Rhizoma

Astragali Radix, Ligustri Lucidi
Fructus, Atractylodis
Macrocephalae Rhizoma, Paeoniae
Radix Alba Rhizoma, Sparganii
Rhizoma, Curcumae Rhizoma, and
Lonicerae Japonicae Flos

Astragali Radix, Atractylodis
Macrocephalae Rhizoma,
Dioscoreae Rhizoma, Cistanches
Herba, Amomi Fructus Rotundus,
Salviae Mittiorrhizae Radix et
Rhizoma, Rhei Radix et Rhizoma,
and Glycyrrhizae Radix et Rhizoma
Praeparatacum Melle

Salvia Mitiorrhizae Radix et
Rhizoma, prepared Rhei Radix et
Rhizoma, Achyranthis Bidentatae
Radix, Persicae Semen, and
Angelicae Sinensis Radix

UUO rats

UUO rats and TGFp1-
stimulated NRK-49F
cells

UUO rats

5/6 Nx and infarcted
rats and hypoxic NRK-
52€ cells

UUO mice, adenine-
CRF rats, TGF-p1-
stimulated NRK-49F
cells, and TAC-NS rats

IgAN rats and S1P-
stimulated MC

PAN-NS rats

UUO mice and TGF-$1-
stimulated HK2 cells

ADR-NS rats and Ang
ll-stimulated MPC-5
cells

CsA-NS rats

ADR-NS rats

Anti-Thy-1 nephitis
rats, IRl rats, and /6 Nx
rats

5/6 Nx rats

5/6 Nx rats and Ang II-
stimulated HBZY-1 cells

TmiR-126, VEGFA, VEGFR-2,
and Notch1

TGF-B1, a-SMA, FN, Col, and
p-Smad2/3

ITGF-B, smad2, and CTGF;
Tsmad?

IHIF-1a, c-Myc, IL-1, Bax,
Puma, p53, and cytochrome ¢

1Praix5, JAK2/STATS, SOCS1,
SOCS3, NF-B p6s, IxBa,
COX-2, MCP-1, INOS, and
Keapt; TNrf2, HO-1, catalase,
and GCLC

ICTGF, S1PR2, and S1PR3

1BMPRIl and Smad1

ITGF-p1, TBRI, TBRIL, Smadd,
Smad2/3, Wntd/4, Frizzledd,
and LRP5/6; 1GSK-3p, Axin,
APC, CK1, and E-cadherin

TNephrin; |AT1R, TRPC, and
caspase-3

La-SMA, TGF-1, and Col Il

La-SMA, Col Ill, FN, Col IV, IL6,
and CD4'/CD8"

1p-Erki/2, cycin D1, TLR2,
TLR4, MyD88, TNF-a, and IL-
6; Tp21

1B0-2, HO-1, and Nrf2; | TGF-
B, Col I, Col II, Col Ill, Bax,
caspase 3, caspase 9, TNF-a,
IL-1B, IxBa, NF-«B p65, MCP-
1, CXCL1, COX-2, iNOS, and
Keap1

1UNK, TGF-B, Col-l, and FN

Zhong et al. (2018)

Li Wang et al.
(2015)

Liu et al. (2010)

Meng Wang et al.
(2020); Yang et al.
(2021)

Luo et al. (2021);
Qin et al. (2021)

Zhong et al. (2015

Li et al. (2007)

Jiang et al. (2015);

Zhao et al. (2016)
Man-Man Li et .
(2021)

Wang et al. (2011)

Ma and He,
(2014a); Ma and
He, (2014b)

Geng et dl. (2016);
Qing-Ping Li et al.
(2019)

Zhou et al. (2021)

Jietal. (2019)





OPS/images/fphar-13-970616/fphar-13-970616-g005.gif





OPS/images/fphar-13-917975/fphar-13-917975-g002.gif





OPS/images/fphar-13-970616/fphar-13-970616-g004.gif
T

00 B

R






OPS/images/fphar-13-917975/fphar-13-917975-g001.gif





OPS/images/fphar-13-970616/fphar-13-970616-g003.gif





OPS/images/fphar-13-917975/crossmark.jpg
©

|





OPS/images/fphar-13-970616/fphar-13-970616-g002.gif
B 5

R &






OPS/images/fphar-13-872474/fphar-13-872474-t001.jpg
Name

a-SMA
Notch1
c-Myc
Hes1
NICD
GAPDH
E-Cadherin
N-Cadherin
Vimentin
ATP1AL
AQP1
SLC22A6
ZEB1
Claudin-1
Slug
201
8ip
ATF6
p-perk
ATF-4
IREfa
XBP-1s
CHoP
Anti-Rb IgG
Anti-Ms 1gG
p-elF2a
Smad3

Company

19,245, Cell Signaling Technology, United States
3,608, Cell Signaliing Technology, United States
18,583, Cell Signaling Technology, United States
11,988, Cell Signaling Technology, United States
4,147, Cell Signaiing Technology, Urited States
200,310-4F11, ZEN BIO, China
66009-1-Ig, Proteintech, United States
13,116, Cell Signaling Technology, United States
5,741, Cell Signaiing Technology, United States
ab7671, Cell Signaling Technology, Urited States
ab168387, Abcam, United States
ab135924, Abcam, United States
70,512, Cell Signaling Technology, United States
13,995, Cell Signaling Technology, United States
9,585, Cell Signaling Technology, Urited States
13,663, Cell Signaling Technology, United States
3,177, Cell Signaliing Technology, United States
500,202, ZEN BIO, China
340,846, ZEN BIO, China
11,815, Cell Signaling Technology, United States
3,294, Cell Signaling Technology, United States
12,782, Cell Signaling Technology, United States
15204-1-AP, Proteintech, United States
ab6721, Abcam, United States
ab6789, Abcam, United States
310,073, ZEN BIO, China
385,743, ZEN BIO, China

Dilution rate

1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:1,000
1:3,000
1:3,000
1:1,000
1:1,000





OPS/images/fphar-13-970616/fphar-13-970616-g001.gif
IR omgAg CAL
e

e ot






OPS/images/fphar-13-872474/fphar-13-872474-g006.gif
o1
s,

Monchd Bavachin

EMT-dependent renal fibrosis





OPS/images/fphar-13-970616/crossmark.jpg
©

|





OPS/images/fphar-13-872474/fphar-13-872474-g005.gif





OPS/images/fphar-13-971113/fphar-13-971113-t004.jpg
Rank Journal ISSN Country NP* IF-2021" NC* H-index
1 Journal of Ethnopharmacology 0,378-8741 Ireland 155 5195 4484 36
2 Evidence Based Complementary and Alternative Medicine 1,741-427X England 106 2650 686 13
3 Frontiers in Pharmacology 1,663-9812 Switzerland 77 5988 665 15
4 Medicine 0,025-7974 United States 44 1817 123 6
5 BMC Complementary and Alternative Medicine 1,472-6882 England 35 4782 524 14
6 Plos One 1,932-6203 United States 29 3752 752 18
7 Chinese Journal of Integrative Medicine 1,672-0415 China 27 2626 164 7
8 Phytomedicine 0944-7113 Germany 26 6656 535 15
9 Biomedicine Pharmacotherapy 0753-3322 France 21 7419 385 11
10 American Journal of Chinese Medicine 0,192-415X United States 18 6.005 295 12

NP, Total number of publications.
"IF, Impact factor.
SNIC Tikil notabes G ditattais.
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Rank Author Affiliation Country NP* NC® AC* H-index
1 Li Ping China-Japan Friendship Hospital China 28 319 1296 11
2 Liu Xusheng Guangzhou University of Chinese Medicine China u 171 8.08 7
3 Deng Yueyi Shanghai University of Traditional Chinese Medicine China 19 453 24.84 10
4 Zhao Tingting China-Japan Friendship Hospital China 17 194 1271 9
5 Li Shunmin Guangzhou Univ Chinese Med China 15 78 7.13 8
6 Zhao Yingyong Northwest University Xian China 15 997 69.93 13
7 Duan Jin-a0 Nanjing University of Chinese Medicine China 14 221 1593 8
8 Chen Jianping Guangzhou University of Chinese Medicine China 12 75 7.92 8
9 Liu Xinhui Guangzhou University of Chinese Medicine China 12 74 817 8
10 Zhang Lei Guangzhou University of Chinese Medicine China 10 56 5.90 4

NP, Total number of publications
"NC, Total number of citations.
°AC, Average citations per item.
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Rank Affiliation Country NP* NC* AC H-index

1 Beijing University of Chinese Medicine China 83 758 9.64 13
2 Guangzhou University of Chinese Medicine China 77 463 691 13
3 Nanjing University of Chinese Medicine China 72 1186 17.03 20
4 Shanghai University of Traditional Chinese Medicine China 66 987 1570 19
5 China Academy of Chinese Medical Sciences China 60 797 13.53 15
6 Guang’ Anmen Hospital China 39 558 14.62 11
7 China Japan Friendship Hospital China 35 335 1094 11
8 Capital Medical University China 31 429 1394 9

9 Shanghai Jiao Tong University China 31 389 1277 12
10 Fudan University China 30 622 20.87 13

NP, Total number of publications.
"NC, Total number of citations.
°AC, Average citations per item.
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Rank Country NpP* NC” AC* H-index
1 China 1038 14,248 15.49 56
2 United States 161 6490 4054 38
3 India 106 1981 1891 23
4 South Korea 70 835 12,07 16
5 Iran 59 690 11.86 15
6 Japan 52 752 14.60 16
7 Australia 35 1039 30.00 16
8 Canada 34 643 18,97 14
9 England 27 1081 40.22 13
10 Pakistan 20 169 845 8

NP, Total number of publications.
"NC, Total number of citations.

“AC, Average citations per item.
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Gene name

NC-siRNA
PGC-1a-SIRNA-1
PGC-1a-siRNA-2
PGC-1a-SiRNA-3
MAFbx

MURF-1

MyoD

MyoG

PGC-1a

GAPDH

sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense
sense
anti-sense

Sequence (5'~3)

UUUGUACUACACAAAAGUACUG
‘GUACUUUUGUGUAGUACAAAUU
UUUCUGGGUGGAUUGAAGUGGUGUATT
UACACCACUUCAAUCCACCCAGAAATT
GGUGGAUUGAAGUGGUGUAGATT
UCUACACCACUUCAAUCCACCTT
UCCAGUAAGCACACGUUUAUUTT
AAUAAACGUGUGCUUACUGGATT
CAGCTTCGTGAGCGACCTC
GGCAGTCGAGAAGTCCAGTC
GTGTGAGGTGCCTACTTGCTC
GCTCAGTCTTCTGTCCTTGGA
CGGGACATAGACTTGACAGGC
TCGAAACACGGGTCATCATAGA
GAGACATCCCCCTATTTCTACCA
GCTCAGTCCGCTCATAGCC
TATGGAGTGACATAGAGTGTGCT
CCACTTCAATCCACCCAGAAAG
ACTCCACTCACGGCAAATTCA
CGCTCCTGGAAGATGGTGAT
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Name

Shenqi particle

Jian Pi Qu Shi
Formula

Jian Pi Qu Shi
Formula

Shen No. 9 Recipe
(SR) combined with
Qingre Moshen
Granule (QMG)

Compound TCM
prescriptions

Radix Astragali, Radix -
Angelicae sinensis, Rhizoma
Atractylodis, Rhizoma
Atractylodis
Macrocephalae, Radix
Dioscoreas Oppositae,
Sclerotium polypori
Umbrellati, Sclerotium
Poriae Cocos, Bombyx
Batryticatus, Herba
hedyotidis Diffusae, Semen
colcis, Radix Codonopsitis
Pilosulae, Radix Salvia
miltiorrhizae, Hirudo Seu
Whitmania

Astragalus membranaceus, —
Codonopsis pilosula, Poria
cocos, Atractylodes
macrocephala, Coix
lacryma-jobi, Angelica
sinensis, Polyporus
umbelatus, Stephania
tetrandra, Dioscorea
nipponica Mekino, Folium
Perillae

Astragalus membranaceus, —
Codonopsis pilosula, Poria
cocos, Afractylodes
macrocephala, Coix
lacryma-jobi, Angelica

sinensis, Polyporus

umbellatus, Stephania

tetrandra, Dioscorea

nipponica Makino, Folium
Perillae

Main active
ingredients

Clinical trial
design

Intervention group: Shengi
particle; control group:
prednisone and
cyclophospharmide

JPQSF was administered oraly
twice a day for & months

JPQSF (TCM),
immunosuppressant WM
therapy

SR (one dosage daly, oral
administration in two portions)
and QMG (each package each
time, thrice daily) for 24 weeks

Podocytopathies

IMN

Refractory patients with IMN

IMN

IMN patients with no efficacy
after being treated with
hormone or
immunosuppressive agent

80%

84.10%

References

Chen et al.
(2013)

Shi et al.
(2018)

Lang et al.
(2020)

Han et al.
(2011)

Liuetal.
(2015)

Tripterygium wifordi ~ —
Hook F (TwHF)

Tripterygium
wiffordii mutti-
glycosides
Fructus forsythiae, Radix ~ —

astragali, Bitter aprioot,

Heartleaf houttuynia,

Magnolia officinals,

Rhizoma smilacis glabrae,

Leech

Ephedra sinica Stapf, -
Aconitum carmichaeli Debx,
boiled first, Glycymhiza

uralensis Fisch, Zingiber
officinale Rosc, Poria cocos,
Atractylodes macrocephala
Koldz

TWG + prednisone, TAC + IMN -
prechisone, for 36 weeks

Shulifenxiao Formula Shulifenxiao treatment lasted

3-12 months

Refractory IMN 90.90% Cuietal.

(2021)

Mahuang Fuzi and 59.60%

Shenzhuo Decoction

Mahuang Fuzi and Shenzhuo IMN
Decoction 1 dose daily, boiled

with 400 m! water, and taken in

the morning and evening for

6-36 months

Dong et al.
(2021)

CNI + TWPs and CNI + GCs IMN -
and followed up for more than
12 months

Gao et al.
(2021)

Tripterygium witfordii ~ — Tripterygium
Hook wilfordi
polyglycoside

Yuebl Jiazhu Tang: - - McD
ephedra, gypsum, fresh
ginger, licorice, largehead
atractylodes, rhizome.
Ganlu Xiaodu Dan: talc,
Baical skullcap root, virgate
wormwood herb, grass leaf
sweet flag rhizome, akebia
stem, blackberry lly
rhizome, cardamon fruit,
weeping forsythia capsule,
tendril leaf, cabiin patchouii
herb, and peppermint

Yuebi Jiazhu Tang;
Ganlu Xiaodu Dan

91.20% Wuetal.

(2022)

Abelmoschus =
manihot

Manihot Mearihot group, losartan group,  MCD, FSGS -

combined group

Astragalus membranaceus, — - MCD -
Codonopsis pilosula,

cornel, dodder, Alisma

orientalis, Poria cocos peel,

Shiwel, Angelica sinensis,

Salvia mittiorrhiza, and

peach kernel

Raw Astragalus, red beans, — - FSGS -
white gourd skin, Amomum

villosum, lotus seed meat,

Euryale ferox

Supplementing Qi - - - FSGS -
and activating blood
circulation

Zhang et al.
(2014)
Yang et al.
(2020)

Shengi Dihuang
Decoction

Fangi Huangai
Decoction

Zhang et al.
(2015)

Zhang et al.
(2019)
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HN mice

HN mice

HN mice

HN rats

HN mice

HN mice

HN mice

HN rats
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pathology
BUN renal pathology

No change

BUN renal pathology
sCr, BUN

sCr, BUN renal
pathology
sCr, BUN

sCr, BUN renal
pathology

sCr, BUN renal
pathology

sCr, BUN renal
pathology
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Inhibit renal oxidative stress and
inflammation

Unclear

Inhibit renal inflammation

Inhibit renal oxidative stress and
fibrosis

Unclear

Unclear

Inhibit renal inflammation

Inhibit renal Inflammation and
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Inhibit renal inflammation and
fibrosis

Unclear

Inhibit renal inflammation

(Shi et al,, 2018; Zhou et al,, 2018)

Meng et al. (2017)
Chen et al. (2020)

Hua et al. (2018)

(Phimarn et al., 2017; Yuvaraj and
Geetha, 2018)

Hunyadi et al. (2013)

Caselli et al. (2016)

Sun et al. (2015)

(Peng et al,, 2019; Liu et al, 2020)

Liu et al. (2017)

Tung et al. (2015)

HN, hyperuricemic nephropathy; sCr, serum creatinine; BUN, blood urea nitrogen.
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Traditional Chinese herb Animal UA-lowering targets Reference

model
Smilax glabra (Tu-Fu-Ling) HN mice XOR, GLUT9, and OAT1 (Chen et al,, 2011; Li et al, 2017; Shi et al,, 2018; Yan et al., 2018)
HN rats
Smilax china L. (Ba-Qia, Jin-Gang-Teng) ~HN mice XOR Meng et al. (2017)
Mesona procumbens Hemsl. (Xian-Cao) ~ diabetic rats XOR, GLUT9, and OAT1 Chen et al. (2020)
HN mice
Scutellariae radix (Huang-Cen) HN mice XOR (Dong et al., 2017; Bao et al., 2018; Hua et al., 2018)
Morus alba L. (Sang-Shu) HN mice XOR, URATI, GLUT9, and ~ (Yang et al., 2008a; Yang et al., 2008b; Chan et al,, 2016; Jhang et al., 2016;
OATI1 Phimarn et al., 2017; Yeh et al., 2019)
Rhododendron oldhamii Maxim. (Zhuan- HN mice Unclear Hunyadi et al. (2013)
Hong-Du-Juan)
Chrysanthemum morifolium Ramat. HN rats XOR, ABCG2, URAT1, and  Caselli et al. (2016)
(Ju-Hua) GLUTY
Liriodendron chinense (Hemsl.) Sarg HN mice OATI, OAT3, and ABCG2 Sun et al. (2015)
(E-Zhang-Qiu)
Fructus Gardenia (Zhi-Zi) HN mice XOR, URATI, GLUTY, OATI,  (Peng et al., 2019; Liu et al, 2020)
and OAT3
Poria cocos (Fu-Ling) HN mice ABCG2 Liu et al. (2017)
Dendrobium officinalis six nostrum (Tie-  HN rats ABCG2 and GLUT9 Tung et al. (2015)
Pi-Shi-Hu)

HN, hyperuricemic nephropathy; XOR, xanthine oxidoreductase; GLUTS, glucose transporter 9; OATI, organic anion transporter 1; ABCG2, ATP-bi
'URAT], urate anion transporter 1; OAT3, organic anion transporter 3.

ing cassette superfamily G member






OPS/images/fphar-13-971032/fphar-13-971032-g001.gif





OPS/images/fphar-13-901234/crossmark.jpg
©

|





OPS/images/fphar-13-901234/fphar-13-901234-g001.gif





OPS/images/fphar-13-901234/fphar-13-901234-g002.gif





OPS/images/fphar-13-901234/fphar-13-901234-g003.gif





OPS/images/fphar-13-877102/math_2.gif





OPS/images/fphar-13-877102/math_3.gif





OPS/images/fphar-13-877102/math_4.gif
L]
O+

1) = @





OPS/images/fphar-13-877102/math_5.gif
(5)





OPS/images/fphar-13-877102/fphar-13-877102-g005.gif





OPS/images/fphar-13-877102/math_1.gif
1) = Acseh®(3+¢),

W





OPS/images/fphar-13-971032/crossmark.jpg
©

|





OPS/images/fphar-13-945949/fphar-13-945949-t006.jpg
Dependent
index

ACC
AM-VW
AR-TV
AL-TV
cc
bSC
ACC
AM-VW
AR-TV
AL-TV
cC
bSC
ACC
AM-VW

AR-TV
AL-TV
cc
bSC

Equation

Linear
Linear
Linear
Linear
Linear
Linear
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Logarithmic
Secondary
Secondary

Secondary
Secondary
Secondary
Secondary

R?

0.118
0.233
0.006
0.101
0.096
0.086
0.142
0.209

0.108
0.124
0.05

0.139
0.243

0.043
0.101
0.126
0.088

7.375
16.667
0.356
6.161
5.835
5.154
9.104
14.549
0.011
6.655
7.795
2.876
4.370
8.688

12
3.08
3.891
2615

dft

£ (RS S A S

[SESENEN

df2

55
56
55
56
55
55
55
55
55
55
55
55
54
54

54
54
54
54

Sig

0.009

0.553
0.016
0.019
0.027
0.004

0919
0.013
0.007
0.096
0.017
0.001

0.309
0.057
0.026
0.082

Constant

3.059
0.076
0.14
-0.683
51.556
16.033
-46.094
0.372
0.393
-26
91.668
7.22
-6.664
0.038

0.634

-0.643
61.562
17.262

b1

0.352
-0.003
0.003
0.0156
-0.273
0.108
18.253
-0.117
-0.026
o.727
-14.705
3877
0.762
-0.001

-0.018
0.013
-0.695
0.056

b2

-0.003
-1.09E-
05

1.18E-05
0.003





OPS/images/fphar-13-945949/fphar-13-945949-t005.jpg
Indicator

Sample size ()
Age (y)

Height (cm)

Weight (kg)

BMI (kg/m?)

Abstinence days (d)

Semen volume (ml)

pH value

Total sperm count ()
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Luteinizing hormone (mil/mi)
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Testosterone (nmol/L)
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Citric acid (mmol/L)
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Grade 0
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433145
407 +1.85
7.99 +0.30
19.80 + 10.60
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8.14 £ 3.16
247.09 + 185.78
10044 +34.11
17.43 £ 7.57
34.39 = 12.70
47.12 + 25.39
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Grade |

19
32.95 + 4.36
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Grade

13
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169.51 + 3.82
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438 + 1.61
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8.00 +0.23
26.00 + 14.86
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31.32 £ 881
17.60 + 13.72
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Sample size (n)
Abstinence days (d)
Semen volume (mi)

pH value

Total sperm count (1)
Follicular estrogen (mIU/mi)
Luteinizing hormone (miU/mi)
Profactin (miU/m)

Estradiol (omollL)
Testosterone (nmol/L)
Neutral a-glucosidase (U/L)
Citric acid (mmol/L)

Zinc (mmol/)

Before the treatment

After the treatment

Left side

51
4.61 + 1.61
3.49 + 1.60
8.01£0.28
20.51 + 1245
14.50 + 6.77
8.36 +3.18
297.92 + 176.67
104.11 + 45.65
15.89 + 8.58
36.35 + 13.24
38.71 + 32.88
4.60 +2.73

Both sides

6
4.17 + 1.60
3.70 + 1.79
7.92 +0.29
28.67 + 16.38
15.24 + 6.01
10.50 + 3.23
294.43 + 116.54
144.58 + 67.03
17.04 + 853
44,65 + 13.83
30.84 + 8.41
6.91 + 3.62

0.634
-0.204
0.764
~1.470
-0.225
~1.655
0.047
-1.954

-1.621
0.580
-1.900

0.529
0.770
0.448
0.147
0.823
0.126
0.963
0.056
0.758
0.111
0.565
0.063

Left side

51
4.47 + 143
3.29 + 1.62
8.04 + 0.32
48.35 + 34.28
13.61 = 8.03
8.66 + 3.65
279.94 + 155.43
104.06 + 53.57
17.30 + 9.43
66.75 + 17.82
60.06 + 19.53
7.98 +5.55

Both sides

6

5.00 + 1.79

230071

7.90 + 0.19
60.33 + 45.74

9.78 + 532

7.38 + 265
282.88 + 96.77
136.67 + 82.86
19.94 + 10.71
657.96 + 27.32
5282+ 17.65

5.37 + 401

-0.835
1.472
1.131

-0.782
1.133
0.832

-0.045

-1.325

-0.641
1.078
0.866
1113

0.407
0.147
0.263
0.437
0.262

0.964
0.191
0.524
0.286
0.390
0.271
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Indicator

Sample size
Height (cm)

Weight (kg)

Varicocele width (mm)

Left testicular size (i)

Right testicular size (m)
Abstinence days (d)

Semen volume (ml)

pH value

Total sperm count ()
Foliicular estrogen (miU/mi)
Luteinizing hormone (miU/mi)
Prolactin (miU/mi)

Estradiol (pmollL)
Testosterone (nmol/L)
Neutral a-glucosidase (U/L)
Citric acid (mmol/L)

Zinc (mmol/L)

>35-year-old

14
170.57 + 3.06
69.57 + 2.45
2.75 + 069
1329 £ 2.30
1879+ 1.76
393121
332+ 157
8.06 = 024
21.00 + 15.00
1897 £ 4.12
8.60 + 3.52

295.98 + 173.63
110.26 + 51.49
15.83 + 6.80
42.50 + 14.92
39.66 + 28.46
5.72 + 3.64

<35-year-old

43
169.14 + 2.92
71.02 £ 3.19

251+ 049
13.67 + 1.97
1414+ 1.54
477 = 167
3.58 + 1.63
7.98 £ 029
21.49 = 12.46
14.88 + 7.30
8.68 + 3.17
298.07 + 17151
107.76 + 49.02
16.07 + 9.06
34.32 + 12.52
37.30 + 32.43
4.56 + 2.58

1574
-1.667
1.454
0.615
0.722
-1.730
-0.518
0.872
0.121
-0.442
0.023
-0.039
0.164
-0.090
2.026
0.243
1.315

0.121
0.125
0.152
0.541
0.473
0.089
0.607
0.387

0.660
0.982
0.969
0.870
0.929
0.050

0.194
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Indicator

Sample size ()
Age (/)

Height (cm)

Weight (kg)

BMI (kg/m?)

Left testicular size (mi)

Right testicular size (m)
Varicooele width (mm)
Abstinence days (d)

Semen volume (ml)

pH value

Total sperm count ()
Follicular estrogen (mlU/mi)
Luteinizing hormone (miU/mi)
Prolactin (miU/m)

Estradiol (pmollL)
Testosterone (nmol/L)
Neutral a-glucosidase (U/L)
Citric acid (mmol/L)

Zinc (mmol)

Group A

58
33.41 + 4.47
169.50 + 2.97
70.78 £ 3.17
24.66 + 1.39
1362 +2.08
14.02 + 1.59
2.57 +0.56
4.53 + 1.60
351159
7.99 +0.29
21.36 £ 12.99
14.70 + 6.60
8.56 + 3.21
297.19 = 169.00
107.67 + 49.04
16.18 + 8.53
36.11 £ 13.47
37.53 £ 31.11
4.77 291

Group B

55
342 +592
169.36 + 3.58
70.26 + 2.71
2451 +1.09
12.95 + 2.84
13.53 + 1.99
2.68 + 0.61
4.65+1.72
3.53 + 1.86
8.03 + 0.35
23.16 £ 17.06
15.45 + 5.94
10.22 + 4.85
310.18 = 156.46
119.04 + 56.13
14.37 £ 7.93
40.01 £ 23.36
44.46 + 32.40
4.97 +3.38

Group C

49
35.27 + 6.10
168.90 + 3.18
71.01 £3.12
2490 +1.156
12.76 + 2.72
1343 £ 1.88

2.74 + 0.62
439 +1.59
3.46 + 1.81
8.03 + 0.33
22.13 £ 16.20
1421 £ 10.93
8.79 + 6.29
244.15 £ 140.15
105.36 + 40.32
1275 £ 4.72
34.42 £ 16.97
40.47 £ 50.24
5.02 + 5.36

1.504
0.489
0.858
1.350
1.322
1.649
1.086
0.320
0.025
0.267
0.189
0324
1.877
2.557
1.187
2.899
1.287
0.465
0.060

0.225
0.614
0.426
0.262
0.270
0.195
0.34
0.727
0.975
0.766
0.828
0.724
0.156
0.081

0.058
0.279
0.629
0.942
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Grade of varicocele

Normal
Grade 0
Grade |
Grade Il
Grade Ill

Palpation

b+

Width (mm)

<17
1.8-2.1
2297
2.8-3.1

231

Reflux(s)

0
1-2
2-4
46
26
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regulators

HIF-1a

HIF-1a

HIF-1a

HIF-1a

HIF-la

HIF-1a

PKM2

PKM2

PKM2

PKM2

PKM2

PKM2

SIRT3

SIRT3

SIRT3

SIRT3

SIRT3

SIRT3

SIRT3

SIRT3

Author

Ting Cai
etal.

Hanxu Zeng
etal.

Wei-Long
Xu et al.

Ryoi
Bessho et al.

Bijaya K.
Nayak et al.

Keiichiro
Matoba et al.

Weier Qi
etal.

Le Lietal.

Haijie Liu
etal.

Swayam
Prakash
Srivastava
etal.

Eva M
Palsson-
McDermott
etal.

Jialin Fu

Swayam
Prakash
Srivastava
etal

Jinpeng Li
etal.

Yunfei
Wang et al.

Zhiwen Liu
etal

Xiaocui Jiao
etal.

Ying Wang
etal.

Monica
Locatelli
etal

Li Zhuo
etal.

Year

2020

2020

2021

2019

2016

2013

2017

2020

2021

2018

2015

2022

2021

2020

2019

2019

2016

2021

2020

2011

Models

in vivo

Human with diabetes

CD-1mice + STZ

streptozotocin (STZ)-
induced diabetic
C57BL/6 mice

male db/db mice

OVE26 mice

male db/db mice

Human with diabetes;

STZ-induced diabetic
DBA2/J mice; diabetic
eNos KO mice.

db/db mice

CD-1 mice with STZ-
induced diabetes

CD-1 mice with STZ-
induced diabetes;

STZ-induced diabetes;
mice with

PKM?2 overexpression
in podocytes
(PPKM2Tg)

CD-1 mice with STZ-
induced diabetes

CD-1 mice with STZ-
induced diabetes

db/db mice

BTBR ob/ob mice with
type 2 diabetes.

Models
in vitro

proximal
tubule

epithelial cells
(PTCs)
(HG)-
stimulated
bone marrow-
derived
‘macrophages
(BMMs)

‘The mouse
glomerular
mesangial
cells (MCs)

human renal
proximal
tubular
epithelial cells
(HRPTECs)

Mesangial
cells (MCs)

Murine
mesangial
cells
(MES-13)

Mouse
podocytes
and human
podocyte cell
lines

HUVECs

HK2 cells

BMDMs and
PECs isolated
from C57BL/
6 mice

HMVECs;
HK-2 cells

HK-2
proximal
tubule cells;
HMVECs.

HUVECs

mouse
proximal
tubular cell
line
(BUMPT)
HK-2 cell

HK-2 cell

Rat mesangial
cell
line (MCs)

Effect
on metabolic
reprogramming

Promote

Promote

Promote

Promote

Promote

Promote

Dimeric
PKM2—Promote

Dimeric
PKM2—Promote

Dimeric
PKM2—Promote

Dimeric
PKM2—Promote

Dimeric
PKM2—Promote

Dimeric

PKM2—Promote

Suppress

Suppress

Suppress

Suppress

Suppress

Suppress

Suppress

Suppress

Expression
in DKD

Dimeric
PKM2—1

Tetrameric
PKM2—|.

Dimeric
PKM2—T

Tetrameric
PKM2—|
Dimeric
PKM2—1

Tetrameric
PKM2—|

Dimeric
PKM2—T

Tetrameric
PKM2—|.
Dimeric
PKM2—T

Tetrameric
PKM2—]|

Dimeric
PKM2—1

Tetrameric
PKM2—|

)

Injuries

mitigate related
tubulointerstitial
injury;

renal fibrosis

renal
inflammation

inflammation
injury; apoptosis

tubulointerstitial
fibrosis

glomerular injury;

tubulointerstitial
fibrosis

glomerulosclerosis

fibrosis in both
glomeruli and
tubules

renal
inflammation

Kidney fibrosis

Kidney fibrosis

inflammation

fibrosis;
inflammation

endothelial-to-
mesenchymal
transition; kidney
fibrosis

epithelial-to-
mesenchymal
transition;
endothelial-to-
mesenchymal
transition; kidney
fibrosis

endothelial cell
apoptosis in
Kidneys; renal
inflammation
injury

renal oxidative
damage and cell
apoptosis

oxidative stress;
renal tubular cell
apoptosis
inhibition of
autophagy

glomerular
inflammation

mesangial
hypertrophy

References

Cai et al. (2020)

Zeng et al. (2020)

Xu et al. (2021)

Bessho et al. (2019)

Nayak et al. (2016)

Matoba et al. (2013)

Qi et al. (2017b)

Li et al. (2020¢)

Liu et al. (2021)

Srivastava et al.
(2018)

Palsson-McDermott
etal. (2015)

Fu et al. (2022)

Srivastava et al.
(2021)

Li et al. (2020a)

Wang et al. (2019)

Liu et al. (2019)

Jiao et al. (2016)

Wang et al. (2021b)

Locatelli et al. (2020)

Zhuo et al. (2011)





OPS/images/fphar-13-970601/fphar-13-970601-g002.gif





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






OPS/images/fphar-13-970601/fphar-13-970601-g001.gif





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

o [ e |

o [ e -

< - °





OPS/images/fphar-13-970601/crossmark.jpg
©

|





OPS/images/fphar-13-935937/fphar-13-935937-g008.gif
A e o [RI (1day) RISOA (tday)






OPS/images/fphar-13-935937/fphar-13-935937-g007.gif





OPS/images/fphar-13-860588/fphar-13-860588-g001.gif





OPS/images/fphar-13-850167/fphar-13-850167-g004.gif





OPS/images/fphar-13-860588/fphar-13-860588-g002.gif





OPS/images/fphar-13-850167/fphar-13-850167-g003.gif





OPS/images/fphar-13-860588/fphar-13-860588-t001.jpg
Name

Redlix astragali

Radix Salviae
Mittiorrhizae

Poria cocos

Rhubarb

Scutellaria baicalensis

Alsmatis rhizome
Tripterygium wilfori

Compounds or extracts

Astragalus injection
Astragaloside IV
Astragalus polysaccharides
Ethanol extracts

water extracts

Salvianolic acid A
Salvianolic acid B

Protocatechualdehyde

Tanshinone IIA

Poricoic acid ZA

Poricoic acid ZG and Poricoic acid ZH
Poricoic acid ZC, poricoic acid ZD and
poricoic acid ZE

Poricoic acid A

Rhubarb extracts

Chrysophanol
Emodin
Rhein
Baicalin

Baicalein
Wogonin
25-O-methylalisol F
Triptolide

Multi-glycoside
Celastrol

Targets

TGF-p1, TGFBRI, p-Smad3 and Smad?
TGF-B1, p-Smad2/3 and Smad?

TGF-1 and Smad3

TGF-B, TGF-BRI, TGF-BRIl, Smad2, Smad3 and Smad7
TGF-B, TGF-BRI, TGF-pRIl, Smad2 and Smad3

TGF-1 and Smad3

TGF-B1, TGFBRI, p-Smad2 and Smad7

Smad and Smad3-dependent IncRNA9884
p-Smad2/3

p-Smad2/3

p-Smad3

p-Smad3 and Smad3

Smad3

TGF-p1, TGFBRI, TGFRRI, Smad2, p-Smad2, Smad3,
p-Smad3, Smadd and Smad7?

TGF-p1, p-Smad3, and Smad?

TGF-p1 and Smad7

TGF-B1

TGF-1 and p-Smad2/3

TGF-p1 and p-Smad3

p-Smad3

p-Smad3 and Smad7

TGF-p1, p-Smad2 and p-Smad3

TGF-p1, Smad3 p-Smad2/3 and Smad7
Smad3

References

Nie et al. (2014)
Wang et al. (2014)
Meng et al. (2020)
Cai et al. (2018)

Gai et al. (2018)

Ma et al. (2016)
Tang et al. (2014); Zhang et al.
(20192)

YYang and Wu, (2021)
Tang et dl. (2008)
Lietal. (2017)

Wang et al. (2018a)
Wang et al. (2018b)

Chen et al. (2019¢)
Zhang et al. (2018)

Dou et al. (2020)
Ma et al. (20182)

Guo et al. (2001)

(Hu et al., 2017; Zheng et al.,
2017)

Hu et al. (2017)

Meng et al. (2016a)

Ghen et al. (2018d)

(Cao et al, 2015; Sun et al.,
2018a)

Wan et al. (2014)

Tang et dl. (2018)
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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
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