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Editorial on the Research Topic
Applications of Herbal Medicine to Control Chronic Kidney Disease

INTRODUCTION
Chronic kidney disease (CKD) is a leading cause of life lost worldwide (Chen et al., 2019). The contributing factors to progression of CKD include parenchymal cell loss, chronic inflammation, fibrosis and reduced regenerative capacity of kidney (Ruiz-Ortega et al., 2020). The complications of CKD, e.g. anemia, are associated with increased risks of death (Fishbane and Spinowitz, 2018). The prevalence and mortality of CKD are rapidly increasing, illustrating the shortcomings of current therapeutic approaches. Research aiming to identify novel therapies for CKD is required to prevent disease progression and to prevent death. In recent years, herbal medicine has demonstrated its potential as an alternative therapy to treat numerous diseases, and which is attracting greater attention and being applied to control CKD. However, some of herbal medicines have been found to be nephrotoxic when incorrectly utilized. Thus, the proper usage of herbal medicine is necessary to avoid the nephrotoxicity. The goal of this research topic is to provide a forum to advance research of herbal medicine towards CKD therapies. Thirty-seven contributions covering the listed research topics have been submitted to this special issue.
REVIEWS OF HERBAL MEDICINE IN PREVENTION OF KIDNEY DISEASE
Zhao et al. summarized recent studies on the efficiency of Chinese herbal medicine commonly used for the treatment of kidney disease. As a conclusion, Chinese herbal medicine has been shown to have effects of anti-inflammatory, anti-oxidative, anti-apoptotic, autophagy, and anti-fibrotic: these pharmacological properties could account for the therapeutic approach in treating CKD. Given the critical role of mitochondrial dysfunction in developing CKD, Tian et al. have summarized the efficiency of herbal formulae on mitochondrial dysfunction, providing novel insights into the rationale in developing new drugs to prevent and/or to treat CKD. Supporting this notion, a mini review by Li et al. has summed up the therapeutic effect of herbal medicine in CKD via targeting mitochondrial dynamic. Anemia is one of the most common complications in CKD patients. Here, Li et al. have performed meta-analysis to assess the efficacy of a herbal formula, Jianpi Bushen, in treatment of patients suffering from CKD anemia. This study demonstrated that Jianpi Bushen showed good efficacy in treating CKD anemia. In parallel, Feng et al. have summarized clinical outcomes of herbal medicine in treating idiopathic membranous nephropathy, one of the main types of CKD. This article has led to a new idea for treatment of idiopathic membranous nephropathy. In addition, Yu et al. have performed a network meta-analysis to investigate the efficacy of Chinese herbal injections in treating primary nephrotic syndrome. This study supports the clinical usage of herbal injection in clinic. A review by Shao et al. has summarized the pharmacological effects of herbal medicines in progression of autosomal dominant polycystic kidney disease, which paves a direction to develop effective herbal drugs for therapeutic usage. In summary, these review articles are providing different lines of scientific evidence supporting efficacy and mechanistic action of herbal medicine in CKD and its associated diseases.
HERB AND HERBAL FORMULA FOR CKD
Herbal medicine, either as a single herb or in a formulated mixture, has been reported to exhibit protective role in CKD. Kidney fibrosis is the common final pathway of CKD. In this topic, three articles have focused on therapeutic effects of herbal extracts against renal fibrosis in rats. Wang et al. have performed lipidomic analysis to reveal the effect of Polyporus umbellatus extract on adenine-induced lipid metabolism disorder in rats. Their findings suggest that the extract of P. umbellatus could protect renal fibrosis by regulating fatty acyl metabolism. Sari et al. have elucidated the efficacy of Centella asiatica extract in restoring kidney fibrosis in an unilateral ureteral obstruction model. The results showed that treatment with C. asiatica extract could improve kidney fibrosis by reducing mesenchymal transition, collagen deposition and inflammation. In addition, Ning et al. have found that the treatment with genistein, an isoflavone, was able to increase expression of renal alkylation repair homolog 5, as well as to reduce expression of RNA m6A levels in unilateral ureteral occlusion-induced renal fibrosis. Besides, He et al. have shown that the in-take of rhein and curcumin mixture, major active ingredients of Bu-Shen-Huo-Xue herbal formula, could markedly improve renal fibrosis in CKD rats.
Recently, gut microbiota have been proposed to contribute development and progression of CKD. In this special issue, four articles have presented the roles of herbal medicine in remodeling dysbiosis of CKD rats. Al-Asmakh et al. have explored potential effects of gum acacia, a natural gum consisting of hardened sap of two species of acacia tree, i.e. Acacia senegal and Vachellia (Acacia) seyal, on gut microbiome, particularly in the amount of short chain fatty acids, and which further illustrated its beneficial effects in CKD rat model. These results support that the renal protective function of gum acacia, and the mechanism of which may be involved in improving growth of beneficial bacteria in gut, and thereafter which stimulates release of short chain fatty acids. Tu et al. have demonstrated that the extract of Abelmoschus manihot could protect renal damage by remodeling gut dysbiosis and inhibiting microinflammation triggered from intestinal metabolites. These findings provide information on the role of A. manihot in delaying CKD progression. Moreover, Guan et al. have explored the renal protection of herbal mixture containing Scutellaria baicalensis and Sophora japonica. This herbal mixture was able to low blood pressure and to reverse renal injury in a rat model of hypertensive nephropathy. The involvement of microbiota, short chain fatty acids and metabolites in gut has been proposed to be responsible for action of the herbal mixture. Lastly, Li et al. have demonstrated the effect of Zhen Wu Tang, a classic herbal decoction from ancient China, in ameliorating kidney injury in rats having immunoglobulin A nephropathy. Again, the adjustment of intestinal flora and the restoration of metabolism homeostasis are proposed to be the outcome of Zhen Wu Tang treatment.
Moreover, three articles have focused on other aspects of therapeutic benefits in treating CKD. First, exosomal miRNA profiling has been revealed in CKD rats. Liu et al. have found that 4 exosomal miRNAs were markedly disturbed, and which could be modulated by Jian-Pi-Yi-Shen formula, a Chinese herbal decoction, in adenine-induced CKD rats. Second, the positive response of a herbal formula Yi-Qi-Jian-Pi-Xiao-Yu-Xie-Zhuo on muscle atrophy in CKD rats has been investigated, and the mechanism of which has been proposed to be involved in modulating IGF-1/PI3K/Akt signaling (Xia et al.). The article by Zhou et al. has shown that Jian-Pi-Yi-Shen herbal formula could restore renal oxidative injury by activating nuclear factor (erythroid-derived 2)-like 2 signaling in CKD rats.
HERBAL MEDICINE FOR DIABETIC OR OTHER KIDNEY DISEASES
Diabetic kidney disease is one of the leading causes of end-stage renal disease, and it is therefore of great importance to delay the progression of diabetic kidney disease. Three articles are presented in this topic assessing renal protective effects of herbal medicine in diabetic animal models. Wang et al. have demonstrated that Bu-Shen-Huo-Xue herbal decoction effectively regulated high blood glucose and renal function in diabetic mice, and the underlying mechanism of which was proposed to have an involvement of inhibition of Rac1/PAK1/p38MAPK signaling. Another study by Li et al. have revealed that Tang Shen herbal formula could attenuate diabetic kidney injury and reduce pyroptosis of tubular epithelia via TXNIP-NLRP3-GSDMD axis in diabetic rats. The third article by Xuan et al. is revealing the effect of Yiqi Jiedu Huayu herbal decoction in diabetic nephropathy. Treatment with Yiqi Jiedu Huayu herbal decoction improved renal pathological damage and renal function, and the mechanism of which might be related to downregulation of mTOR pathway via PI3K/Akt and AMPK pathways. Apart from herbal decoction, Yang et al. have reported the effect of Huidouba, a Tibetan medicine derived from the nest of Atypus karschi, in diabetic nephropathy. Having an intake of Huidouba could down regulate the expression of Nox4 and relieve the oxidative injury in podocytes and proteinuria of diabetic nephropathy rats. Taken together, the aforementioned articles provide possible therapeutic strategies for treatment of diabetic kidney disease.
In addition, the therapeutic functions of herbal medicine on other kidney diseases have included here. Zhen-Wu-Tang, a well-known traditional Chinese herbal formula, restored renal dysfunction in immunoglobulin A-mediated nephropathy rat model, and the action of was revealed to be triggered by regulating exosome secretion in inhibiting NF-κB/NLRP3 pathway (Li et al.). Chao et al. have employed untargeted lipidomics to reveal action mechanism of Orthosiphon stamineus extract in treating nephrolithiasis. They found that the anti-stone effect of O. stamineus extract was closely related to glycerolphospholipid-mediated oxidative stress and inflammatory response. In parallel, Xiong et al. have investigated the effect of I-BET151, a small-molecule inhibitor targeting the bromodomain and extra-terminal (BET) protein, on the development of hyperuricemic nephropathy, which supports the notion that BET inhibition may have therapeutic potential in prevention and treatment of the problem.
ACTIVE INGREDIENTS IN HERBAL MEDICINE FOR CKD
Ten articles are focused on identifying active ingredients within herbal medicine to treat CKD. Fucoidan, a natural compound of Laminaria japonica, was reported to ameliorate renal injury-related calcium-phosphorous metabolic disorder and bone abnormality in CKD mineral and bone disorder rats by targeting FGF23-Klotho signaling axis (Liu et al.). These data provide pharmacological evidence of fucoidan in the treatment of this disease. Ning et al. have shown that genistein could restore renal fibrosis by increasing alkylation repair homolog 5 to regulate epithelial-to-mesenchymal transition in unilateral ureteral occlusion-induced animal model. The result provides new insight into the function of m6A modification in CKD progression. Emodin, the most important component of Rheum palmatum, was being prepared in nanoparticles to form an emodin-nanoparticle system. This combination possessed higher stability and better colon adhesion in therapeutic effect on CKD (Lu et al.). He et al. have revealed that rhein and curcumin had a synergistic effect in ameliorating CKD, which provides an important explanation on the synergy of rhein and curcumin from a pharmacokinetic viewpoint. Tu et al. have demonstrated that total flavones, containing rutin, hyperoside, isoquercitrin, and quercetin extracted from A. manihot, could regulate the amounts of gut microbiota and its metabolites, and which inhibit microinflammation by targeting autophagy-mediated macrophage polarization in CKD rats. Saikosaponin D, a triterpene saponin isolated from Bupleurum falactum, was shown to inhibit peritoneal fibrosis in rats by regulating TGFβ1/BMP7/Gremlin1/Smad pathway (Liu et al.). Astragaloside II protected podocyte injury and mitochondrial dysfunction in diabetic rats, possibly via a co-modulation of nuclear factor (erythroid-derived 2)-like 2 and PTEN-induced putative kinase signaling (Su et al.). Li et al. have shown that scutellarin, a biologically active flavonoid derived from Erigeron breviscapus, restored renal injury via increasing cellular communication network factor 1 expression and suppressing nucleotide-binding oligomerization domain-like receptor protein 3 inflammasome in hyperuricemic nephropathy mice. Cui et al. have investigated the effect of oleuropein, an active ingredient of Ilex pubescens, on acute kidney injury model. Their findings showed that oleuropein attenuated lipopolysaccharide-induced acute kidney injury both in vitro and in vivo by suppressing dimerization of toll-like receptor. Zhou et al. have reported that glycyrrhetinic acid, a bioactive component of Glycyrrhiza uralensis, protected renal tubular cells against oxidative insult. The regulation of JNK-connexin 43-thioredoxin signaling is proposed to play a crucial role in this action. Taken together, these findings can offer promising candidates for new drugs against CKD.
CLINICAL STUDIES
Two clinical studies here in this issue have highlighted application of herbal medicine on kidney disease. The first study by Mao et al. was a multicenter, double-blind, double-dummy, randomized controlled trial aiming to assess efficacy and safety of Bupi Yishen Chinese herbal formula in patients with non-diabetic CKD at stage 4. The results indicated that the herbal formula possessed protective effects on non-diabetic patients with CKD in first 12 weeks and over 48 weeks. Another study by Guo et al. have analyzed a retrospective population-based cohort to evaluate the long-term effect of using Chinese herbal medicine among incident pre-dialysis patients with diabetic kidney disease. The findings suggest that using Chinese medicine among pre-dialysis diabetic nephropathy patients is seemed to be feasible. Based on these two studies, a well-designed clinical study is still needed to evaluate the beneficial effect of herbal medicine in clinics.
NEPHROTOXICITY OF HERBAL MEDICINE AND ITS PREVENTION
Three articles in this topic explored the nephrotoxicity of herbal medicine and its prevention. First, Xu et al. have summarized the mechanism underlying nephrotoxicity of compounds from herbal medicine, which may help in discovering the biomarkers of renal injury and developing preventive strategies. Aristolactam I, an active component from herbs, is considered to be the most important constituent causing aritolochic acid nephropathy (Bastek et al., 2019). Deng et al. have shown that mitochondrial iron overload-mediated antioxidant system could inhibit the aristolactam-induced ferroptosis in HK-2 cells. Targeting Nrf2-HO-1/GPX4 antioxidative system can be an important intervention strategy to prevent aristolactam-induced nephropathy. Besides, Gao et al. have shown the protective effects of astragaloside IV, a major saponin from Astragalus root, on chronic nephrotoxicity. The results showed that astragaloside IV alleviated tacrolimun-induced chronic nephrotoxicity by enhancing p62 phosphorylation, thereby facilitating Nrf2 nuclear translation, and then decreasing ROS accumulation and renal fibrosis. Overall, these studies provide possible strategies to reduce renal toxicity and to ensure the safety of clinical medication; however, which has to be confirmed by further research.
CONCLUSION
This research topic collects 37 articles including a wide range of studies in the field of herbal medicine to control CKD. These studies improve our understanding on the mechanisms of herbal medicine in treating CKD and its related diseases. Potential therapeutic targets are also proposed for the prevention and treatment of CKD. Moreover, several active ingredients in herbal medicine are identified, which provides potential candidates for future drug development. The nephrotoxicity of herbal medicine and its prevention are also highlighted here. Besides, clinical studies support beneficial role of herbal medicine in improving CKD. Thus, this topic can provide effective evidence to promote the development of herbal medicine as therapeutic use to treat CKD, and such that which may help to prolong the survival of patients and reduce the burden of CKD.
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Idiopathic membranous nephropathy (IMN) has made increasing progress in mechanism and treatment research. Herbal medicine is gradually being accepted as an alternative therapy in treating IMN. However, the intervention mechanism of herbal medicine in the treatment of membranous nephropathy is still unclear. In this review, we summarize some achievements of herb medicine in treating IMN and discuss the research direction of herb in IMN. Finally, we propose the dilemma about the study on the treatment of IMN with herb medicine. We hope that this article can bring some thoughts for clinical and scientific researchers on the treatment of IMN with herb medicine.
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Introduction

Chronic kidney disease (CKD) is becoming an increasing public health problem all over the world because it is associated with an increased risk of cardiovascular disease and mortality (Webster et al., 2017; Cernaro et al., 2019; Wu et al., 2019; Mantovani and Chiara, 2020; Paolo et al., 2020). As one of the main types of CKD, membranous nephropathy is a glomerular disease characterized by diffuse thickening of the basement membrane, subepithelial deposition of immune complexes, and granuloid-like deposition of IgG along capillary loops by immunofluorescence (Borza, 2016). According to its etiology, it can be divided into idiopathic membranous nephropathy (IMN) and secondary membranous nephropathy (SMN), among which the cause is not known called as IMN, and secondary diseases caused by other diseases are often called SMN, such as hepatitis b, SLE and other diseases (Couser, 2017). Currently, IMN has become a common cause of nephrotic syndrome in adults, with an increasing proportion of primary glomerular diseases (Cattran and Brenchley, 2017; Li et al., 2018). However, there is a lack of treatment. Currently, immunosuppressive agents are often used to treat IMN, but it has the dilemma of large side effects and high recurrence rate. Cyclosporine-treated patients had a recurrence rate of approximately 43%. After discontinuation of tacrolimus, 9 of 19 (47%) patients in the tacrolimus group relapsed again at 18 months (Praga et al., 2007; van de Logt et al., 2016). In recent years, the use of rituximab and other drugs has made great progress in the treatment of IMN. Rituximab is being recommended as a first-line drug, but its high cost limits its clinical application (Trivin-Avillach and Beck, 2019). However, Herbal medicines have long been used in the clinic two thousand years ago and have been considered an alternative therapy for the treatment of various diseases, including the prevention and treatment of CKD (Chen et al., 2018a; Chen et al., 2018b; Ma et al., 2018; Parveen et al., 2018; Chen et al., 2019a; Jing and Jin, 2020). In recent years, herb medicine in the treatment of IMN has achieved some success, In this article, we have summarized the clinical and mechanism research of herb medicine for IMN and hope to bring new thinking to the treatment of IMN.



Effect of Herb Medicine on IMN

Mounting evidence demonstrated that the intervention mechanisms of herbal medicines on CKD were associated with renin–angiotensin system, inflammation and oxidative stress, aryl hydrocarbon receptor, transforming growth factor β (TGF-β)/Smad signaling, Wnt/β-catenin signaling pathways (Chen et al., 2019b; Chen et al., 2019c; Feng et al., 2020; Hu et al., 2020). In addition, herb medicine were used for the treatment of CKD by modulating the metabolic disorders such as amino acid metabolism and lipid metabolism (Zhang et al., 2018; Miao et al., 2020). A number of studies have demonstrated that herbal medicine could be used for the treatment of IMN (Xu et al., 2015; Shi et al., 2018; Wang et al., 2018c; Jin et al., 2020). In Table 1, we summarized the reports on the treatment of IMN with herbal medicine. Earlier, a case report reported that Astragalus membranaceus treated a 77-year-old woman with IMN and achieved clinical remission without using immunosuppressive agents (Ahmed et al., 2007). The efficacy and safety of Shenqi particle were assessed by using patients with IMN based on a multicenter randomized controlled clinical trial. The findings demonstrated that Shenqi particle was a promising alternative therapy for adults with IMN and nephrotic syndrome (Chen et al., 2013). In addition, it has been reported that 15 patients who fail to immunosuppressive therapy treated with Jianpiqushifang, and found that 80% of the patients were able to achieve clinical remission, and no obvious adverse reactions were found after 1 year of follow-up (Shi et al., 2018). Recently, the combination of tripterygium wilfordii multiglycosides and prednisone is considered as an effective and safe therapy for IMN. Shanshan Liu et al. found the probability of remission was similar for both the tripterygium wilfordii multiglycosides and tacrolimus group. Herb medicine also plays a role in improving the efficacy of immunosuppressants, wuzhi capsule can markedly improve the blood concentration of FK506 inpatients with IMN (Zhang et al., 2019). These studies have shown that herbal medicine can effectively treat IMN and relieve proteinuria, but the mechanism is still unclear.


Table 1 | Chinese medicine treats membranous nephropathy.





Study on Mechanism of Herb Medicine Treatment of IMN

Most of the studies on the mechanism of herb medicine treatment of IMN focused on animal experiments, aiming to explain the mechanism of herb medicine treatment of IMN. Astragalus is one of the traditional Chinese medicines commonly used in the treatment of IMN. Rong Zheng et al. found that Astragaloside IV can attenuates complement membranous attack complex induced podocyte injury through decreasing the expression of extracellular regulated protein kinases (ERK) (Zheng et al., 2012). More than that, sanqi oral which mainly include Radix Astragalus membranaceus and Radix Notoginsen not only decrease inflammatory factors by inhibiting the level of NF-κB, but also reduce deposition of C3 and IgG in experimental rat model of membranous nephropathy induced by cationic Bovine Serum Albumin (C-BSA) (Tian et al., 2019). It is well know that NF-κB play an important regulator role in immune response (Bhatt and Ghosh, 2014). Recent studies have shown that NF-κB also participates in the pathogenesis of MN (Sutariya et al., 2017). Zhenwu Decoction can reduce the expression of pro-inflammatory factors by inhibiting the level of NF-κB and NLRP3,which will reduce cell apoptosis(Liu et al., 2019a). Another study suggests that zhenwu Decoction reduce the pro-oxidation ability of advanced glycation end (AGE) by down-regulating the expression of receptor AGE(RAGE) in podocyte, which reduce oxidative stress in podocyte (Wu et al., 2016). Interestingly, Zhenwu Decoction combined with Astragalus can also directly promote the expression of Bcl2 and inhibit the transcription of P53 to reduce cell apoptosis (Lu et al., 2020).

To sum up, prescriptions composed of the same herb medicine can also show different targets. For example, Zhenwu Decoction can regulate inflammatory factors and RAGE in podocyte. This may be the display of multiple targets of herb medicine. As shown in Figure 1, Existing research shows that the target of herbs is podocyte apoptosis and inflammation. However, it is worth noting that inflammatory infiltration is rarely noticed in the pathology of IMN. At present, the study of the mechanism of herb medicine treatment of IMN is focused on the kidney, other organs has not been observed. More recently, scholars have suggested that initial immune response may be in the lungs, not the kidneys in patients with IMN (Liu et al., 2019b), but Current research is still focused on the kidneys. The effect of herb on extrarenal organs still needs further study.




Figure 1 | Mechanism of Chinese medicine treatment of IMN. Zhenwu decoction combined with Astragalus can also directly promote the expression of Bcl2 and inhibit the transcription of P53 to reduce cell apoptosis. In addition, zhenwu decoction reduce the pro-oxidation ability of AGE by down-regulating the expression of receptor AGE(RAGE) in podocyte, which reduce oxidative stress in podocyte. Not only that, Zhenwu decoction can reduce the expression of pro-inflammatory factors by inhibiting the level of NF-κB and NLRP3,which will reduce cell apoptosis sanqi oral which mainly include Radix Astragalus membranaceus and Radix Notoginsen not only decrease inflammatory factors by inhibiting the level of NF-κB, but also reduce deposition of C3 and IgG in experimental rat model of membranous nephropathy induced by cationic Bovine Serum Albumin (C-BSA). Astragaloside IV can attenuates complement membranous attack complex induced podocyte injury through decreasing the expression of ERK.





The Research Direction of Herb Medicine Treatment IMN


The Effect of Herb on Immunity in IMN

IMN is considered an autoimmune disease (Motavalli, et al., 2019). Since 2009, autoimmune antigens, such as PLA2R, THSD7A and Nell-1, have been gradually discovered, with 70–80% of IMN patients having PLA2R receptor positive (Beck et al., 2009; Tomas et al., 2014; Kao et al., 2015; Cui et al., 2017; Sethi et al., 2019). Autoantigens such as PLA2R are presented to T cells and B cells, activating an autoimmune response and then eventually produce autoantibodies that damage podocyte and induce proteinuria (Liu et al., 2019b; van de Logt et al., 2019). Studies have shown that the antibody level is closely related to the prognosis of IMN, and the lower the antibody level, the better prognosis of patients. In a cohort study, among 11 patients who were negative for serum anti-PLA2R1 and THSD7A and only received supportive treatment, 91% of patients experienced spontaneous remission and 7 patients achieved complete remission; no spontaneous remission when anti-PLA2R1 > = 40IU/ml, and high antibody levels had higher risk for developing ESRD (Hoxha et al., 2015; Diaz et al., 2019). Antibody levels are a reflection of the body’s immune activity, and modern medicine is precisely to treat IMN by suppressing the immune response, as shown in Figure 2. The preferred option in the KDIGO guidelines is a combination of hormones and alkylation agents, of which Cyclophosphamide (CTX) is recommended. Glucocorticoids can directly inhibit the expression of inflammatory factors and induce apoptosis of CD4+ CD8+ immature thymocytes, in addition, they induce the expression of IL-7 receptor a chain (IL-7Ra) in T cells to regulate immune (Shimba et al., 2018). However, prednisone treatment of IMN for 6 months did not show significant efficacy in a prospective randomized controlled trial (Cattran et al., 1989). Therefore, the use of glucocorticoids alone is not recommended, but it cannot be denied that long-term large-dose use of prednisone has potential effectiveness, due to the serious side effects of hormones, long-term use may not be a good choice. CTX significantly reduces the expression of serum IgG, IgM, IFN-γ, and IL-6 in animals (Fan et al., 2013). Studies have shown that CTX regulates cytokines through Dectin-1, TLR2 and TLR4 signaling pathways, changes Th1/Th2 balance in the body, and plays a role in regulating immunity (Yang et al., 2010; Fang et al., 2012; Logani et al., 2012). In the treatment of IMN, it mainly refers to cyclosporine and tacrolimus, of which CNI is KDIGO’s only initial replacement therapy program (Beck et al., 2013), cyclosporine can inhibit the NFAT “dephosphorylation” of T cells and inhibit the proliferation of T cells (Liddicoat and Lavelle, 2019). Twenty-five patients received tacrolimus (0.05 mg/kg/day) over 12 months with a 6-month taper, whereas 23 patients were in the control group. The probability of remission in the treatment group was 58, 82, and 94% after 6, 12, and 18 months but only 10, 24, and 35%, respectively in the control group (Praga et al., 2007). Rituximab (RTX) is a new scheme for the treatment of IMN and is now intended to be used clinically as a first-line regimen (Trivin-Avillach and Beck, 2019), RTX is a human-mouse chimeric monoclonal antibody that selectively targets the CD20 surface antigen of B lymphocytes and specifically inhibits the proliferation and activity of B lymphocytes (Parmentier et al., 2019). A randomized controlled study comparing rituximab to cyclosporine (Fervenza et al., 2019) showed that rituximab was not inferior to cyclosporine in inducing complete or partial remission of proteinuria at 12 months. Monthly maintenance of proteinuria is better than cyclosporine. Some scholars have tested the content of B cells in the serum of patients after rituximab treatment and found that the number of CD19+ B cells is close to 0 after eight days of rituximab treatment (Rosenzwajg et al., 2017). Recently, bevacizumab, a human IgG1-k monoclonal antibody B lymphocyte stimulation inhibitor binds to soluble human BLyS and inhibits its biological activity. In an open prospective study (Barrett et al., 2019), 11 PLA2R1-AB positive patients were enrolled and given bevacizumab monotherapy for 2 years. Nine participants achieved complete or partial response and it was found that bevacizumab can induce naive B cell reduction, trends towards increases in memory B cells, but the proportion of activated memory B cells was decreased.




Figure 2 | Target of drug action. The targets of immunosuppressive agents are different links in the immune response.



The above results indicate that immunity plays an important role in the development of IMN, and suppressing the immune response is an important method to promote the remission of IMN. This may also be the mechanism of herb medicine treatment of IMN. Herb medicine commonly used in the treatment of IMN have the function of regulating immunity. Astragalus membranaceus is considered to be a natural immunomodulator with the ability to regulate phagocytosis of neutrophils and macrophages (Vetvicka and Vetvickova, 2014). Astragalosides (ASIs) is one of the main active components of Astragalus. There is increasing evidence that ASIs are reported to be experimentally used in two contrary immune-associated diseases. On the one hand, Astragalus membranaceus can enhance the proliferation of TB lymphocytes in LPS-stimulated splenocytes. On the other hand, ASIs can also inhibit the production of IL-17 and induce regulatory T cells. Play a protective role in autoimmune diseases is one of the main active components of Astragalus membranaceus (Qi et al., 2017). Tripterygium Wilfordii consists of more than 70 constituents, including diterpenes, triterpenes and glycosides, which plays an immunomodulating role by inhibiting T cell proliferation (Yang et al., 2013). Therefore, we believe that immunity is likely to be one of the mechanisms of herb in the treatment of IMN, or may be the main way. But now the research of traditional Chinese medicine treatment of IMN focuses on kidney and podocytes. Of course, we do not think that the therapeutic effects of herb are equivalent to immunosuppressants. We believe that herb medicine may play a role in promoting immune balance. Recent studies have shown that the proportion of Regulatory T cells (Treg) in peripheral blood of IMN patients is significantly lower than normal people, and the proportion of Th2 and Th17 cells is increased (Rosenzwajg et al., 2017). So it is necessary to pay attention to the regulation of IMN on immunity.



Anti-Inflammatory and IMN

Antigen is the initial stage of immunity, after the antigen disappears, the body’s immune activity will gradually return to calm (Marrack et al., 2010). The exposure of antigen is closely related to the internal environment of the body. Studies have shown that the binding of IMN patient serum IgG antibodies to PLA2R1, THSD7A or NELL-1 in vitro needs to be carried out under non-reducing (Beck et al., 2009; Tomas et al., 2014; Sethi et al., 2019). The oxidizing environment will cause higher PH value for the extracellularly conditions relative to the intracellular environment, which may result in a more extended conformation of human PLA2R1 (Dong et al., 2017; Liu et al., 2019b). The PH dependent conformational change of human PLA2R1 may lead to the exposure of internal domains, which would be recognized by the B cell. Soluble PLA2R1, or protein fragments about PLA2R1 is engulfed by APC cells and presented to T cells, which provides a second signal for B cell activation. Therefore, the extracellular environment plays an important role in epitopes and autoimmune response (Ancian et al., 1995; van de Logt et al., 2019). For example, PM2.5 is closely related to the occurrence of IMN (Xu et al., 2016). PM2.5 is an important cause of chronic inflammation.

To sum up, it is a reasonable inference that improving the inflammatory environment of the body will help reduce the exposure of antigens, while Traditional Chinese medicine has definite anti-inflammatory and antioxidant effects.

Astragalus membranaceus is one of the drugs commonly used to treat membranous nephropathy. Astragalus membranaceus has significant antioxidant activity. Flavonoids Astragalus membranaceus are the main active antioxidants. They have significant antioxidant activity against superoxide anion and play an important role in heart and liver diseases (Fu et al., 2014). Previous studies have shown that Astragalus membranaceus can regulate nuclear factor-erythroid-2-related factor 2 (Nrf2) signaling pathway, inhibit p38 MAPK, nuclear factor-kappa B (NF-κB), and toll-like receptor mediated pathway in a variety of cells (Zhong et al., 2015). Tripterygium Wilfordii has also been reported to upregulate the Cytokine IL-37 through ERK1/2 and p38 MAPK Signal Pathways and decrease inflammatory by inhibiting prostaglandin E2 production (Maekawa et al., 1999; Wang et al., 2017), Triptolide, the main active ingredient in Tripterygium glycosides, can inhibit MMP-2 and MMP-9 expression and maintains Redox Balance on rheumatoid arthritis (Xie et al., 2019). Poria cocos is a well-known medicinal mushroom and it possesses various pharmacological activities such as anti-tumor, anti-inflammatory, antioxidantive, diuretic, renoprotective and lipid-lowering effects (Wang et al., 2013; Chen et al., 2019d). Polysaccharide from Poria cocos not only has significant antioxidant stress scavenging ability of free radicals, but also can regulate the levels of IL-2 (Li et al., 2019). Improving inflammatory environment is the embodiment of the theory of Whole View in IMN, but the relation of anti-inflammatory and the remission of IMN are just ignored in the research about herb medicine. It is worthy of further study that herb promote IMN remission by inhibiting inflammation.



Effect of Herb Medicine on Podocytes in IMN

Proteinuria is the result of impaired renal filtration function, and the decrease or disappearance of proteinuria is the result of filtration barrier repair. Glomerular filtration barrier (GFB) is a highly specified blood filtration boundary in kidney and consists of highly differentiated epithelial cells called podocyte, glomerular basement membrane (GBM), and fenestrated endothelium (Hosseiniyan Khatibi et al., 2020). Damage to any of the three layers will lead to proteinuria. The kidney tissue of patients with IMN can observe the fusion of podocytes and the deposition of immune complexes by electron microscopy and many kinds of evidence show that the damage of podocyte skeleton protein (Nangaku et al., 2005; Fogo et al., 2015). Therefore, podocyte damage is considered to be the main cause of proteinuria. It’s worth noting that podocytes is terminally differentiated cells, which means that podocyte damage is reversible in IMN, otherwise proteinuria will not disappear in the patient with remission. In some animal experiments, traditional Chinese medicine can improve the function of IMN podocytes, but the mechanism of herb medicine on human podocytes cannot be directly concluded, because the injury mechanism of human podocytes is different from that of rats. The hypothesis that the injury pathway of human podocyte is causative by antibody and complement is controversial. C5b-9 inserted into the podocyte membrane is transported inside the cell and squeezed into the urinary cavity, which is considered to be a dynamic sign of continuous immune injury (Ronco and Debiec, 2017). It’s confusing that serum anti-PLA2R1 antibodies and glomerular subepithelial immune complexes are mainly of IgG4 subtype (Qin et al., 2011; Hofstra et al., 2012), the ability of IgG4 to bind to C1Q is weak, and the ability to activate complement is insufficient. C1Q, which is a necessary molecule in the classical pathway to activate complement, staining is indeed lacking in kidney staining of IMN (Doi et al., 1984; Qin et al., 2011; Vidarsson et al., 2014; Koneczny, 2018). What’s more, it was found that eculizumab, which can block the formation of C5b-9, has no obvious effect for the treatment of IMN (Appel et al., 2002). In the animal model of IMN, the mechanism of complement damage to podocytes is also controversial. Despite the deposition of IgG under the epithelium, daily removal of serum complement factor C3 by cobra venom injection can still prevent proteinuria in Passive Heymann Nephritis (PHN) (Salant et al., 1980). However, there is some evidence that C5b-9 is not necessary for podocyte damage. It is reported that there is no significant difference in proteinuria between the PVG/C6- and PVG/C6 rats, and the proteinuria can appear in mice 3 days after injection of purified THSD7A antibody serum, but kidney tissue no C3 deposit was found in the staining (Tomas et al., 2016). In recent years, the theory that antibodies damage podocytes has also been proposed. Nicola et al. co-cultured the serum of mouse podocyte with THSD7A-positive patients in vitro and found that human-IgG combined with THSD7A on the surface of the mouse podocyte membrane showed significant skeleton rearrangement (Tomas et al., 2016). This may be related to the function of THSD7A. The binding of antibody to THSD7A inhibits the function of THSD7A, which may be involved in the adhesion function of cells, leading to podocyte damage (Tomas et al., 2016; Beck, 2017). PLA2R1 has a similar function. It is reported that M-PLA2R1 promotes the interaction between integrin β1 and collagen-I through the extracellular part to maintain podocyte stability (Watanabe et al., 2018). Therefore, the role of C5b-9 in podocyte injury is still controversial. This is debatable to explore the mechanism of herb medicine treatment of IMN in the C5b-9 pathogenic model. It is worth noting, immunosuppressive agents can promote the reduction of proteinuria in IMN, which seems to suggest that podocyte injury plays a secondary role. Some evidence suggests that steroids and immunosuppressants have some role in repairing podocyte (Faul et al., 2008; Guan et al., 2015; Li et al., 2015; Hosseiniyan Khatibi et al., 2020),but we don’t think that adjusting or repairing podocytes is the main role of immunosuppressants. It is reported that the response rate after 12 months of rituximab treatment was 60%, and the response rate after cyclosporine treatment was 52%. The remission rate in cyclosporine group is much lower than the rituximab group with time (Fervenza et al., 2019). Assuming that in membranous nephropathy, immunosuppressants have a dual role, which can both suppress immunity and improve podocyte function, the clinical remission rate should be higher than that of biological agents that only suppress immune effects, and the advantages should increase with time. However, existing studies have shown that rituximab is superior to cyclosporine in IMN. Of course, this is only a rough comparison, and it is also interfered by many factors. But it would be the fact improving podocyte function has taken a secondary role in IMN therapy. The mechanism that herb medicine improves podocytes may help us understand why one Chinese medicine can treat multiple kidney diseases, this may be because these herbs can improve podocyte injury, after all, podocyte injury is a common mechanism of renal proteinuria.

The above three research directions are not independent of each other. Traditional Chinese medicine may act on IMN through a variety of channels, and one prescription may contain anti-inflammatory and immunosuppressive effects. Different drugs or proportion of the prescription, the focus of treatment is different, which is also the embodiment of the individualization of traditional Chinese medicine. Immunosuppression alone or inflammatory therapy for IMN all have certain limitations. peripheral tolerance loss and T  and B lymphocyte subgroup imbalance may be the result of chronic inflammation immunity education. At this point, simply suppressing inflammation may not be effective, after all,the immune system of such patients may also be abnormal.




Difficulties in the Research of Chinese Medicine in IMN

In recent years, some progress has been made in the treatment of IMN with herb medicine, but we still face many difficulties, as shown in Figure 3. Firstly, Selection of animal models. In 1959, Heymann prepared a classic membranous nephropathy model by using the brush border of rat renal tubules (Heymann et al., 1959). Heymann nephritis is a classic animal model for studying membranous nephropathy, which can be divided into active and passive Heymann nephritis. The active model uses homologous renal homogenate and complete Freund’s adjuvant to immunize rats through the intraperitoneal route, the passive model is to inject heterologous antibodies against rat kidney homogenate produced in sheep and rabbits into rats, which all show similar pathology to IMN (Heymann et al., 1959; Zanetti and Druet, 1980). The HN rat model is regarded as a classic animal model due to its high similarity in pathology to human IMN. But Heymann rats were created by injecting antibodies or antigens into the rats and could not simulate the process of an autoimmune response (Jiang et al., 2020), which hinders the study of herb on autoimmune response. Second, the complexity and diversity of the components of herb medicine. For example, there are more than 100 components of Radix Astragali (Fu et al., 2014). More difficult is that the clinical application of TCM is mostly compound medicine rather than single TCM, it is more difficult to analyze the active ingredients of traditional Chinese medicine. Third, Lack of large-scale clinical trials to prove the effectiveness of herb medicine, The percentage of each component in the formulas varies based on the symptoms and signs of individual patients. Individual components in each herbal prescription are then adjusted at each follow-up visit to achieve the maximal effects, This often leads to different prescriptions for everyone, which makes the design and operation of clinical trials difficult. Fourthly, the mechanism of spontaneous remission is unknown. High spontaneous remission rate is one of the characteristics of IMN, about 1/3 of the patients can have spontaneous remission (Tomas et al., 2017). Thus, the treatment of traditional Chinese medicine is often regarded as spontaneous remission that affects the evaluation of the efficacy of traditional Chinese medicine. In fact, attenuating oxidative stress or inflammatory environment all contributes to reduce antigen exposure and gradually suppress immune response, which may be the reason of spontaneous remission. Yet many factors in daily life may improve internal environment and promote remission. Diet, sleep, mood, and environment all play a role in regulating inflammation, gut flora, and immunity (Besedovsky et al., 2012; D’Acquisto, 2017). However, at present, there is a lack of cohort studies on daily exposure factors that cause self-antigens to become non-self in membranous nephropathy. Expect large cohort study on IMN predictors to reveal the truth about spontaneous remission. Fifth, evaluation of nephrotoxicity. The nephrotoxicity of traditional Chinese medicine is a controversial topic, how to understand and study nephrotoxicity is still an urgent problem to be solved.




Figure 3 | Difficulties in the research of Chinese medicine in IMN.





Concluding Remarks

In this article, we have summarized the current traditional Chinese medicine prescriptions and targets for IMN. According to the pathogenesis of IMN and other characteristics, we have suggested that immunity and inflammation may be another important mechanism of action for herb medicine to treat IMN. Finally, we pointed out the development dilemma of Chinese medicine in IMN. Overall, the intervention mechanisms of herbal medicines on IMN are still in its infancy compared with CKD-associated other diseases. We do not list all the mechanisms of herb in IMN. Herbal medicines on CKD could be used for treatment of membranous nephropathy by targeting mentioned-above associated-CKD mechanism. For example, RAS inhibitors could lower blood pressure and reduce glomerular capillary pressure, the leakage of proteinuria. It has been demonstrated that herbal medicines could effectively blocked RAS by simultaneously targeting multiple RAS components (Chen et al., 2018c; Wang et al., 2018a; Wang et al., 2018b). Hope this article can bring different thinking to the scholars.
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Immunoglobulin A nephropathy (IgAN) is one of the most frequent kinds of primary glomerulonephritis characterized by IgA immune complexes deposition and glomerular proliferation. Zhen-wu-tang (ZWT), a well-known traditional Chinese formula has been reported to ameliorate various kidney diseases. However, its pharmacological mechanism remains unclear. Exosomes have been described in diverse renal diseases by mediating cellular communication but rarely in the IgAN. The purpose of the present study is to explore whether the underlying mechanisms of the effect of ZWT on IgAN is correlated to exosomes. Our results demonstrated that in human renal tubular epithelial cells (HK-2) stimulated by lipopolysaccharide, exosomes are obviously released after ZWT-containing serum treatment especially with 10% ZWT. In addition, once released, HK-2-derived exosomes were uptaked by human mesangial cells (HMC), which impeded the activation of NF-κB/NLRP3 signaling pathway to exert anti-inflammatory effects in a lipopolysaccharide induced proliferation model. Moreover, IgAN rat model was established by bovine serum albumin, CCL4 mixed solution and LPS. We found that 10% ZWT could significantly promote the release of exosomes from HK-2 and inhibit HMC proliferation to improve inflammation. Thus HK-2-derived exosomes treated with 10% ZWT (ZWT-EXO) were administered to the rats by tail vein injection. Our results showed that ZWT-EXO decreased the levels of 24 h proteinuria, urinary erythrocyte, IgA deposition in glomerulus and renal pathological injury which ameliorated the kidney damage. In addition, ZWT was able to dramatically promote secretion of exosomes in renal tissues while blocked NF-κB nuclear translocation as well as activation of NLRP3 inflammasome, leading to the inhibition of IL-1β and caspase-1. In conclusion, our study reveal that ZWT has protective effects on IgAN by regulating exosomes secretion to inhibit the activation of NF-κB/NLRP3 pathway, thereby attenuating the renal dysfunction. These findings may provide a new therapeutic target for the treatment of IgAN.
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Introduction

IgA nephropathy (IgAN) is the most common type of primary glomerulonephritis, characterized by immune complex deposition, glomerular mesangial cell (GMC) proliferation and extracellular matrix (ECM) deposition (Coppo, 2018). The deposition of immune complex can activate mesangial cells, induce cytokines secretion and promote cell proliferation, resulting in inflammation and ultimately leading to kidney damage (Zachova et al., 2020). The main clinical manifestations of IgAN are macroscopic hematuria accompanied by proteinuria, severe hypertension and renal insufficiency. Accumulating evidences demonstrated that approximately 30%~40% of patients with IgAN developed into end-stage renal disease (ESRD) within 20 years (Moroni et al., 2019; Chen et al., 2020). Regrettably, the mechanism upon IgAN has not been fully understood, which impedes the design of the specific treatment for the disease. Therefore, it is essential to uncover appropriate drugs for the IgAN therapy.

Exosomes are small extracellular vesicles derived from endocytic membranes that can be secreted by nearly all body cells, they range in size from 30 to 150 nm (Dong et al., 2019). Exosomes are now considered as critical messengers in intercellular communications by transferring biomolecules such as RNA, lipids and enzymes to the recipient cells, and play an important role in cellular functions including inflammation and immune response. Given to these properties, they are recognized as promising biomarkers for diagnosis and prognosis of many diseases (Gurunathan et al., 2019). There is growing evidence that exosomes have therapeutic effects on the renal diseases, such as acute tubular injury (Pan et al., 2019) and chronic kidney disease (CKD) (Wang B. et al., 2019). Furthermore, it has been indicated that exosomes can improve renal ischemic-reperfusion injury (IRI)-induced renal structural injury by restraining nuclear factor-κB (NF-κB) activation to subside the expressions of inflammatory cytokines (Li L. et al., 2019). Nevertheless, the specific mechanism by which exosomes mediate inflammation in the IgAN is largely unclear.

NLRP3 inflammasome, a m\ultiprotein complex consists of NLRP3, ASC, and pro–caspase-1, is considered to be closely associated with the pathogenesis of IgAN (Tsai et al., 2017). Activation of NLRP3 inflammasome requires two steps namely priming and activation. Transcription of NF-κB is a priming step which encourages the expressions of NLRP3 and pro–IL-1β. After that, NLRP3 inflammasome activation occurs when exposed to something endogenous or another environmental stimulus. Consequently, caspase-1 is activated which in turns to initiate the secretion of IL-1β and IL-18 in an inflammatory condition (Zhang and Wang, 2019; Yu et al., 2020). NF-κB activation is deemed as a censorious move in the evolution of IgAN into ESRD (Zhang et al., 2017). Furthermore, NLRP3 gene expression is enhanced in biopsies of IgAN patients and highly localized to the tubular epithelium. The up-regulated level is relevant with renal tubular damage (Peng et al., 2019). Notably, previous studies have illustrated that activation of NF-κB/NLRP3 pathway plays a significant part in the IgAN by regulating inflammation, and it is efficacious to ameliorate IgAN by hampering this pathway to decrease the generation of downstream proinflammatory factors (Hua et al., 2013; Xiang et al., 2020). However, the relationship between exosomes and NF-κB/NLRP3 pathway in renal diseases particularly in IgAN remains concealed. Therefore, it’s indispensable to elaborate the specific mechanism upon exosomes and NF-κB/NLRP3 signaling pathway, and dig out efficient therapeutic drugs to recuperate IgAN.

More and more traditional Chinese medicine (TCM) has been used for prevention and treatment of IgAN and gradually approved worldwide (Li et al., 2017; Li and Li, 2020). Zhen-wu-tang (ZWT) is a classical prescription of Treatise on Febrile Diseases written by Zhongjing Zhang, composed of Aconiti Lateralis Radix Praeparata, Poria, Atractylodis Macrocephalae Rhizoma, Paeoniae Radix Alba and Zingiberis Rhizoma Recens. ZWT could protect different kidney diseases by possessing properties of anti-inflammation (Liu et al., 2016), antiapoptotic, (Liu et al., 2017), anti-oxidant (Li et al., 2018) and so on. Our previous study found that ZWT mitigated membranous nephropathy through depressing NF-κB pathway and NLRP3 inflammasome (Liu et al., 2019).In addition, ZWT decreased proteinuria, alleviated kidney pathology and podocyte damage via blocking NF-κB pathway in IgAN rats model (Liu et al., 2018). However, it is largely unclarified if ZWT protects against IgAN via regulating exosomes. Thus, in the current research, we hypothesized that ZWT protects IgAN in rats by inhibiting NF-κB/NLRP3 pathway by regulating exosomes. Our findings may provide new notions for the treatment of IgAN.



Materials and Methods


Preparation of ZWT

ZWT consists of five herbs (Table 1), which were purchased from Kangmei Pharmaceutical Co. LTD, Guangzhou, China (Lot. 190305041, 190250291, 190103501 and 190103501). The herbs were weighed accurately according to the clinical dose. After being soaked in eight times distilled water for 1 h, the ingredients were boiled to prepare ZWT as previously stated (Liang et al., 2014). The final aqueous extract was obtained with a concentration of 1.68 g raw materials per milliliter.


Table 1 | The composition of Zhen-wu-tang (ZWT).





HPLC Analysis of ZWT

High Performance Liquid Chromatography (HPLC) analysis was conducted to identify the main chemical components of ZWT. The concentration of ZWT was 1 g/ml (1 ml solution contains 1 g of the original herbs). The standards of paeoniflorin (Lot.S-010-180416), benzoylaconine (Lot.B-010-190814), benzoylmesaconine (Lot.B-016-180606), atractylenolide II (Lot.B-034-181216), atractylenolide III (Lot.B-034-171217), 6-gingerol (Lot.J-038-180515) and pachymic acid (Lot.F-006-191014) were provided by Chengdu Herbpurify CO., LTD (purity > 98%, Chengdu, China). HPLC was performed on Agilent 1260 Infinity (Agilent Technologies, California, USA) equipped with a Phenomenex LC column (250 ×4.6 mm, 4 µm). The mobile phase eluted with ultra-pure water (A) and methanol (B) in gradient mode. The proportion of methanol was varied from 5% ~ 80% ~5% in 95 min (0–5 min, 5%–5% B; 5–20 min, 5%–10% B; 20–45 min, 10%–20% B; 45–55 min, 20%–40% B; 55–70 min, 40%–60% B;70–75 min, 60%–80% B; 75–85 min, 80%–80% B; 85–90 min, 80%–5% B; 90–95 min, 5%–5% B) at a flow rate of 0.8 ml/min. The column temperature was 24°C and the detection wavelength was set at 230 nm.



Drugs and Regents

Prednisone (Lot.1811231) was purchased from Suicheng Pharmaceutical Co. LTD, Zhengzhou, China. Bovine serum albumin (BSA, Lot.BSA190320) was obtained from Jiangsu Enmo Asai Biotechnology Co. LTD, China. Lipopolysaccharide (LPS, Lot.028M4094V) and GW4869 (Lot.0000063105) inhibitor of exosomes were provided by Sigma-Aldrich, USA. The ELISA kits for IL-1β (Lot.I17019960) and IL-18 (Lot.I29019961) were supplied by Cusabio Biotech Co. LTD, Wuhan, China. The antibodies goat anti-rabbit IgG/FITC (Lot. 120618), Rb a complement 3(C3, Lot. YE1110W), rabbit anti-rat IgA (Lot.13108) were from Bioss Biotechnology Co. LTD, Beijing, China. The antibody NLRP3/NLAP3 (cryo-2) mouse IgG2b (Lot. A27381510) was purchased from Life Science, USA. Anti-pro caspase-1 + p10 + p12 antibody (Lot.ab179515), rabbit anti-IL-1 beta antibody (Lot. ab9722), anti-CD9 antibody (Lot.ab92726), anti-CD81 antibody (Lot.ab109201), and anti-CD63 antibody (Lot.ab92726) were from Abcam, USA. HRP-linked anti-rabbit IgG (Lot.7074S), HRP-linked anti-mouse IgG (Lot.7076S),Alexa Fluor 488 anti-mouse IgG (Lot.4408S),Alexa Fluor 555 anti-mouse IgG (Lot.4409S), anti-p65 (Lot.8242) and anti-phospho-p65 (Ser536) (Lot.17) antibodies were provided by Cell Signaling Technology, USA. GAPDH mouse antibody (Lot.D2817) was purchased from Santa Cruz Biotechnology, USA. Exosomes-depleted fetal bovine serum (FBS) (Lot.180301-001) and ExoQuick-TC tissue culture media exosomes precipitation solution (Lot.180326-001) were purchased from System Biosciences, USA. The antibody ASC (Lot.2717) mouse monoclonal IgG1 was bought form Santa Cruz, USA. Dulbecco’s Modified Eagle Medium (DMEM)/F12, RPMI-1640 medium, fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin were from Thermo fisher scientific, USA.



Preparation of ZWT-Containing Serum

ZWT-containing serum (ZWTS) was manufactured as previously suggested (Liu et al., 2018). Concisely, fifty SD rats were randomly divided into two groups that one was treated with ZWT (16.8 g/kg), the other was treated with normal saline (10 ml/kg) to collect ZWTS and control serum (CS), respectively. Afterwards, blood samples were centrifuged at 845g for 10 min at 4°C. The serum was filtered after being deactivated at 56°C for 30 min, then stored at −20°C as a backup. Three concentrations of ZWTS were used in subsequent study: (1) 2.5% ZWTS with 7.5% CS as 2.5% ZWT (2) 5% ZWTS with 5% CS as 5% ZWT (3) 10% ZWTS as 10% ZWT.



Cell Culture and Treatment

Human renal tubular epithelial cells (HK-2) were purchased from Kunming Cell Bank of the Chinese Academy of Sciences (Kunming, China). Human mesangial cells (HMC) were provided from analytical testing center of Central South University (Changsha, China). HK-2 cells were cultured in DMEM/F12 supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. HMC were maintained in RPMI-1640 medium supplemented with 12% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. HK-2 cells were treated with 2.5% ZWT, 5% ZWT, 10% ZWT, and GW4869 (40 μM) with or without LPS (100 ng/ml) for 24 h. Besides, HMC proliferation model was stimulated by LPS (20 µg/ml) for 24 h. A humidified atmosphere at 37°C supplemented with 5% CO2 was provided for cells incubation.



Isolation of Exosomes

After being treated with different concentrations of ZWTS, cell culture supernatant from the HK-2 cells was acquired to isolate the exosomes. The supernatant was centrifuged at 4°C, 5,000g for 30 min to eliminate cell debris and then subjected to the exosomes ExoQuick-TC Tissue Culture Media Exosomes Precipitation Solution at 4°C overnight. The exosomes pellets (2.5% ZWT-EXO, 5% ZWT-EXO, 10% ZWT-EXO) were achieved after centrifugation for 30 min at 1500 g. BCA protein assay kits (Jiangsu, China) were used to determine the exosomes protein levels. The final concentration of ZWT-EXO for HMC was 16 µg/ml and 10 mg/ml for in vivo study.



Transmission Electron Microscopy

The exosomes were dropped onto a carbon-coated electron microscopy grid and precipitated for 3 min. After being rinsed with PBS, the samples were stained with phosphotungstic acid and dried at room temperature for 5 min. The exosomes were identified by transmission electron microscope (JEM-1200EX, Japan).



Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was performed with Nanosight ns300 (Malvern, UK). The exosomes were injected into the sample wells after diluted appropriately with PBS buffer. When the parameters were set, clicked “Creat and Run”, followed the on-screen prompts to complete the test. The particle size and concentration of the exosomes were obtained.



Cell Proliferation Assay

Cells were seeded into 96-well plates and treated for 24 h at 37°C. After the indicated treatments, 10 μl MTT solution at 5 mg/ml (Biosharp, Guangzhou, China) was added into each well. One-hundred-fifty-microliter DMSO (Macklin, Shanghai, China) was applied to dissolve the MTT-formazan crystals after an additional culture at 37 °C for 4 h. Lastly, a microplate reader (Thermo Fisher Scientific, USA) was able to measure the absorbance at 450 nm.



Co-Culture Experiment

HK-2 cells and HMC were cocultured by Transwell Permeable Support System of 12-well plates (0.4 µm pore-size,Corning, USA),.The former one was seeded in upper chamber while the recipient HMC were plated in the lower chambers. The cells were starved by serum-free medium for 12 h. Afterwards, HK-2 cells were labeled with 10 µM DiO dye (Beyotime, Shanghai, China) in the dark for 30 min. The cocultured experiment was carried out with or without ZWTS and GW4869 for 24 h. A confocal microscope (Zeiss, Germany) was managed to observe the uptake of DiO-labeled exosomes.



Animals

Forty-eight SPF male Sprague-Dawley rats (Certificate No. SCXK 2018-0002) weighing 180~220 g were supplied by Guangdong Medical Laboratory Animal Center. The animal experimental procedures were conducted in accordance with the guidelines of the European Community and the National Institute of Health of the USA (NIH Publications No 8023, revised 1987), approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine (No.20181106002). All animals were housed at 25± 2°C and 65% humidity and provided for standard rat chows and tap water ad libitum. Except for 8 rats were selected randomly as a control group, the remaining rats were administered orally of BSA (600 mg/kg) every other day for 12 weeks, and 0.6 ml of castor oil (containing 0.1 ml of CCL4, Aladdin, Shanghai, China) was injected subcutaneously to per rat once a week for 12 weeks. At the same time, 0.3 ml of LPS solution was injected to per rat in caudal vein on the 6th, 8th, 10th week for once. Urine protein level for 24 h and microscopic hematuria were used as indicators of success in this rat model. After that, forty rats were randomly divided into model group, ZWT low-dose group (8.4 g/kg), ZWT high-dose group (16.8 g/kg), ZWT-EXO group (7.5 mg/kg), and prednisone group (2 mg/kg), and there were 8 rats in each group. Ten percent ZWT can obviously promote exosomes release from HK-2 and effectively inhibit HMC proliferation to improve inflammation. HK-2-derived exosomes treated with 10% ZWT were administered to the rats by tail vein injection as ZWT-EXO group. The others were administered intragastrically at the rat weight of 10 ml/kg with corresponding drugs. The control and the model groups were provided for equal volume of saline. The experiment lasted for sixteen weeks.



Analysis of Urine Protein

No food for all animals but not prohibited from water on the 7th, 9th, 11th, 13th, 15th and 16th week, then the 24 h urine was collected to centrifuge at 3,500g for 5 min. Super-Bradford Protein Assay kits (CWBIO, Beijing, China) were used to detect the urine content.



Blood Sampling and Tissue Removal

At the end of the experiment, animals were euthanized as previously introduced (Wu et al., 2018). The blood and renal tissue samples were obtained. The blood was centrifuged for 10 min at 1,400g to isolate the serum for further analysis. The kidney tissues were assigned into two parts. One part was fixed in 4% paraformaldehyde (Yongjin Biological Technology Co, LTD Guangzhou, China) for hematoxylin-eosin (HE) or Periodic Acid-Schiff (PAS) staining, and the other was quickly frozen in liquid nitrogen and maintained at −80°C as a backup for next detections.



Serum Biochemical Analysis

The levels of blood urea nitrogen (BUN, Lot.20190709), serum creatinine (SCR, Lot.20190709), total protein (TP, Lot.20190711), albumin (ALB, Lot.20190712) were measured according to the instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



HE Staining

After being fixed in 4% paraformaldehyde, the renal tissues were dehydrated by gradient ethanol, and then embedded in paraffin. Subsequently, the tissues were cut into a 4 µm thickness and stained with hematoxylin-eosin. Lastly, the sections were visualized under a light microscope (OLYMPUS BX53, Shanghai, China) to evaluate histopathology.



PAS Staining

The renal tissues were dehydrated and cut into 4-µm thick slices as mentioned in HE staining. Afterwards, the tissues were rinsed with ultrapure water after processing with periodic acid solution for 10 min. Then stained with schiff dye solution and washed successively with sodium sulfite solution and ultrapure water for 10 min. Subsequently, Mayer hematoxylin was used for counterstaining nucleus, alcohol hydrochloride for differentiation, and ultrapure water for rinsed. Finally, the tissues were assessed and taken images by the light microscope (OLYMPUS BX53, Shanghai, China).



Immunofluorescence

The kidneys were embedded by optimal cutting temperature compound (OTC, Sakura, USA) and 6-μm sections were prepared with a freezing microtome (CryoStar NX50, Thermo Scientific, USA). The sections were fixed with pre-cooled acetone solution at 4°C for 15 min. After being washed with phosphate-buffered saline, the renal tissues were permeabilized with 0.5% Triton-X-100 (Dalian Meilun Biotechnology Co. LTD, Dalian, China). Next, the sections were blocked with 5% goat serum at room temperature for half an hour (Dalian Meilun Biotechnology Co. LTD, Dalian, China), incubated with the primary antibody IgA (dilution,1:200), IgG (dilution,1:200),C3 (dilution,1:200),CD63 (dilution,1:200), NLRP3 (dilution, 1:200) or ASC (dilution,1:200) at 4°C overnight protecting from light. The secondary antibody against IgG Fab2 Alexa Fluor 488 or 555 (dilution, 1:200) was employed to react with the sections, then stained with 4’,6-diamidino-2-phenylindole (Beijing Solibao Technology Co. Ltd, Beijing, China) for 5 min. Eventually, the immunofluorescence photographs were obtained by a laser confocal microscopy (Carl Zeiss, LSM800, Germany) after the samples were sealed with anti-fluorescent quencher (Dalian Meilun Biotechnology Co. Ltd, Dalian, China).



ELISA Assay for IL-1β and IL-18

IL-1β and IL-18 levels in the renal tissues were quantified using the ELISA kits according to the manufacturer’s protocol. The absorbance was examined at 450 nm using the full-wavelength microplate reader (Thermo Fisher Scientific, USA) within 5 min.



Western Blotting Analysis

Western blotting was fulfilled to measure the protein levels as previously mentioned (Wu et al., 2016). Protein samples of cells, renal tissues and exosomes were dissociated from SDS-PAGE, and transferred to PVDF membranes. After being subjected to 5% BSA (w/v) in TBST at room temperature, the membranes were treated with primary antibodies (1:1,000) overnight at 4°C. The primary antibodies were GAPDH, CD9, CD81, CD63, NLRP3, caspase-1 and pro–caspase-1, p-p65 NF-κB and p65 NF-κB, pro–IL-1β and IL-1β. After being rinsed thrice in TBST, the bands were incubated in goat anti-mouse or anti-rabbit secondary antibodies (1:5,000 or 1:10,000). An ECL kit (Millipore, MA, and USA) was required to visualize the reaction under an imaging system (Tanon 5200, Shanghai, China). Intensities of the bands were transformed by ImageJ 1.8.0 112 software. Protein expressions were normalized relative to appropriate controls.



Statistical Analysis

SPSS 25.0 software (Chicago, IL, USA) was used for performing the statistical analysis. Data were expressed as mean ± standard deviation (SD). Comparisons of data among groups were carried out by one-way ANOVA, followed by Duncan’s test. P< 0.05 was considered statistically significant. Analyses were run by GraphPad Prism 8.0.




Results


HPLC Analysis of ZWT

The main components of ZWT was analyzed by HPLC method. A representative chromatogram of ZWT was shown in Figure 1. Among the components discovered in the extract of ZWT, a total of seven components were identified according to their retention times (Table 2).




Figure 1 | HPLC analysis of Zhen-wu-tang (ZWT). (1) 6-gingerol, (2) paeoniflorin, (3) benzoylaconine, (4) benzoylhypacoitine, (5) atractylenolide III, (6) pachymic acid, and (7) atractylenolide II.




Table 2 | Herbal sources and retention times of seven components in Zhen-wu-tang (ZWT).





The Characterization of Exosomes and Intervention of ZWT

Studies have shown that HK-2 cells could regulate microenvironment and immune inflammatory response which play a significant role in the repair of renal injury (Hato et al., 2013). To assess this effect, we performed HK-2 cells-stimulated by LPS and intervention with ZWTS. The MTT assay showed that the cell viability of HK-2 cells was decreased by LPS, which was increased after intervention with ZWTS. In addition, 2.5% to 10% of ZWT had more significant protective effect on HK-2 cells, so this gradient concentration was used for subsequent experiments (Figure 2A). Exosomes were isolated from HK-2 cells and characterized via transmission electron microscopy (TEM) and NTA detection. TEM presented that all types of exosomes were classical round-shaped vesicles with double membrane structures (Figure 2B). There was a main peak of exosomal particle size of 109.0-, 136.3-, and 95.6-nm treated with control, LPS and 10% ZWT, respectively. Besides, the particle density was ascended a little bit when subjected to LPS (4.31×1010 particle/ml), but there was no remarkable difference compared with control group (3.07×1010 particle/ml). It was worth noting that the concentration of exosomes was spiked sharply when given to 10% ZWT (1.425×1012 particle/ml) (Figure 2C). Additionally, the expressions of exosomal protein markers were examined as well. As exhibited in Figure 2D, the expressions of CD9, CD81 and CD63 were promoted upon ZWTS intervention in comparison with LPS, and 10% ZWT treatment had the most significant promotion effect. These results indicated that ZWTS was able to stimulate HK-2 cells to secret exosomes.




Figure 2 | The characterization of exosomes and intervention of Zhen-wu-tang (ZWT). HK-2 cells were subjected to lipopolysaccharide (LPS) (100 ng/ml) and treated with or without ZWTS (2.5%, 5%, 10%, 15%, and 20%) for 24 h. (A) Cell vitality of HK-2 cells was examined by MTT assay. (n = 6). (B) Exosomes derived from HK-2 cells were identified by transmission electron microscopy (TEM). Magnification: ×15,000. Scale bar: 200 nm. (n = 3). (C) Size distribution of exosomes extracted from HK-2 cells conditioned medium by nanoparticle analysis (NTA). (n = 3). (D) Exosomal marker proteins including CD9, CD81, and CD63 in the supernatant of HK-2 cells were determined by western blot. (n = 3). The statistical data of all the proteins were analyzed and transformed by ImageJ 1.8.0 112 software. All values were shown as mean ± SD. #P < 0.05, ##P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with LPS group.





GW4869 Had a Negative Effect on the Release of Exosomes

At present, sphingomyelinase inhibitor GW4869 is basically an exosomes inhibitor recognized to impede exosomes liberation. To further confirm the impact of ZWT on exosomes production in HK-2 cells, GW4869 treatment was conducted to evaluate this effect. As seen from the western blot result, the addition of GW4869 at a concentration of 40 µM distinctly reduced CD9 and CD81 release. Therefore, the concentration of 40 µM was used for subsequent experiments (Figure 3A). Additionally, fluorescence intensity of CD63 increased in a dose-dependent manner after ZWTS therapy. In contrast, the staining intensity decreased after exposure to GW4869 (Figure 3B). It was revealed that GW4869 had a negative effect on exosomes release from HK-2 cells, hindering the effect of ZWT on exosomes liberation.




Figure 3 | GW4869 had a negative effect on the release of exosomes. (A) Exosomal protein levels in the supernatant of HK-2 cells after GW4869 treatment were analyzed by western blot, 40 μM was the optimal concentration to inhibit the expressions of CD9 and CD81 (n = 3). The statistical data of all the proteins were analyzed and transformed by ImageJ 1.8.0 112 software. Data were expressed as mean ± SD. #P < 0.05, ##P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with lipopolysaccharide (LPS) group. (B) Confocal microscopic images of exosomes secreted from the HK-2 cells treated with or without LPS, ZWTS, and GW4869. Magnification: ×200. Scale bar: 20 μm.





ZWT Regulated Secretion of Exosomes, Which Affected NF-KB/NLRP3 Signaling Pathway in the HMC Proliferation Model

The pathogenesis of IgAN is complicated. Mesangial cell is activated when immune complexes come into glomerulus. After that, excessive cell proliferation and cytokines release trigger kidney injury (Sallustio et al., 2019). To elucidate the underlying protective mechanism of ZWT treatment in IgAN. An LPS-induced HMC proliferation model was designed in vitro. As ZWT could boost the exosomes secretion, we performed exosomes extraction from the HK-2 cells. Thus, whether ZWT ameliorating HMC proliferation through exosomes was studied. HMC proliferation was increased by LPS stimulation. This condition was attenuated after ZWT-EXO treatment and in the 10% ZWT-EXO group, the decrease was the most notable. (Figure 4A). Exosomes play a critical role in many kidney diseases through regulating NF-κB. NF-κB transcription urges NLRP3 activation which leads to the release of IL-18 and IL-1β. We then investigated whether ZWT-EXO regulated the NF-κB/NLRP3 signaling pathway during HMC proliferation. The results demonstrated that the expressions of p-p65, NLRP3, IL-1β and caspase-1 were up-regulated by LPS stimulation. After therapy of ZWT-EXO, the expressions of these proteins were significantly decreased (Figures 4B–F). These data displayed that ZWT regulated secretion of exosomes, which suppressed NF-κB/NLRP3 signaling pathway to lenify HMC proliferation.




Figure 4 | Zhen-wu-tang (ZWT) regulated secretion of exosomes, which affected NF-κB/NLRP3 signaling pathway in the human mesangial cell (HMC) proliferation model. HMC were treated with lipopolysaccharide (LPS) (20 μg/ml) and cultured in the absence/presence of ZWT-EXO for 24 h. (A) Cell proliferation of HMC by MTT analysis. (n = 6). (B) Western blot was carried out to measure the expressions of NLRP3, p-p65, p65, caspase-1, pro–caspase-1, IL-1β, and pro–IL-1β in the HMC. (C–F)The statistical data of all the proteins were analyzed and transformed by ImageJ 1.8.0 112 software. The obtained values of p-p65 were normalized to p65, caspase-1 were normalized to pro–caspase-1 and IL-1β were normalized to pro–IL-1β. (n = 3). All values were presented as mean ± SD. #P < 0.05, ## P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with LPS group.





HK-2-Derived Exosomes Were Absorbed by HMC

When exosomes are released, the next step is the uptake by recipient cells (H et al., 2017). In order to explore the communication between HK-2 and HMC, we established a coculture system. A 0.4-μm transwell filter was applied to prevent the DiO-labeled HK-2 and HMC contact directly. As expected, the fluorescence-labeled exosomes were observed in the HMC, and the uptake ability was reinforced in the group of ZWTS-treated while GW4869 also exerted an opposite side (Figure 5A). To clarify this internalization of exosomes inside HMC whether influence the NF-κB/NLRP3 pathway, we next performed the protein assay. After being cocultured, the expressions of p-p65, NLRP3, IL-1β, and caspase-1 in the HMC were enhanced by LPS. This condition was markedly reversed by treatment of ZWTS especially with 10% ZWT. In addition, when the exosomes were blocked by GW4869 treatment, the effect of ZWTS was weaken (Figures 5B–F). As a result, exosomes could be taken in by HMC, and down-regulation of NF-κB/NLRP3 pathway was associated with increased uptake of exosomes after ZWT treatment.




Figure 5 | HK-2-derived exosomes were absorbed by HMC. (A) DiO-labeled HK-2 cells were cocultured with recipient cells of HMC using a transwell system for 24 h. (B–F) After being cocultured HK-2 cells and HMC, western blot was conducted to detect the expressions of NLRP3, p-p65, p65, caspase-1, pro–caspase-1, IL-1β and pro–IL-1β in the HMC. The statistical data of all the proteins were analyzed and transformed by ImageJ 1.8.0 112 software. The obtained values of p-p65 were normalized to p65, caspase-1 were normalized to pro–caspase-1 and IL-1β were normalized to pro–IL-1β. (n = 3). All values were presented as mean ± SD. #P < 0.05, ## P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with LPS group.





ZWT-EXO Improved Renal Function of IgAN Rats

To investigate the impact of exosomes on the IgAN, we set up an IgAN rat model in vivo. As 10% ZWT treatment could further facilitate exosomes release form HK-2 and more effectively suppressed inflammation in the HMC proliferation model. Exosomes were isolated from HK-2 cells treated with 10% ZWT, the rats were administered by tail vein injection as ZWT-EXO group. ZWT-EXO was able to reduce the 24-h urine protein (Figure 6A) and the urinary erythrocyte numbers (Figure 6B) compared with the model group. TP, ALB, BUN and SCR indicators were also detected to assess the renoprotective effects of ZWT-EXO. Compared with the model group, content of TP (Figure 6C) and ALB (Figure 6D) were upregulated while the BUN (Figure 6E) and SCR levels (Figure 6F) were declined after undergoing ZWT-EXO injection. These data suggested that ZWT-EXO played a protective role in IgAN rats through improving renal function.




Figure 6 | ZWT-EXO improved renal function of immunoglobulin A nephropathy (IgAN) rats. (A) 24-h urine protein of the IgAN rats in the different periods. (n = 8). (B) Urinary erythrocyte numbers at high power field of the IgAN rats in the different periods. (n = 8). (C–F) The content of total protein (TP), albumin (ALB), blood urea nitrogen (BUN), and serum creatinine (SCR) in the serum of IgAN rats (n= 5). All values were presented as mean ± SD. #P < 0.05, ## P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with lipopolysaccharide (LPS) group.





ZWT-EXO Dampened Renal Inflammation and Structure Damage of IgAN Rats

Renal functional decline of IgAN is related to the expression of inflammatory changes (Deng et al., 2019). We undertook ELISA assay to determine the inflammatory content of IL-1β and IL-18. As shown in the Figure 7A, the expressions of IL-1β and IL-18 were apparently raised in the model group compared with the normal one. Significant lower levels of these inflammatory cytokines displayed in the ZWT-EXO group. Kidney sections were subjected to PAS staining and HE staining to evaluate the renal histology. The IgAN kidneys displayed abnormal morphology, structural disorder and glomerulus swelling. The obvious mesangial cells proliferation in untreated rats was accompanied by cellular infiltration and matrix dilation. These pathological changes were limited in rats administered with ZWT-EXO (Figures 7B, D). IgAN is mainly characterized by immune complexes deposition in the mesangial area, evoking activation of the complement system such as C3.We found that there were conspicuous fluorescence signals of IgA and IgG in the IgAN kidneys. Meanwhile, the C3 complement was expressed higher than that in the control group. On the contrary, slight signals were observed in rats infused with ZWT-EXO (Figure 7C). These results indicated that ZWT-EXO could alleviate renal inflammation and pathological damage via dramatically dampening the deposition of immune complexes in IgAN rats.




Figure 7 | Exosomes dampened renal inflammation and structure damage of immunoglobulin A nephropathy (IgAN) rats. (A) IL-1β and IL-18 levels in the IgAN renal tissues from the different groups. (n= 5). (B) The photographs of H&E staining in IgAN renal tissues under a light microscope at 400× magnification. Scale bar: 20 μm. The arrows indicated the partial pathological changes as inflammatory infiltration with black arrow and glomerulus swelling with red arrow. (C) Circulating immune complexes of IgA, IgG, and C3 in the renal tissues were examined by confocal imaging at ×200 magnification. Scale bar: 20 μm. (D) The images of IgAN renal tissues by Periodic Acid-Schiff (PAS) staining under a light microscope at ×400 magnification. Scale bar: 20 μm. Black arrow: mesangial cells proliferation and cellular infiltration. Red arrow: matrix dilation.





ZWT Was Able to Reinforce the Secretion of Exosomes in IgAN Rats

In vitro study, we have demonstrated that the expression of exosomes in the HK-2 cells is significantly upregulated by the intervention of ZWTS. To further confirm the underlying mechanism of ZWT on IgAN rats, we had new findings. We unearthed that CD63 was hardly presented in the normal rats but distributed stronger in the IgAN glomerulus. After intervention of ZWT, CD63 fluorescence was further strengthened especially in the high-dose group, as well as in the ZWT-EXO group (Figure 8A). Similar result was discovered in the expression of CD63 protein (Figures 8B, C). Moreover, CD81 and CD9 levels in the renal tissues were also notably intensified in the ZWT-treated rats (Figures 8B, C). These results demonstrated that ZWT could plainly facilitate exosomes release of kidney in IgAN rats.




Figure 8 | Zhen-wu-tang (ZWT) was able to reinforce the secretion of exosomes in immunoglobulin A nephropathy (IgAN) rats. (A) CD63 expression in the glomerulus was evaluated by confocal imaging at ×200 magnification. Scale bar: 20 μm. (B, C) Western blotting of CD9, CD63, and CD81 expressed in the glomerulus of IgAN rats. (n= 3).All values were presented as mean ± SD. #P < 0.05, ##P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with LPS group.





ZWT Blocked the NF-κB/NLRP3 Signaling Pathway in IgAN Model Rats

It was reported that NF-κB-activated immunoreactive inflammation was a hinge step in the development of IgAN into ESRD (Zhang et al., 2020). Translocation of NF-κB would empower the expressions of NLRP3 and pro–IL-1β. Subsequently, NLRP3 recruited ASC and pro–caspase-1 proteins. The inflammasome was formed to encourage the active expressions of IL-1β and IL-18, which finally incited phlogistic response in vivo (Ren et al., 2019). As seen in the results, the protein levels of p-p65, NLRP3, caspase-1 and IL-1β were increased in the renal tissues of IgAN rats. In contrast, these levels were significantly repressed by ZWT-EXO and ZWT (Figures 9A, C). Otherwise, colocalization of ASC and NLRP3 in the kidney tissues was highly expressed in the IgAN rats compared with the control group. Luckily, the condition was curbed after following ZWT-EXO or ZWT treatment (Figure 9B). Taken together, these data suggested that ZWT inhibited the NF-κB/NLRP3 signaling pathway in IgAN model rats, and ameliorated inflammation response via exosomes.




Figure 9 | ZWT blocked the NF-κB/NLRP3 signaling pathway in immunoglobulin A nephropathy (IgAN) model rats. (A, C) Western blot was carried out to investigate the expressions of NLRP3, p-p65, p65, caspase-1, pro–caspase-1, IL-1β, and pro–IL-1β in the kidney tissues of IgAN rats. The statistical data of all the proteins were analyzed and transformed by ImageJ 1.8.0 112 software. The obtained values of p-p65 were normalized to p65, caspase-1 were normalized to pro–caspase-1 and IL-1β were normalized to pro–IL-1β. (n= 3). Data were shown as mean ± SD. #P < 0.05, ##P < 0.01, compared with control group; *P < 0.05, **P < 0.01, compared with lipopolysaccharide (LPS) group. (B) The colocalization images of NLRP3 and ASC were measured by immunofluorescence with confocal imaging at ×400magnification. Scale bar: 20 μm.






Discussion

ZWT is a traditional Chinese herbal prescription that has been widely applied to remedy many kidney diseases for years in China. In the previous study, we have proved that ZWT showed a good improvement effect on IgAN (Liu et al., 2018). However, the accurate pathogenetic mechanisms have not been fully acknowledged. Here, HK-2-derived exosomes treated with ZWT were isolated to treat IgAN for the first time and demonstrated that they could relieve renal damage of IgAN rats by suppressing HMC proliferation and down regulating NF-kB/NLRP3 pathway.

Exosomes are widely distributed in various body fluids, which carry diverse biological content including DNA, RNA and protein (He et al., 2018). When the exosomes are isolated, it is necessary to identify the morphological structure and particle size. Some standard methods have been used to identify exosomes. The size and shape can be characterized by NTA and TEM (Wang et al., 2016). Besides, exosomes membranes are enriched in tetraspanins such as CD9, CD63 and CD81 which are thought to play a key role in exosomes biogenesis, and are widely used as exosomes markers. They can be examined by western blot and flow cytometry (Whiteside, 2016). In our work, the results of TEM showed that exosomes were cup-shaped extracellular microvesicles with a lipid bilayer membrane structure. From the analysis of NTA, we discovered that the main peaks of the particle sizes in the control, LPS and ZWT group were 109.0, 136.3, and 95.6 nm, respectively. They were in the range of 30 to 150 nm in accordance with the NTA standard. The tetraspanins including CD9, CD81, and CD63 are also clearly observed through western blotting data. Namely, we isolated the exosomes successfully.

IgAN is a common type of chronic glomerular diseases worldwide (Luan et al., 2019). Multiple factors are involved in the pathogenesis of IgAN. When circulating complexes deposit in the glomeruli, the GMCs are activated, followed by cell proliferation and excessive production of inflammatory factors that promote impaired renal function (Chang and Li, 2020). As a new kind of biological marker, exosomes can not only mediate intercellular communication in inflammation but also remove waste or harmful components, which participate in the development of many renal deseases (Li Q. et al., 2019). Particularly, a new report illustrated the circRNAs carried by exosomes from HG-treated glomerular endothelial cells (GECs) activate GMCs, thus promoting kidney fibrosis in diabetic nephropathy. (Ling et al., 2019). The interaction between HK-2 and HMC has been considered closely related to the pathogenesis of IgAN. However, the detailed relationship between them in the development of IgAN has not been investigated. Hence, we performed this study to articulate their connection in IgAN. We found that exosomes secretion was extraordinarily intensified from HK-2 cells after undergoing ZWT treatment. HMC proliferation was muffled by the ZWT-EXO especially with the 10% ZWT. We injected 10% ZWT-EXO into the rats, and the influence of ZWT-EXO on IgAN was evaluated. The results indicated that ZWT-EXO intervention obviously decreased hematuria and proteinuria. And the pathological injuries were also improved with reduction of accumulated immune complexes which restored the renal function.

NF-κB is discovered as a crucial mediator of inflammation and immunity, which involved in pathophysiological processes such as generation of cytokines and chemokines (Mussbacher et al., 2019). Several previous studies showed that NF-κB played a significant role in the processes of IgAN (Zhang and Sun, 2015; Yuan et al., 2017). NF-κB expression is negatively correlated with the prognosis of IgAN patients (Silva et al., 2011). Besides, there is growing evidence that exosomes can mitigate various inflammatory responses by inhibiting the NF-κB signaling pathway (Duan et al., 2019; Wang Z. et al., 2019). However, it is rarely reported in IgAN. In this work, NF-κB was activated in the LPS stimulated HMC proliferation model and IgAN rats. Interestingly, it was curbed after undergoing ZWT-EXO treatment. In addition, ZWT treatment accelerated the expressions of exosomal markers in the kidney tissues, which made us further convince that ZWT was beneficial for the treatment of IgAN via regulating exosomes.

NLRP3 inflammasome has been increasingly focused due to aggravating the inflammation in diverse renal diseases (Fan et al., 2019; Seo et al., 2019). It was described that NLRP3 mRNA in the serum of IgAN patients was higher than the healthy people. In addition, NLRP3 took part in the pathogenesis of IgAN in an inflammasome-dependent way (Kim et al., 2019). It is well known that transcription of NF-κB is a priming step of NLRP3 inflammasome activation. Afterwards, caspase-1 is matured by cleavage of pro–caspase-1, which pushes IL-1β and caspase-1 to be matured. As a result, inflammatory response is sparked off which participates in the occurrence of immune inflammatory diseases (Lu et al., 2019). However, there is little information about the molecular mechanisms between exosomes and NLRP3 inflammasome. It is shown that once exosomes are released, the next step is the uptake of their contents by the recipient cells, and some exosomes-induced cellular responses do not require the recipient cells to absorb the exosomes. Signal cellular communication can be caused by adhesion of exosomes surface proteins to receptors expressed on the recipient cells (Dassler-Plenker et al., 2020). Therefore, HK-2-derived exosomes were extracted and applied to the HMC proliferation model to observe the direct effect. Meanwhile, a coculture system was also performed to investigate the active uptake ability of HMC. In the present study, we found that ZWT-EXO could directly suppressed NF-κB/NLRP3 signaling pathway to mitigate HMC proliferation. Furthermore, HK-2-derived exosomes could be internalized into HMC, and ZWT promoted this uptake effect and reduced the protein levels of NLRP3, IL-1β, and caspase-1.However, the uptake effect was weakened when subjected to GW4869 intervention which had an impact on the expression of the NF-κB/NLRP3 signaling pathway. Besides, the colocalization of ASC and NLRP3 in the renal tissues was curbed after ZWT or ZWT-EXO treatment. Therefore, ZWT-EXO plays an important role in regulating NF-κB/NLRP3 pathway to relieve IgAN.

It is noted that our work has some limitations and should be elaborated in the future research. Firstly, exosomes can also carry biological genetic components such as mRNA and microRNA. Thus additional studies are necessary to clarify what kind of specific content is playing a role. Secondly, the location of the exosomes distributed in the target organs should be confirmed in IgAN model rats. Finally, ZWT consists of five traditional Chinese medicines with complex ingredients. It is essential to further clarify the effective compounds of ZWT on IgAN treatment and the precise targets.

In conclusion, our results provide new evidence that ZWT has protective effects on IgAN by regulating exosomes secretion. NF-κB/NLRP3 pathway is involved in the onset and progression of IgAN rats. Strengthening the secretion of exosomes to restrain NF-κB/NLRP3 signaling pathway is a prospective mechanism of ZWT treatment on IgAN. Our findings may provide new notions for the treatment of IgAN. Maybe we can try to explore new drugs from the perspective of exosomes in the future of clinical trials.
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Background

Nephrolithiasis is a systemic metabolic disease with a high prevalence worldwide and is closely related to lipid-mediated oxidative stress and inflammation. Orthosiphon stamineus Benth. (OS) is a traditional medicinal herb mainly containing flavonoids, caffeic acid derivatives, and terpenoids, which has the effect of treating urinary stones. However, the active ingredients of OS for the treatment of kidney stones and their regulatory mechanisms remain unknown. As a powerful antioxidant, flavonoids from herbs can mitigate calcium oxalate stone formation by scavenging radical. Thus, this work focused on EtOAc extract of OS (EEOS, mainly flavonoids) and aimed to reveal the potential intrinsic mechanism of EEOS in the treatment of kidney stones disease.



Methods

Firstly, 75% ethanol extract of OS was further extracted with EtOAc to obtain EtOAc extract containing 88.82% flavonoids. Secondly, the extract was subjected to component analysis and used in animal experiments. Then, an untargeted lipidomics based on ultrahigh performance liquid chromatography coupled with TripleTOF 5600 mass spectrometer (UPLC-QTOF-MS) was performed to test the lipid changes of kidneys in the control group, model group and EEOS treatment groups. Finally, multivariate statistical analysis was used to identify differences between the lipid profiles of mice in the model group and the EEOS group.



Results

Fifty-one lipid metabolites were significantly different between the mice in the model group and the EEOS intervention group, including glycerophosphocholines, glycerophosphoethanolamines, glycerophosphoinositols, and glycerophosphoglycerols. And the composition of glycerophospholipids-esterified ω-3 polyunsaturated fatty acids and glycerophospholipid subclasses in the kidneys of the EEOS group significantly changed compared to model group.



Conclusions

The EEOS can inhibit the stones formation by improving oxidative stress and inflammation mediated by glycerophospholipid metabolism. This study reveals the potential mechanism of EEOS for kidney stones treatment at the lipid molecule level, providing a new direction for further study of the efficacy of OS.
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Introduction

Nepholiathiasis, the third most common disease of the urinary tract, aggravates the economic burden of people and affects the life quality of patients because of the high prevalence and high recurrence rate (Zeng et al., 2017). At present, several significant therapeutic treatments has been achieved in nepholiathiasis, such as extracorporeal lithotripsy and percutaneous nephrolithotomy. However, these approaches have side effects such as hemorrhage, hypertension, tubular necrosis and subsequent renal sprain (Ackaert and Schröder, 1989), and cannot prevent the recurrence of stones. Therefore, it’s necessary to find new effective and less side effects treatment methods for kidney stones.

Herbal medicines has a significant effect on the treatment of kidney stones with few side effects. Recently, more and more researches on traditional herbal medicine in stone resistance have been made, such as the Punica granatum chloroform extract and Punica grantum methanol extract have an effective in decreasing the urolithiasis in male rats (Rathod et al., 2012) and the aqueous extract of Taraxacum officinale has an effective anti-crystallization activity (Yousefi Ghale-Salimi et al., 2018). Orthosiphon stamineus Benth. (OS, Barcode 00190087), also named Cat’s whiskers, is a medicinal plant of the family Lamiaceae and widely distributed in Southeast Asian and China. Published literature showed that the main compounds in OS are flavonoids, terpenes, and caffeic acid derivatives (Sumaryono et al., 1991; Tezuka et al., 2000). At present, researches on OS for the treatment of kidney diseases such as nephritis, kidney infection and cisplatin nephrotoxicity have been widely carried out (Hiromitsu et al., 2003; Pariyani et al., 2017; Sarshar et al., 2017), especially in the treatment of kidney stones. For instance, the 50% methanol extract of OS inhibits the calcium oxalate crystal growth (Dharmaraj et al., 2006) and aqueous extract of OS has protective effect in a calcium oxalate stone forming (Akanae et al., 2010). However, these studies usually focused on the total extracts of OS and lacked systematic explanations on the mechanism of extracts in the treatment of kidney stones.

Lipids are well known to be involve4d in occurrence and development of nephrolithiasis. Epidemiological studies have shown that the stone risk incidence increases in people with dyslipidemias (Armando Luis et al., 2008; Ho Won et al., 2014; Kirejczyk et al., 2015). The lipid content in the urine of patients with kidney stones is positively correlated to the extent of renal tubular damage and oxidative stress (Boonla et al., 2011). Emerging evidence indicates that oxidative stress and inflammatory responses are related to the formation of CaOx nephrolithiasis (Khan, 2014; Dominguez-Gutierrez et al., 2018; Sharma et al., 2019). And our previous study also demonstrated that the lipid-mediated oxidative stress and inflammation are closely related to the development of kidney stones (Chao et al., 2018). Oxidative stress induced cellular damage and inflammatory processes can promote aggregation and retention of CaOx crystals. Lipid peroxidation is an important component of oxidative stress, which may explain the increased risk of stones in people with abnormal lipid metabolism.

As a powerful antioxidant properties, flavonoids from herbs have exhibited radical-scavenging activity and have been proven to be effective for mitigating calcium oxalate stone formation (Byong Chang et al., 2006; Park et al., 2008), but it lacks systematic study on the anti-stones mechanism of flavonoids in OS. The 75% ethanol extract of OS was further extracted with EtOAc to obtain an EtOAc extract containing 85% flavonoids (Yu-Sen et al., 2012). Thus, this work focused on EtOAc extract of OS(EEOS) and aimed to reveal the potential intrinsic mechanism of EEOS in the treatment of kidney stones disease. An untargeted lipidomics based on UPLC-QTOF/MS platform was applied to study the differential lipids between glyoxylate-induced kidney stones mice and EEOS administration mice.



Materials and Methods


Chemicals and Reagents

Methanol, acetonitrile and isopropanol (HPLC grade) were purchased from Merck (Darmstadt, Germany). Formic acid was obtained from Fluka (Buchs, Switzerland). Ammonium formate and internal standard 1-heptadecenoyl-sn-glycero-3-phosphocholine were from Sigma-Aldrich (St. Louis, Missouri, USA). Chloroform (HPLC grade) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Glyoxylic acid(50% in water) was purchased from TCI Development Co., Ltd. (Shanghai, China). Ultrapure water was prepared using a Milli-Q water purification system (Millipore Corp., Billerica, MA, USA).



Preparation of EtOAc Extract From OS

Dried material of OS was obtained from Anguo (Hebei, China). The material was identified by Prof. Lian-na Sun (School of Pharmacy, Second Military Medical University, Shanghai, China). The extraction method is referred to Yu-Sen Zhong et al. (Yu-Sen et al., 2012). Briefly, the dry material of OS was boiled in 12 volumes of 75% ethanol (v/w) for 1h and the OS ethanol extracts were extracted with 3 volumes of petroleum ether, EtOAc and n-BuOH to obtain 3 fractions. And the component analysis of EEOS fraction was carried out by UPLC-Q-TOF/MS method and the detailed methodology of the experiment was shown in the supplementary materials section. As a intervention, the dry power of EEOS was prepared into a suspension of 24 mg/ml with 0.5% CMC-Na and stored at 4°C.



Animal Experiments

Animal experiments followed the National Institutes of Health guide for the Care and Use of Laboratory Animals. Eighteen wild-type male C57BL/6 mice (7–8 weeks) were purchased from Shanghai SLAC laboratory Animal Co., Ltd.(Shanghai, China). Mice were housed in groups(control group, model group, EEOS group) of six per standard cage. The animal experiments lasted seven days and the mice were given drug at 8:30 am every day. Model group and EEOS group were injected with glyoxylate at a dose of 120 mg/kg/day and control group was injected with the same volume of saline. Two hours after injection of glyoxylate, the EEOS group was treated EEOS suspension by intragastric administration at a dose of 360 mg/kg/day, while the control group and model group were given 0.5% CMC-Na. In addition, Cystone was selected as the positive reference drug. The selection of the dose of EEOS administered and positive reference drug is described in the supplemental materials section.



Samples Collection

On the seventh day of animal experiments, mice were anesthetized with 3% chloral hydrate and blood samples were collected by orbital puncture, and then the kidneys were collected. After clotting at 4°C for 2 h, the blood was centrifuged at 3,500 rpm for 15 min and the serum was saved for biochemical analysis. After removing the capsule and pelvis, three kidneys of each group were fixed in neutral 4% paraformaldehyde purchased from Servicebio company (Wuhan, China) and the others were immediately stored at −80°C.



Histological and Biochemical Analysis

Kidneys were fixed in 4% paraformaldehyde and embedded in paraffin. Sections (3–4 μm) were prepared and dyed using the Von Kossa stain kit(calcium Stain). The principle of Von Kossa staining is metal replacement. Its main process includes: Section dewaxing to water, Silver nitrate reaction, Hematoxylin- Eosin staining, dehydration and sealing. Calcium deposition was estimated by observing stained plaques.

The contents of serum creatinine and blood urea nitrogen were measured using a Chemray 240 automatic biochemistry analyzer (Shenzhen, Guangdong, China). Six serum samples from each group were tested for serum creatinine and blood urea nitrogen.



Samples Preparation and UPLC-QTOF/MS Analysis

Six kidney samples from each group for UPLC-QTOF/MS analysis. Kidney tissue was weighed and homogenized in methanol/chloroform/water (v/v/v,2:1:0.8) followed by the addition of a volume of chloroform and a volume of water to extract the lipids. After vortexing for 30 s, the mixed samples were placed at room temperature for 5 min and then centrifuged at 13,000 rpm for 10 min at 4°C and 200 μl of chloroform were transferred to an Eppendorf tube and evaporated under nitrogen. The dried extracts were reconstituted with 400 μl of an chloroform/methanol (1:1,v/v) solution and transferred to autosampler vials. To monitor system stability, a quality control (QC) sample was prepared by mixing the same volume of each sample.

UPLC-QTOF/MS analysis was performed on a CBM-20A/Alite HPLC system (Shimadzu, Japan) equipped with a TripleTOF 5600 mass spectrometer (AB Sciex, USA). Chromatographic separations were performed on a Waters XBridge™ BEH C18 column (2.1 mm × 100 mm, 2.5 μm, Waters, Milford, MA). The mobile phases consisted of 40:60 water: acetonitrile(A) and 9:10:81 acetonitrile: water: isopropanol (B), both containing 0.1% formic acid and 10mM ammonium formate. The flow rate was held constant at 0.3 ml/min and the injection volume was 1 μl. The gradient elution conditions were: 0min, 40% B; 3 min, 68% B; 5 min, 70% B; 7 min, 70% B; 12 min, 85% B; 15 min, 99% B; 19 min, 99% B; 19.1 min, 40% B. The entire chromatographic gradient time is 24 min and the column temperature was 45°C.

The mass spectrometer was operated in both positive and negative information-dependent acquisition (IDA) modes. The specific instrument parameters were as follow: the source temperature was 550°C; the ion source gas 1 and 2 were 60 psi and the curtain gas was 35 psi; the ion spray voltage floating was 5.5 kV in positive mode and 4.5 kV in negative mode. The accumulation time for full scan was 150 ms and the accumulation time for each IDA experiment was 55 ms. The mass range from m/z 100 to m/z 1,300 and the collision energy was set 45 eV. Eight spectra with an intensity threshold above 100 cps, isotope exclusion were set to 4 Da.



Data Processing and Statistical Analysis

The raw data were converted into “Analysis Base File” (ABF) format files by ABF Converter 4.0.0 software. Then, all data were analyzed using MSDIAL 3.20 software, which can perform deconvolution, streamline criteria for peak identification and identify lipids. Finally, an alignment result, with a list of accurate mass, retention time, metabolite name, and corresponding intensities for all the detected peaks, was exported in.txt format. After the data were internal standard normalized, the resultant data matrices were introduced to the SIMCA-P 11.0 software for unsupervised principal component analysis (PCA) and partial least squares discriminate analysis (PLS-DA).

Statistical analysis was performed using SPSS21.0. The significant differences of three groups were tested by one-way ANOVA followed by a Turkey test for multiple comparisons. P < 0.05 and fold change value (FC) greater than 1.5 or less than 0.67 were considered statistically significant.




Results


Compounds Analysis in the EEOS

UPLC-QTOF/MS approach was applied to identify the compounds of EEOS fraction (Figure S1) and detailed method is listed in supplemental materials section. As shown in Table S1, twenty-two compounds, mainly flavonoids, also contain several phenolic acids and terpenes, were identified from the EEOS fraction. Qualitative analysis of the EtOAc extract was based on the precursor ion and product ions of the standards. Representative qualitative analysis results are shown in Figures S2–S4.

Using the rutin standard as a control, total flavonoids content of EEOS was determined by a colorimetric method, linear relationship between absorbance (A) and rutin concentration (C, μg/ml) by equation A= 0.0128C +0.0073(R2 = 0.999) (Table S2). The final results indicated that the total flavonoids content in EEOS was about 88.82% (Table S3). In addition, rosmarinic acid, eupatorin and salvigenin were selected as the indexes to test the reproducibility of the EEOS extraction. The relative standard derivation (RSD) values of the peak areas of each component were less than 5% in six sets of experiments (Table S4), indicating that the EEOS extraction is reproducible.



Histological and Biochemical Analysis

To investigate whether EEOS could improve the development of stones in mice, histological analysis of renal sections using Von Kossa staining showed calcium spots in three groups mice (Figure S5 and Figure 1A). Calcium spots was significantly reduced in renal sections by EEOS treatment compared with model group mice, which is consistent with the content reduction in calcium of mouse kidney homogenate after EEOS intervention (Figure 1B). Serum creatinine and blood urea nitrogen are routine indicators reflecting the state of renal function. Compared with model group, the serum creatinine and blood urea nitrogen levels are lower in the control group and EEOS group (Figure 1B). In addition, there were significant differences in blood urea nitrogen level between the EEOS group and the control group.




Figure 1 | Tissue sections (×400) and biochemical indicator analysis. (A) Kidney slice stained with Von Kossa of the control group, model group and EtOAc extract of OS (EEOS) group. A large number of calcium spots were observed in the model group kidney sections and calcium spots in kidney stones mice are significantly reduced after taking EEOS; (B) the levels of Calcium, Serum creatinine and Blood urea nitrogen in the kidneys of three groups of mice. Data are expressed as mean ± SD. ###P < 0.001 compared with the control group, *P < 0.05 compared with model group, **P < 0.01 compared with model group, ***P < 0.001 compared with model group.





Lipid Profiling and Multivariate Analysis of UPLC-QTOF/MS Data

Lipidomics mainly recognizes important lipids in metabolic regulation, and reveals the mechanism of lipids in various life activities by comparing changes in lipid metabolism networks under different physiological conditions. By UPLC-MS/MS analysis, lipids in kidneys of three groups were detected in positive and negative ESI modes. Representative total ion chromatograms (TICs) for kidney samples from pooled QC sample are shown in Figures 2A, B. And, the coefficient of variation(CV) of QC sample was used to test reproducibility of the measured metabolites (Figure S6), and the ions with CV values greater than 20% in the positive and negative modes were approximately 10%, which indicated that the method has a well reproducibility and stability.




Figure 2 | Representative total ion chromatograms for kidney samples. (A) Total ion chromatogram of quality control (QC) samples in positive mode; (B) Total ion chromatogram of QC samples in negative mode.



For multivariate statistical analysis, the unsupervised PCA model was firstly used to observe the discrete trend in the QC sample and judge the presence or absence of abnormal samples. It can be seen from the PCA score scatter plots (Figures 3A, B) that the QC sample is well polymerized, indicating that the instrument is in good operating condition. The supervised PLS-DA was applied to enhance the classification performance. As illustrated by PLS-DA score scatter plots (Figures 3C, D), model group was obviously separated from control group and the EEOS group had a significant tendency to closer to the control group than model group. In our established model for analysis, the cumulative R2X, R2Y and Q2 were above 0.4 (Table S5), indicating that the PCA and PLS-DA models were successfully.




Figure 3 | Multivariate statistical analysis score plots of three groups by in positive and negative ion modes. (A) Principal component analysis (PCA) score plot for all samples in positive mode, the quality control (QC) samples polymerized well; (B) PCA score plot for all samples in negative mode, the QC samples also polymerized well; (C) partial least squares discriminate analysis (PLS-DA) score plot in positive mode for control group, model group and EtOAc extract of OS (EEOS) group, the separation between the control group and the model group is obvious, and EEOS group has a tendency to rehabilitate from model group; (D) PLS-DA score plot in negative mode for control group, model group and EEOS group, there is good separation between control and model groups, and EEOS group has a tendency to recover to control group.





Lipids Identification and Analysis

Based on the P value less than 0.05 and the FC value greater than 1.5 or less than 0.67, the differential ions with significant adjustment in the EEOS group were screened. According to the accurate mass-to-charge ratio and their MS/MS product ions (Figure S7), 51 differential lipids shown in Table 1 were identified by database resources(MSDIAL, METLIN, and HMDB). These lipids mainly were glycerophospholipids including glycerophosphocholines(PC), glycerophosphoethanol- amines (PE), glycerophosphoserines (PS), glycerophosphoinositols (PI) and glycerophosphoglycerols (PG) (Figure S8). Cluster analysis with heat map to visualize the distribution of differential lipids in three groups of samples. As shown in Figure 4, the distribution of lipids in the model group was significantly different from that in the control group, but after treatment with EEOS, the lipids distribution of EEOS group was basically consistent with the control group, indicating that EEOS did interfere with the lipid metabolism of mice with stones.


Table 1 | The list of differential lipids between EtOAc extract of OS (EEOS) group and model group.







Figure 4 | Hierarchical clustering analysis of three groups kidney samples. The lipid profiles of the control group and the model group were obviously different, while the lipid profiles of the control group and the EEOS group were similar. The depth of color represents the relative intensity of the lipid peak.




Fatty Acids Composition in Glycerophospholipids

Esterified fatty acids in glycerophospholipids can act as precursors of lipid mediators, and their compositional changes can affect the regulation of many physiological processes (Layé et al., 2018). Polyunsaturated fatty acids (PUFAs) refer to fatty acids having 18 or more carbon atoms and two or more double bonds in the chain, and can be classified into ω-3 fatty acids (linoleic acid and arachidonic acid) and ω-6 fatty acids according to the position of the double bond. The ω-3 fatty acids are mainly eicosapentaenoic acid and docosahexaenoic acid and the ω-6 series contains linoleic acid and arachidonic acid. Glycerophospolipids containing ω-3 fatty acids in the control and EEOS groups were significantly higher than the model group (Figure 5A). However, glycerophospolipids containing ω-6 fatty acids were not statistically different in the three groups (Figure 5B). The ω-6/ω-3 ratio was positively correlated with inflammation and oxidative stress (Lira et al., 2018). In the present study, the ω-6/ω-3 ratio (ratio of glycerophospholipids containing ω-6 fatty acids to glycerophospholipids containing ω-3 fatty acids) of model group dramatically increased than that in control group and EEOS group (Figure 5C).




Figure 5 | Changes in the composition of polyunsaturated fatty acids esterified by glycerophospholipids. (A) Differences in ω-3 fatty acids between the three groups. The ω-3 fatty acids in model group was significantly lower than that in control group and EEOS group; (B) ω-6 fatty acids no difference in ω-6 fatty acids between the three groups; (C) The ratio of ω-6 fatty acid chains to ω-3 fatty acid chains in glycerophospholipids was significantly increased in model groups compared with the control group and EEOS group. Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001 vs. the model group.





Compositional Changes of Glycerophospholipids

Glycerophospholipids are the main components of cell membrane, which are necessary for cell survival and physiological function in organisms. Compared with model group, the total glycerophosphocholines increased significantly in EEOS group (Figure 6A), and 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholines similar in structure to platelet activating factor(PAF) were also elevated (Figure 6B). Glycerophosphoethanolamines increased in control group and EEOS group compared to model group (Figure 6C), whereas plasmalogen glycerophosphoethanolamines(PE(P-)) have the opposite trend (Figure 6D).




Figure 6 | Analysis of glycerophosphocholines and glycerophosphoethanolamines in three groups. (A) The content of glycerophosphocholines in each group. The model group was significantly decreased compared with the control group and EtOAc extract of OS (EEOS) group; (B) analysis of 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholines in three group. The model group was also significantly reduced compared with the control group and EEOS group; (C) The content of glycerophosphoethanolamines in each group. The model group was significantly decreased compared with the control group and EEOS group; (D) analysis of plasmalogen glycerophosphoethanolamines in three group. The model group was significantly increased compared with the control group and EEOS group. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the model group.



The change of acidic glycerophospholipids was not consistent between the three groups. Glycerophosphoinositols obviously increased in control group and EEOS group compared to model group (Figure 7A). However, the glycerophosphoglycerols in control group and EEOS group are reduced compared with that in model group (Figure 7B). For glycerophosphoserines, there is no difference in the content of the three groups of samples (Figure 7C).




Figure 7 | Analysis of acidic glycerophospholipids in three groups. (A) The content of glycerophosphoinositols in each group. The model group was significantly decreased compared with the control group and EtOAc extract of OS (EEOS) group; (B) Analysis of glycerophosphoglycerols in three group; (C) Glycerophosphoserines no difference between the three groups. Data are expressed as mean ± SD. *P < 0.05, **P < 0.01 vs. the model group.



Finally, 51 differential lipids were introduced into MetaboAnalyst 3.0 to further explore the metabolic pathway of EEOS against stone. It was found that glycerophospholipid metabolism may be a potential mechanism for EEOS to resist stone (Figure S9). Schematic diagram of the metabolic pathway related to EEOS fraction treatment of nephrolithiasis was shown in Figure 8.




Figure 8 | Schematic diagram of the glycerophospholipids metabolism pathway associated with EtOAc extract of OS (EEOS) fraction treatment of nephrolithiasis. Red-labeled lipids were elevated in the EEOS group and green-labeled lipids were reduced in the EEOS group compared to the model group. White-labeled lipids are undetected in this study.







Discussion

Through the component analysis of the EEOS fraction, it was found to contain 88.82% flavonoids, which is consistent with that the flavonoids in EtOAc fraction of OS accounted for more than 85% (Yu-Sen et al., 2012). From histological and biochemical analysis, it can be see that EEOS fraction has a significant effect on reduction of kidney stones formation and has a certain recovery effect on the decline of renal function caused by stones. A total of 51 differential lipids with significant reversal trends were screened in the EEOS group, of which 49 lipids belong to glycerophospholipids, suggesting that the renal protective effects of EEOS fraction is closely related to the regulation of glycerophospholipid metabolism. And in previous studies, it was found that glycerophospholipids have potential relevance in the development of kidney stones disease (Chao et al., 2018). Therefore, this work mainly focuses on the anti-stone effect mechanism of EEOS from the perspective of glycerophospholipids metabolism.


Changes of Fatty Acid Composition of Glycerophospholipids by EEOS Extract

Fatty acids metabolism is closely related to the formation of kidney stones (Takahiro et al., 2008; Hall et al., 2017; Bikulčienė et al., 2018). Esterified fatty acids in glycerophospholipids are potential precursor for lipid mediators, especially ω-3 fatty acids (Kang, 2012; Hishikawa et al., 2017). The concentration of ω-3 fatty acids in glycerophospholipids was obviously elevated in EEOS group mice than in model group, which is consistent with found that ω-3 fatty acids were significantly upper in normal people compared to patients with uronephrolithiasis (Bikulčienė et al., 2018), indicating that EEOS extract may reduce the occurrence of kidney stones by regulating the ω-3 fatty acids metabolism.

Peroxidase proliferator activates the receptor α (PPARα) is a master regulator of lipid metabolism, involved in inflammation and oxidative stress, and can be activated by ω-3 fatty acids. Haruya Takahashi et al. found lysophospholipids are increased on PPARα activation (Haruya et al., 2015). Meanwhile, the lysophospholipid content in the EEOS group was significantly higher than in the stone model group, which shown that the PPARα was more active in EEOS group mice than model group. PPARα antagonizes NF-κB-controlled proinflammatory mediator transcription by binding to NF-κB subunit p65 to form PPARα/NFκBp65 complexes (Jessica et al., 2011). In addition, ω-3 PUFAs can also reduce the expression of pro-inflammatory genes, such as the reduction of TNF-α expression by EPA (Adkins and Kelley, 2010). Although the glycerophospholipids esterified ω-6 fatty acids did not differ in the three groups in this study, there was a significant difference in the ratio of ω-6/ω-3. An unbalanced ω-6/ω-3 ratio is highly proinflammatory in terms of arachidonic acid metabolism and IL-1β production contributes to the prevalence of atherosclerosis and obesity (Simopoulos, 2008), which may be a potential factor for increased risk of stones in atherosclerosis patients and obese people.

Oxidative stress is caused by an imbalance between oxidant and antioxidant. Due to the instability of the double bond, PUFAs in glyperophospholipdis were easily oxidized under oxidative stress. The content of PUFAs in the EEOS group was significantly higher than that in the model group, indicating that the oxidative stress in the stone mice was alleviated after intervention with EEOS. Moreover, the vinyl double bond at the C-1 position of the glycerol backbone of the plasmalogens is preferentially oxidized under oxidative stress, preventing oxidation of polyunsaturated fatty acids and possibly mitigating cellular lipid peroxidation reactions (Lessig and Fuchs, 2009; Dean and Lodhi, 2018). In this study, the plasmalogen containing PUFAs in the model group was significantly higher than the control group, suggesting that the antioxidants in the stone mice were imbalanced and oxidative stress occurred. The plasmalogens in the EEOS group were also lower than in the model group, but the difference was not significant due to the large intra-difference in the EEOS group. Therefore, further research is needed on the effect of EEOS on the metabolism of plasmalogens. In addition, NF-κB upregulates the expression of pro-inflammatory cytokines and adhesion molecules to promote leukocyte adhesion, increase the release of oxygen free radicals and aggravate tissue damage (Holthe et al., 2004). In damaged cells and kidney tissues, crystals preferentially attach and aggregate into the nucleus, and the attached crystals can destroy the cells and form new tissue damage (Devarajan, 2018). From the aforementioned words, this study suggests that a potential mechanism of EEOS extracts in the treatment of stones may be through the regulation of fatty acid composition on glycerophospholipids to mediate oxidative stress and inflammation.



Effects of EEOS on Subclasses of Glycerophospholipids

Glycerohospholipids account for about 70% of the total lipids in mammalian cells and are tightly related to the fluidity, flexibility, permeability and electrophysiological properties of biomembrane (Li et al., 2014). In addition to maintaining the integrity of cell membranes, PCs are also involved in the development of inflammatory reactions. PCs with 1-O-alkyl-2-acetyl-sn-glycerol-3-phosphocholine structure are called platelet activating factors(PAF) and are a class of lipid mediators with strong activity. In the kidney, PAF can induce intrarenal infiltration of inflammatory cells, activate mesangial cells and inflammatory cells to release a variety of inflammatory mediators; promote immune deposition in the kidneys and reduce glomerular filtration rate (Reznichenko and Korstanje, 2015). In present study, the acetyl group at sn-2 in PAF is replaced by ω-3 fatty acids, such as PC(O-14:0/22:6), PC(O-16:0/22:6), and PC(O-18:0/22:6), resulting in a decrease in the biological activity of PAF, which is beneficial to anti-inflammatory and prevent tissue damage.

PEs constituting 15%–25% of phospholipids and is very prominent in the energy metabolism of mitochondrion. Depletion of PE in mitochondria leads to dysfunctions in respiration and loss of mitochondrial DNA (Birner et al., 2003), resulting in insufficient energy metabolism in cells. PE in EEOS group was significantly higher than that in model group, indicating that EEOS may be related to mitochondrial productivity. In addition, plasmalogen glycerophosphoethanolamines(PE(P-)) are preferentially oxidized under oxidative stress (Lessig and Fuchs, 2009). In the research, the PE(P-16:0/20:4) and PE(P-16:0/22:6) in EEOS group were lower than that in model group, which suggested that the antioxidant activity of EEOS administration mice was enhanced to resist oxidative damage.

PI, PG and PS are acidic phospholipids and often recognized as second messengers. PI is a type of bioactive water soluble products of PLA2 and lysolipase and is an important precursor of secondary messenger phosphatidylinositol-3,4,5-triphosphate (PIP3) (Corda et al., 2009; Bohdanowicz and Grinstein, 2013). PIP3 can activate Ca2+ channels on cells and promote Ca2+ influx (Li et al., 2014) to regulate Ca2+ concentration intracellular and extracellular. In this study, the PI(16:0/22:6) elevated significantly in EEOS group compared to model group, which indicated that EEOS fraction may regulate the conversion of PI to PIP3, inhibiting the influx of Ca2+, thereby preventing cells from irreversible damage caused by Ca2+ overload. As an anionic glycerophospholipid, PG has an important role on lipid-protein topology and function (Frimmelová et al., 2016). However, Ca2+ can regulate ionic protein-lipid interactions by neutralizing the lipid negative charge, reducing the local concentration of acidic phospholipids (Li et al., 2014), which may be used to explain the decline of the PG in the EEOS group. PS is up to 10% of biological membrane and is the most abundant acid phospholipid (Platre and Jaillais, 2016). Although PS can promote cell proliferation and survival and mediate inflammatory responses by modulating cytokines (Maragno et al., 2015; Oyler-Yaniv et al., 2017), there were no significant differences in PS between the three groups in this study.




Conclusion

This study focused on the therapeutic effect and potential mechanism of EEOS on glyoxylate-induced experimental kidney stones in mice. Lipidomics based on UPLC-QTOF-MS/MS platform was used to reveal the changes of lipids profile in kidneys of mice with kidney stones after intervention with EEOS, mainly the significant changes of glycerophospholipid metabolites containing polyunsaturated fatty acids. Significant changes in glycerophospholipids are not only a change in the composition of its subclasses such as glycerophospholipids, glycerophospholipids, and glycerophospholipids, but the esterified ω-3 fatty acid composition also undergoes significant changes. By analyzing differential metabolites, we found that the mechanism of anti-stone effect of EEOS is closely related to glycerolphospholipid-mediated oxidative stress and inflammatory response. Moreover, it is also closely related to Ca2+ metabolism involved in acidic phospholipids such as glycerophosphoglycerols and glycerophosphoinositols. In conclusion, this study reveals the mechanism of EEOS in the treatment of stone disease from the lipid molecular level, which provides a new direction for further study of the efficacy of Orthosiphon stamineus Benth.
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Objectives

To evaluate the efficacy of Traditional Chinese Medicine, specifically Jianpi Bushen (JPBS) therapy, for treatment of patients with chronic kidney disease (CKD) anemia.



Methods

Randomized controlled trials of JPBS therapy for CKD anemia were searched and selected from seven electronic databases. The Cochrane collaboration tool was used to conduct methodological quality assessment. RevMan v5.3 software was utilized to perform data analysis.



Results

In total, 12 randomized controlled trials with 799 patients met the meta-analysis criteria. The aggregated results indicated that JPBS therapy is beneficial for CKD anemia by improving the clinical efficacy rate [risk ratio (RR) = 1.23, 95% confidence interval (CI): (1.14, 1.33), P < 0.00001] and hemoglobin (Hb) [weighted mean difference (WMD) = 9.55, 95% CI: (7.97, 11.14), P < 0.00001], serum ferritin (SF) [WMD = 6.22, 95% CI: (2.65, 9.79), P = 0.0006], red blood cell (RBC) [WMD = 0.31, 95% CI: (0.24, 0.38), P < 0.00001], hematocrit (HCT) [WMD = 2.95, 95% CI: (2.36, 3.54), P < 0.00001], serum creatinine (SCr) [WMD = 64.57, 95% CI: (33.51, 95.64), P < 0.0001], and blood urea nitrogen (BUN) levels [WMD = 3.76, 95% CI: (2.21, 5.31), P <0.00001]. Furthermore, evidence suggests that JPBS therapy is safe and does not increase adverse reactions compared with western medicine (WM) alone.



Conclusion

This study found that JPBS therapy has a positive effect on the treatment of CKD anemia. However, more well-designed, double-blind, large-scale randomized controlled trials are needed to assess the efficacy of JPBS therapy in the treatment of CKD anemic patients.





Keywords: chronic kidney disease anemia, Jianpi Bushen therapy, meta-analysis, randomized controlled trials (RCT), Traditional Chinese Medicine



Introduction

Anemia is one of the most common complications in patients with chronic kidney disease (CKD), and its prevalence progressively increases as the glomerular filtration rate declines (Hsu et al., 2002; Li et al., 2016). Chronic kidney disease anemia is associated with increased risk of reduced quality of life, cardiovascular disease, cognitive impairment, and mortality (Hörl, 2013). One of the main causes of CKD anemia is a decrease in the renal production of erythropoietin (EPO). In addition, iron, which is an important raw material for hemoglobin production, is often deficient in CKD patients due to impaired dietary iron absorption and increased iron loss (Babitt and Lin, 2012; Gafter-Gvili et al., 2019). Thus, erythropoiesis-stimulating agent (ESA) administration and iron supplementation are the primary Western medicine (WM) treatments for CKD patients with anemia. Although they are effective drugs that clearly avoid the need of blood transfusions, the controversy and safety issues have been raised for both drugs in recent years, especially when they are given at high doses. Evidence has shown that intravenous iron contributes to cardiovascular morbidity and mortality in patients with end-stage renal disease (ESRD) (Kuragano et al., 2014; Bailie et al., 2015). Treatment with ESAs has also been linked to stroke, thrombotic events, and hypertension in CKD patients (Koulouridis et al., 2013). Moreover, 5–10% of patients exhibit an inadequate response to ESAs (Costa et al., 2008), resulting in an increased risk of faster progression to ESRD and all-cause mortality (Solomon et al., 2010; Minutolo et al., 2012). Current WM treatment is also only designed to increase hemoglobin production, not necessarily to improve renal function. The production of EPO will decline with the decrease in glomerular filtration rate and progress of CKD, thereby worsening patient anemia (Prasad-Reddy et al., 2017). Hence, faced with the limitations of current treatment, complementary and/or alternative medicines that improve renal function and alleviate anemia are urgently needed.

Chinese herbal medicine (CHM) has been widely used to treat anemia (Bradley et al., 1999; Chen et al., 2018). According to Traditional Chinese Medicine (TCM) theory, blood deficiency is the main feature of anemia and spleen and kidney deficiencies are the basic pathological features. Based on the relationship between the spleen and kidney and blood generation, classic TCM therapy for the treatment of anemia involves invigorating the spleen and reinforcing the kidney (known as Jianpi Bushen, JPBS). For instance, Wu et al. (2016) found that treatments based on kidney support had a positive effect on treating chronic aplastic anemia. Lin et al. (1990) also found the therapy of warming and tonifying the spleen and kidney improve hemopoietic function of chronic aplastic anemia patients. In recent decades, several clinical trials have evaluated the efficacy and renoprotection of JPBS therapy for the treatment of anemia in CKD (Wang, 2013; Li, 2016; Zhang, 2017). Therefore, in the current study, we performed a meta-analysis to assess JPBS therapy for patients with CKD anemia. The results reported here will help lay a foundation for the treatment of CKD anemia with JPBS therapy.



Materials and Methods


Database Searching

Seven different databases (i.e., PubMed, Cochrane Library, EMBASE, Wanfang Database, China National Knowledge Infrastructure, Chinese Science and Technique Journals Database, and China Biological Medicine Database) were independently searched from inception to April 2019 (by authors YZ and QX). The search terms used were: (jianpi OR bushen OR invigorating spleen OR reinforcing kidney) AND (renal anemia OR anemia of chronic kidney disease OR anemia of renal disease). These terms were translated into Chinese when searching the Chinese databases. Additional studies missed by the electronic search were also searched manually.



Inclusion Criteria

The inclusion criteria were as follows: (1) randomized controlled trial (RCT); (2) patients diagnosed with CKD anemia according to the KDIGO Clinical Practice Guideline for Anemia in Chronic Kidney Disease (McDonald, 2012) and the Diagnosis and Treatment of Renal Anemia with Chinese Expert Consensus (Revision 2018) (Renal Physicians Association Branch of China Consensus Group of Experts on the Diagnosis and Treatment of Renal Anemia, 2018), with no limitations related to age, ethnicity, gender, or primary disease; (3) adoption of JPBS therapy combined with WM (iron supplements, ESAs) as the treatment group, with WM alone applied as the control group. Treatment needed to last at least eight weeks and the sample size needed to be ≥15; (4) primary outcomes to include clinical effective rate and hemoglobin (Hb) level, secondary outcomes to include serum ferritin (SF), red blood cell (RBC), hematocrit (HCT), serum creatinine (SCr), blood urea nitrogen (BUN) levels and number of adverse events; and (5) results available in either English or Chinese.



Exclusion Criteria

The exclusion criteria were as follows: (1) non-randomized controlled trial; (2) study subjects did not meet the diagnostic criteria of renal anemia; (3) both treatment and control groups were treated with CHM only; and (4) studies were duplicated publications or articles with unavailable data.



Quality Assessment and Data Extraction

The first author, year of publication, region, sample size, age, intervention, follow-up time, and main outcomes of each eligible study were collected by two authors (YZ and QX). Based on bias risk assessment of the Cochrane collaboration tool, the methodological quality of the selected studies was evaluated by YZ and QX. The assessed items included: (1) method of random allocation and allocation concealment; (2) blinding method of participants and personnel; (3) blinding method of outcome assessment; (4) integrity of data; (5) selectivity of result reporting; and (6) other biases. For any disagreement, the issue was resolved by discussion with a third author (CL).



Data Analysis

RevMan v5.3 from Cochrane was employed to analyze data. For dichotomous outcomes, risk ratio (RR) with a 95% confidence interval (CI) was used. For continuous outcomes, mean difference (MD) with a 95% confidence interval (CI) was adopted. Data heterogeneity was assessed by χ2 and I2 tests. If heterogeneity existed in pooled studies (I2 ≥ 50%), a random model was applied; if not, a fixed model was applied. Statistically significant differences were considered at P < 0.05. Publication bias was evaluated by funnel plots and calculated using Begg’s/Egger’s tests through STATA v15.0. Sensitivity analysis was conducted by removing individual studies to assess the stability of the results.




Results


Search Results and Study Characteristics

Figure 1 shows a flow diagram of the study. Based on our database search, 356 articles reporting on CKD anemia treatment using JPBS therapy were identified. Of these articles, 167 duplicated publications were excluded. After going through the titles and abstracts, another 169 articles were excluded due to non-CKD anemia, non-human studies, and clinical experience reports and reviews. The 20 remaining full-text articles were further screened, with another eight eliminated because of non-RCT or incomplete data. Finally, a total of 12 articles with 799 patients were enrolled in this meta-analysis (Li et al., 2003; Cheng et al., 2005; Bao et al., 2008; Zhou et al., 2008; Liang, 2009; Qu, 2011; Wang, 2012; Liu, 2013; Wang, 2013; Li, 2016; Du, 2017; Zhang, 2017). Among them, 418 patients received JPBS therapy and 381 patients received WM treatment. The main characteristics of the enrolled articles are presented in Table 1.




Figure 1 | Flow chart of study selection process.




Table 1 | Characteristics of RCTs included in the study.





Risk of Bias

As shown in Figures 2 and 3, the methodological quality of the included articles was relatively low. All enrolled articles claimed to be randomized, but only four described their random methods (Li et al., 2003; Cheng et al., 2005; Li, 2016; Du, 2017). No article mentioned allocation concealment or blinding methods. All articles had complete data, and there was no selective reporting or other biases.




Figure 2 | Risk of bias graph.






Figure 3 | Risk of bias summary.





Effects of Intervention


Clinical Efficacy Rate

Clinical efficacy rates were reported in 10 studies (Li et al., 2003; Cheng et al., 2005; Bao et al., 2008; Zhou et al., 2008; Liang, 2009; Wang, 2012; Liu, 2013; Wang, 2013; Li, 2016; Zhang, 2017), totaling 717 patients (376 cases in the JPBS therapy group and 341 cases in the WM treatment group). Results indicated that the clinical efficacy rates of the JPBS therapy group were higher than those of the WM treatment group [RR = 1.23, 95% CI: (1.14, 1.33), P < 0.00001, Figure 4].




Figure 4 | Forest plot of clinical efficacy rate.





Hb Levels

Hb data were provided in all studies (Li et al., 2003; Cheng et al., 2005; Bao et al., 2008; Zhou et al., 2008; Liang, 2009; Qu, 2011; Wang, 2012; Liu, 2013; Wang, 2013; Li, 2016; Du, 2017; Zhang, 2017), totaling 799 patients (418 cases in the JPBS therapy group and 381 cases in the WM treatment group). As data heterogeneity was not found (I2 = 39%, P = 0.08), the fixed effect model was applied (Figure 5). Results indicated that the increase in serum Hb levels was greater in the JPBS therapy group than in the WM treatment group [WMD = 9.55, 95% CI: (7.97, 11.14), P < 0.00001].




Figure 5 | Forest plot of Hb levels.





SF Levels

SF data were provided in two studies (Li, 2016; Zhang, 2017), totaling 180 patients (90 cases in the JPBS therapy group and 90 cases in the WM treatment group). As data heterogeneity was not found (I2 = 0%, P = 0.70), the fixed effect model was applied (Figure 6). Results indicated that the increase in serum SF levels was greater in the JPBS therapy group than in the WM treatment group [WMD = 6.22, 95% CI: (2.65, 9.79), P = 0.0006].




Figure 6 | Forest plot of SF levels.





RBC Levels

RBC data were provided in four studies, totaling 272 patients (136 cases in the JPBS therapy group and 136 cases in the WM treatment group) (Wang, 2013; Li, 2016; Du, 2017; Zhang, 2017). No significant heterogeneity was found across the studies (I2 = 9%, P = 0.35), and thus the fixed effect model was used (Figure 7). Results indicated that the increase in serum RBC levels was greater in the JPBS therapy group than in the WM treatment group [WMD = 0.31, 95% CI: (0.24, 0.38), P < 0.00001].




Figure 7 | Forest plot of RBC levels.





HCT Levels

HCT data were provided in all included studies, totaling 799 patients (418 cases in the JPBS therapy group and 381 cases in the WM treatment group) (Li et al., 2003; Cheng et al., 2005; Bao et al., 2008; Zhou et al., 2008; Liang, 2009; Qu, 2011; Wang, 2012; Liu, 2013; Wang, 2013; Li, 2016; Du, 2017; Zhang, 2017). The fixed effect model was applied as no data heterogeneity was found among the studies (I2 = 0%, P= 0.82) (Figure 8). Compared with that in the WM treatment group, the level of serum HCT showed greater improvement in the JPBS therapy group (WMD = 2.95, 95% CI: (2.36, 3.54), P < 0.00001).




Figure 8 | Forest plot of HCT levels.





SCr Levels

SCr data were reported in all studies, totaling 799 patients (418 cases in the JPBS therapy group and 381 cases in the WM treatment group) (Li et al., 2003; Cheng et al., 2005; Bao et al., 2008; Zhou et al., 2008; Liang, 2009; Qu, 2011; Wang, 2012; Liu, 2013; Wang, 2013; Li, 2016; Du, 2017; Zhang, 2017). Data heterogeneity was found among the studies (I2 = 64%, P = 0.002), and thus we applied the random effect model (Figure 9). Compared with that in the WM treatment group, the level of serum SCr showed greater improvement in the JPBS therapy group (WMD = 64.57, 95% CI: (33.51, 95.64), P < 0.0001).




Figure 9 | Forest plot of SCr levels.





BUN Levels

BUN data were reported in 10 studies, totaling 659 patients (335 cases in the JPBS therapy group and 324 cases in the WM treatment group) (Li et al., 2003; Cheng et al., 2005; Bao et al., 2008; Liang, 2009; Qu, 2011; Wang, 2012; Wang, 2013; Li, 2016; Du, 2017; Zhang, 2017). Based on data heterogeneity analysis (I2 = 63%, P = 0.004), the random effect model was adopted (Figure 10). Results showed that the level of serum BUN decreased in the JPBS therapy group compared with that in the WM treatment group [WMD = 3.76, 95% CI: (2.21, 5.31), P < 0.00001].




Figure 10 | Forest plot of BUN levels.






Adverse Event Reporting

Two studies reported adverse events. Liang (2009) reported six cases of high blood pressure in the control group. Li (2016) reported seven cases of high blood pressure in the JPBS therapy group (adverse event frequency of 7/60), as well as one case of allergic reaction and eight cases of high blood pressure in the control group (adverse event frequency of 9/60). The Renal Association Clinical Practice Guideline on Anemia of Chronic Kidney Disease suggests there may be an increase in the risk of allergic reaction during intravenous iron injection and of hypertension with ESA administration (Mikhail et al., 2017). Thus, the adverse events reported above may be caused by WM treatment. Based on the adverse events reported in the selected studies, JPBS therapy appears to be safe and does not show an increase in adverse reactions compared with WM alone.



Sensitivity Analysis

Due to the considerable heterogeneity in the SCr and BUN results found among the studies, sensitivity analysis was carried out to investigate the source of this data heterogeneity. Sensitivity analysis suggested that exclusion of any one study for each outcome did not alter the overall results, indicating that the conclusions were robust (Figure 11).




Figure 11 | Sensitivity analysis plots of (A) SCr and (B) BUN.





Publication Bias

Publication bias was assessed based on the clinical efficacy and Hb, SCr, and BUN results. The clinical efficacy funnel plot revealed a slight asymmetry and Egger’s (t = 5.61, P = 0.001) and Begg’s tests (z = 2.15, P = 0.032) indicated possible publication bias (Figures 12A–C). Visual assessment of funnel plots and Egger’s (Hb: t = 1.86, P = 0.093; SCr: t = 1.77, P = 0.107; BUN: t = 0.89, P = 0.398) and Begg’s test results (Hb: z = 1.85, P = 0.064; SCr: z = 1.85, P = 0.064; BUN: z = 0.89, P = 0.371) showed no publication bias for Hb, SCr, and BUN (Figures 12D–L).




Figure 12 | Publication bias plots. (A) Funnel plot of clinical efficacy rate; (B) Egger’s plot of clinical efficacy rate; (C) Begg’s plot of clinical efficacy rate; (D) Funnel plot of Hb; (E) Egger’s plot of Hb; (F) Begg’s plot of Hb; (G) Funnel plot of SCr; (H) Egger’s plot of SCr; (I) Begg’s plot of SCr; (J) Funnel plot of BUN; (K) Egger’s plot of BUN; (L) Begg’s plot of BUN.






Discussion

Anemia is a common and serious complication for millions of patients with CKD (Locatelli et al., 2013). However, debate continues about the best strategies for the management of CKD anemia; for example, Solomon et al. (2010) found that treatment of CKD anemia with ESAs is inferior to that using placebo. In this context, current treatment of CKD anemic patients only reduces the risk of blood transfusion, rather than managing anemia and its associated risks. Nowadays, CHM is frequently applied to improve the symptoms and signs associated with CKD anemia. In accordance with TCM theory, the pathogenesis of CKD anemia is related to deficiencies of the spleen and kidney. Therefore, invigorating the spleen and reinforcing the kidney (Jianpi Bushen) are the main principles of TCM treatment for CKD anemia. In recent years, an increasing number of randomized controlled trials have been conducted using JPBS therapy for the treatment of CKD anemia, providing opportunities for objective and comprehensive evaluation of this method. Here, we performed a meta-analysis to clarify the efficacy of this treatment strategy.

The main findings of our meta-analysis were as follows: (1) compared with WM alone, JPBS therapy combined with WM improved the clinical efficacy rate; (2) compared with WM alone, JPBS therapy combined with WM significantly improved serum Hb, SF, RBC, and HCT levels in patients suffering CKD anemia; (3) adjunctive treatment with JPBS therapy decreased serum SCr and BUN levels in CKD anemic patients; and (4) JPBS therapy did not increase adverse reactions compared with WM alone. These results suggest that JPBS therapy may have beneficial effects in the management of CKD anemic patients.

The significant improvements in clinical efficacy rate and Hb, SF, RBC, HCT, SCr, BUN levels may be attributed to the promotion of hemoglobin formation and the renoprotective effects of CHM. In the included studies, the most frequently used Chinese medicines with the JPBS therapy were Astragali Radix, Angelicae Sinensis Radix, Codonopsis Radix, and Lycium Barbarum (Supplementary Tables 1 and 2). The main components of Astragali Radix, i.e., flavonoids and polysaccharides, are reported to promote erythroid differentiation, increase fetal hemoglobin synthesis, and regulate EPO expression (Yang et al., 2010; Zheng et al., 2011; Zhang et al., 2017). Angelicae Sinensis Radix polysaccharides are thought to exhibit an anti-anemic effect, which can restore EPO production and improve iron availability via stabilizing HIF2α protein and suppressing inflammation (Wang et al., 2018). Codonopsis Radix polysaccharides significantly elevate peripheral blood Hb levels in mice (Gao et al., 2018). In respect of renoprotective effects, Zhao et al. (2016) reported that Lycium Barbarum polysaccharides improve renal function and alleviate kidney inflammation in diabetic rabbits. Therefore, a combination of these CHMs could theoretically alleviate anemia and improve renal function, with a clear therapeutic effect on CDK anemia.

The results of the present study are consistent with research from Li et al. (2004). However, our study varies from previous published meta-analysis related to CKD anemia. For example, Zhao et al. (2017) suggested that Danggui Buxue Decoction combined with WM may be more effective in the treatment of CKD anemia than WM alone. However, they did not specifically reveal the TCM pathogenesis of CKD anemia and JPBS therapy. Based on another meta-analysis, Elliott et al. (2017) reported that ESAs may not have robust or reproducible benefits on renal function in humans. In our meta-analysis, JPBS therapy combined with WM showed positive effects on renal function. However, there are several limitations to this study. First, all included studies were conducted in China, which may limit the wide application of the results. Second, the methodological quality of the enrolled articles was generally low, with none providing a description of allocation concealment or blinding method, which may affect the credibility of the results. Third, there was a potential publication bias in regard to the clinical efficacy rate, which may be due to the flawed research design of small studies or the lack of publication of small studies with negative results. Lastly, data heterogeneity among the studies, including for partial results, was also significant, although sensitivity analysis indicated that our results were stable and reliable. The heterogeneity among the studies may be due to differences in treatment dose, intervention duration, and primary disease of CKD.

Our study demonstrated that JPBS therapy shows good potential for the treatment of CKD anemia, with the possibility of alleviating anemia while improving renal function. However, further research is needed to explore the possible mechanisms of JPBS therapy in the treatment of CKD anemia.



Conclusion

The results of this study indicate that JPBS therapy combined with WM is more effective than WM alone in terms of inducing remission in CKD anemia, especially in regard to clinical efficacy rates and improvement in Hb, SF, RBC, HCT, SCr, and BUN levels. However, our conclusions should be interpreted with some caution due to the relatively poor quality of the included studies. Therefore, to determine the clinical value of JPBS therapy in the treatment of CKD anemia, further standard, double-blind, randomized studies are needed.
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Background

Recently, progression of chronic renal failure (CRF) has been closely associated with gut microbiota dysbiosis and intestinal metabolite-derived microinflammation. In China, total flavones of Abelmoschus manihot (TFA), a component of Abelmoschus manihot, has been widely used to delay CRF progression in clinics for the past two decades. However, the overall therapeutic mechanisms remain obscure. In this study, we designed experiments to investigate the renoprotective effects of TFA in CRF progression and its underlying mechanisms involved in gut microbiota and microinflammation, compared with febuxostat (FEB), a potent non-purine selective inhibitor of xanthine oxidase.



Methods

In vivo, the CRF rat models were induced by uninephrectomy, potassium oxonate, and proinflammatory diet, and received either TFA suspension, FEB, or vehicle after modeling for 28 days. In vitro, the RAW 264.7 cells were exposed to lipopolysaccharide (LPS) with or without TFA or FEB. Changes in parameters related to renal injury, gut microbiota dysbiosis, gut-derived metabolites, and microinflammation were analyzed in vivo. Changes in macrophage polarization and autophagy and its related signaling were analyzed both in vivo and in vitro.



Results

For the modified CRF model rats, the administration of TFA and FEB improved renal injury, including renal dysfunction and renal tubulointerstitial lesions; remodeled gut microbiota dysbiosis, including decreased Bacteroidales and Lactobacillales and increased Erysipelotrichales; regulated gut-derived metabolites, including d-amino acid oxidase, serine racemase, d-serine, and l-serine; inhibited microinflammation, including interleukin 1β (IL1β), tumor necrosis factor-α, and nuclear factor-κB; and modulated macrophage polarization, including markers of M1/M2 macrophages. More importantly, TFA and FEB reversed the expression of beclin1 (BECN1) and phosphorylation of p62 protein and light chain 3 (LC3) conversion in the kidneys by activating the adenosine monophosphate-activated protein kinase-sirtuin 1 (AMPK-SIRT1) signaling. Further, TFA and FEB have similar effects on macrophage polarization and autophagy and its related signaling in vitro.



Conclusion

In this study, we demonstrated that TFA, similar to FEB, exerts its renoprotective effects partially by therapeutically remodeling gut microbiota dysbiosis and inhibiting intestinal metabolite-derived microinflammation. This is achieved by adjusting autophagy-mediated macrophage polarization through AMPK-SIRT1 signaling. These findings provide more accurate information on the role of TFA in delaying CRF progression.





Keywords: chronic renal failure, total flavones of Abelmoschus manihot, gut microbiota, microinflammation, autophagy, macrophage polarization



Introduction

Chronic renal failure (CRF) is a global public health problem, as a common sequel in the various types of chronic kidney disease (CKD) (Lv and Zhang, 2019; Smyth et al., 2019). Although there is extensive knowledge regarding CRF progression, the development of successful therapeutic strategies remains a challenge in clinics. Therefore, the discovery of a new treatment to delay CRF progression would be an important step toward achieving improved general kidney health. There are many factors that contribute to CRF progression, including increased production of oxidative stress and acidosis, proinflammatory cytokines, chronic and recurrent infections, altered metabolism of adipose tissue, and last but not least gut microbiota dysbiosis, which is a source of systematic microinflammation in vivo (Machowska et al., 2016; Mahmoodpoor et al., 2017; Wang et al., 2020). Currently, investigators concern that gut microbiota dysbiosis and microinflammatory lesions play fundamental roles during CRF progression. The specific uremic milieu in CRF, due to influx of urea and other retained toxins, impairs intestinal barrier function, and induces microinflammation through the intestinal tract; thus, it is vital in shaping gut microbiomes in terms of structure, composition, and function (Anders et al., 2013). Accordingly, gut microbiome diversity is significantly damaged in patients with kidney injury, along with the disorder host homeostasis and confusion of its metabolites, including d-amino acid oxidase (DAO), serine racemase (SRR), d-serine, and l-serine (Nakade et al., 2018). Consequently, targeting gut microbiota dysbiosis and intestinal metabolite-derived microinflammation may be promising adjuvant approaches to protect against kidney injury in CRF.

Macrophages in the kidney are important inflammatory cells and exert multiple biological effects on kidney injury in CKD. Macrophages can be polarized into two distinct functional phenotypes: classically activated macrophages (M1) and alternatively activated macrophages (M2). M1-type macrophages secrete inducible nitric oxide synthase (iNOS) and interleukin 6 (IL6), which induce proinflammatory effects, chemotaxis, and matrix degradation; M2-type macrophages express CD163, CD206, and arginase 1 (ARG1), which play anti-inflammatory, tissue repair, and angiogenesis roles (Lee et al., 2011; Wang and Harris, 2011; Cao et al., 2014). Hence, regulation of macrophage polarization is considered an effective strategy for the anti-inflammatory treatment of CKD.

Autophagy is a highly conserved process, which involves forming autophagosomes that deliver macromolecules and whole organelles or intracellular pathogens to lysosomes for degradation (Mizushima and Komatsu, 2011). Autophagic dysfunction is involved in the pathogenesis of a variety of kidney injuries. Changes in light chain 3 I/II (LC3 I/II), beclin 1 (BECN1), and polyubiquitin-binding protein p62/sequestosome 1 (p62/SQSTM1) are considered markers of autophagy. Autophagy in the kidney is regulated by the major nutrient-sensing pathways, including the mammalian target of rapamycin (mTOR), adenosine monophosphate-activated protein kinase (AMPK), and sirtuin 1 (SIRT1) (Hoyer-Hansen and Jaattela, 2007; Lee et al., 2008; Hosokawa et al., 2009). Moreover, autophagy has been recognized as a crucial effect in macrophage polarization. Chen et al. reported that rapamycin-induced autophagy stimulates inflammation and the differentiation of monocytes into M1 macrophages in humans (Chen et al., 2012). Liu et al. proved that, in high-fat diet and lipopolysaccharide-treated autophagy related 5 (ATG5) knockout mice, autophagy exhibits abnormalities in polarization with both an increase of proinflammatory M1 and a decrease of anti-inflammatory M2 polarization (Liu et al., 2015). Thus, autophagy may modulate the macrophage polarization into M1 or M2 in the kidney.

The total flavones of Abelmoschus manihot (TFA) are the main components of Huangkui capsule (HKC; the local name in China), which is a modern Chinese patented medicine preparation extracted from Abelmoschus manihot (AM). This preparation has been approved by the China State Food and Drug Administration (Z19990040) for the treatment of CKD and has been used over the past two decades (Zhang et al., 2014; Li et al., 2020). Clinical evidence in China has suggested that HKC (at the safe and effective dose of 7.5 g/kg/day) can reduce urinary albumin in CKD. Our previous studies proved that HKC and its bioactive component hyperoside can alleviate tubular injury in diabetic nephropathy by regulating inflammatory signaling (Han et al., 2019) and in d-galactose-induced aging kidney by adjusting autophagy (Liu et al., 2018). Despite this evidence, important issues remain unresolved in terms of the therapeutic effects of TFA on CRF. For example, whether TFA can alter gut microbiota and microinflammation in vivo, and the possible underlying mechanisms involved in this process remain to be determined.

To address these issues, in this study, we used modified CRF rat models induced by uninephrectomy, potassium oxonate, and proinflammatory diet (PD), as well as the RAW 264.7 cells exposed to lipopolysaccharide (LPS) model. We expounded the actions of TFA remodeling gut microbiota dysbiosis and inhibiting intestinal metabolite-derived microinflammation by targeting autophagy-mediated macrophage polarization compared with febuxostat (FEB), a potent non-purine selective inhibitor of xanthine oxidase (Tanaka et al., 2015).



Materials and Methods


Extraction and Quality Control of TFA

TFA purchased from Suzhong Pharmaceutical Group Co., Ltd. (Taizhou, China) is composed of extracts from AM. The extraction and production process of TFA, protected by the China Patent Office, are subjected to strict quality control, and the main components are subjected to standardization. In addition, the quality of TFA was examined with a fingerprint analysis shown in the Supplemental Materials. And the analysis and detection methods were described in detail in the Supplemental Materials. Rutin, hyperoside, isoquercitrin, and quercetin are bioactive components of TFA. In this study, TFA was dissolved in distilled water (TFA suspension) and stored at 4°C prior to use.



Animals and Treatments

Twenty-six male Sprague–Dawley rats, weighing 200 ± 20 g, were provided by the Animal Center of Nanjing Medical University (Nanjing, China). All animal handling and experimental procedures were performed in accordance with local ethics committees and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering and reduce the number of animals used. All procedures involving animals in this study were approved by the Animal Ethics Committee of Nanjing University Medical School (qualified number: SYXK2014-0052). The feeding conditions of rats were previously described (Han et al., 2019). All rats were divided into four groups, according to a random number table, as follows: five, seven, seven, and seven rats in the Normal, Model, TFA, and FEB groups, respectively. The rats in the Normal group were given distilled water and a standard diet, including 14 kcal% fat, 21 kcal% protein, and 65 kcal% carbohydrates for 11 weeks. The rats in the other three groups were subjected to right nephrectomy, received potassium oxonate at a dosage of 250 mg/kg/day for 7 days by gastric gavage, and given a standard diet in week 1. Subsequently, the rats in the three groups were given PD, D12492 containing 60 kcal% fat, 20 kcal% protein, 20 kcal% carbohydrates, and 0.3% adenine, from 2 to 11 weeks. The experimental process was shown in the Supplemental Materials. TFA as the main components of HKC is composed of the extracts from AM. One capsule of HKC contains 0.5 g of AM and 34 mg of TFA. Our previous animal experiment revealed that a 2 g/kg/day dose of HKC, which contains a 136 mg/kg/day dose of TFA, can significantly attenuate renal fibrosis (Wu et al., 2018). Thus, the rats in the TFA group received a TFA suspension at a dosage of 136 mg/kg/day. Meanwhile, the rats in the FEB group were given a FEB suspension at a dosage of 4.11 mg/kg/day, and the rats in the Model group received distilled water by gastric gavage. Potassium oxonate and FEB were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).



Blood and Tissue Sample Collection and Storage

At the end of the experiment, all rats were anesthetized through an intraperitoneal injection of ketamine and diazepam (1:1), and sacrificed by cardiac puncture. The blood samples were centrifuged at 2,500 rpm for 10 min to collect the serum, which was immediately frozen at −80°C for biochemical analysis and enzyme-linked immunosorbent assay (ELISA) assays. The left kidney tissues were dissected for Western blotting (WB) analysis, as well as for immunofluorescence, immunohistochemistry, and histopathological staining.



Serum Biochemical Parameters and 16S rDNA Amplicon Sequencing Analyses

Blood urea nitrogen (BUN), serum creatinine (Scr), and serum uric acid (SUA) were measured using an automatic biochemical analyzer (Beckman Instruments, Inc., California, USA). In addition, fresh stool samples were collected through stimulation of Sprague–Dawley rats, frozen in liquid nitrogen immediately upon collection, and stored at −80°C until analysis. DNA extraction from stool samples was performed, and the microbiomes were analyzed at Novogene (Beijing, China) on an Ion S5™ XL platform (Thermo Fisher Scientific, Waltham, MA, USA). High-quality reads were selected for bioinformatics analysis. Based on a 97% sequence similarity, all valid reads from all samples were clustered into operational taxonomic units. The β-diversity, the variation between the experimental groups, was assessed with non-metric multi-dimensional scaling, unweighted unifrac β-diversity, analysis of similarities, MetaStat analysis, and linear discriminant analysis effect size (LEfSe). The prediction of microbial functions was performed using Tax4Fun. The web-based tool MicrobiomeAnalyst (http://www.microbiomeanalyst.ca) was used for the Tax4Fun analysis (Dhariwal et al., 2017).



ELISA

The expression levels of DAO, SRR, d-serine, l-serine, interleukin 1β (IL1β), and tumor necrosis factor-alpha (TNF-α) in plasma were measured using ELISA kits according to the instructions provided by the manufacturer (Yifeixue Bio Tech, Nanjing, Jiangsu, China).



WB Analysis

WB analysis was performed as previously described (Tu et al., 2014; Liu et al., 2018). The levels of IL1β, TNF-α, and nuclear factor-kappa B (NF-κB) p65 were assessed using anti-IL1β (40 kDa, 1:500, abs134098), TNF-α (17 kDa, 1:500, abs131997), and NF-κB p65 (65 kDa, 1:500, abs136523) antibodies, respectively (Absin Bioscience, Shanghai, China). The levels of BECN1 and LC3 I/II were assessed using anti-BECN1 (60 kDa, 1:1,000, #3495) and anti-LC3A/B (16/14 kDa, 1:1,000, #12741) antibodies, respectively (Cell Signaling Technology, Beverly, MA, USA). The levels of the phosphorylated and total proteins for mTOR and SQSTM1/p62 were assessed using anti-phospho mTOR (289 kDa, 1:1,000, #5536), anti-mTOR (289 kDa, 1:1,000, #2983), anti-phospho SQSTM1/p62 (62 kDa, 1:1,000, #13121), and anti-SQSTM1/p62 (62 kDa, 1:1,000, #5114) antibodies, respectively (Cell Signaling Technology). The levels of AMPK were determined using an anti-AMPKα1/2 (62 kDa, 1:500, sc-74461) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The levels of SIRT1, alpha-smooth muscle actin (α-SMA), and collagen I were assessed using anti-SIRT1 (82 kDa, 1:500, abs135553), anti-α-SMA (42 kDa, 1:500, abs130621), and anti-collagen I (139 kDa, 1:500, abs131984) antibodies, respectively (Absin Bioscience). The levels of iNOS, IL6, and CD163, CD206 ARG1 were assessed using anti-iNOS (130 kDa, 1:500, abs130136), IL6 (24 kDa, 1:500, abs135607), and CD163 (130 kDa, 1:500, abs124249) antibodies, respectively (Absin Bioscience). The levels of CD206 and ARG1 were assessed using anti-CD206 (160 kDa, 1:500, sc-58986) and ARG1 (38 kDa, 1:500, sc-271430) antibodies, respectively (Santa Cruz Biotechnology). The levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were assessed using an anti-GAPDH (36 kDa, 1:5,000, AP0063) antibody (Bioworld Technology Inc., St. Louis Park, MN, USA) as a loading control. The blots were visualized using an enhanced chemiluminescence detection system (Tanon-5200Muilti, Shanghai, China). The ImageJ software (NIH, US, http://rsbweb.nih.gov/ij/index.html) was used to perform the densitometric analysis.



Immunofluorescence Assay

The tissue samples from the renal cortex for immunofluorescence studies were snap-frozen in precooled n-hexane and stored at −70°C. Frozen sections (thickness: 3 μm) were cut using a cryostat. The frozen sections were blocked with 10% fetal bovine serum in phosphate-buffered saline for 1 h at room temperature. The slides were incubated with primary antibodies iNOS (1:500) and CD163 (1:500) (Servicebio, Wuhan, China) overnight at 4°C, and subsequently incubated for 30 min at 37°C with CY3-conjugated secondary antibodies (1:500) (Servicebio). The sections were counterstained with 4, 6-diamidino-2-phenylindole for nuclear staining. Finally, the immunofluorescence images were analyzed by confocal laser scanning microscopy. Fluorescence intensity was quantitated using Image-Pro Plus 5.0 software (Media Cybernetics, Silver Spring, MD, USA).



Immunohistochemistry Assay

Immunohistochemistry was performed as previously described (Tu et al., 2017). The renal tissue slides were incubated with primary antibodies against IL6 (1:500), LC3 (1:500), and BECN1 (1:500) (Servicebio), as well as the primary antibodies CD206 (1:500, sc-58986) and ARG1 (1:500, sc-271430) (Santa Cruz Biotechnology) overnight at 4°C. The slices were subsequently incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:500) (Servicebio). Changes in the kidneys and the positively stained areas were observed using light microscopy (Olympus, Tokyo, Japan). The percentages of the positive areas were calculated by Image-Pro Plus 5.0 software.



Histopathological Staining

The tissue samples from the renal cortex were paraffin-embedded and 4-μm sections were used. The sections were routinely dewaxed with xylene, washed with ethanol at all levels, and stained with periodic acid-Schiff and Masson’s trichrome. The fibrosis area in the renal interstitial area was calculated using the Image-Pro Plus software.



Cell Culture and Treatment

RAW264.7 cells obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) were cultured in DMEM supplemented with 10% fetal calf serum (FBS; Gibco, Grand Island, NY), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a humidified 5% CO2 atmosphere. For the polarization of M1 and M2 macrophages, the RAW264.7 cells were stimulated with lipopolysaccharide (LPS, 100 ng/ml) with or without TFA (20 μg/ml) and FEB (100 nM) for 24 h. Here, the doses of TFA and FEB were determined by the references of Liu et al. (2017) and Kondo et al. (2019).



Cell Viability Assessment

Cell viability was detected using CCK-8 assay (Beyotime, Shanghai, China) according to the manufacturer’s instructions. The cells were seeded into 96-well plates at a density of 1 × 104 cells per well, with 100 μl 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 at 37°C. The optical density was computed at the absorbance of 450 nm, and the cell viability was calculated. For each of these experiments at least three parallel measurements were carried out.



Statistical Analysis

The WB assessment was repeated at least thrice independently, and the individual data were subjected to a densitometric analysis. The data are expressed as the means ± standard deviation. The statistical analysis was performed by one-way analysis of variance (ANOVA) on normally distributed data, with LSD post hoc test, or non-parametric Kruskal-Wallis if not. A P value <0.05 indicated a statistically significant difference.




Results


TFA and FEB Improve Renal Injury

To assess whether TFA and FEB could ameliorate renal injury, we used the modified CRF model rats induced by right nephrectomy, potassium oxonate, and PD, which is widely used in CRF studies for faithfully recapitulating renal injury-related pathophysiological characteristics, including renal dysfunction and renal fibrosis (Chen et al., 2011; Decleves et al., 2014). First, we examined serum indicators of glomerular filtration function, including BUN, Scr, and SUA in the four rat groups. As shown in Table 1, obviously increased levels of BUN, Scr, and SUA in the CRF model rats were detected compared with those noted in the Normal group. Following treatment with TFA or FEB, the levels of BUN, Scr, and SUA in the CRF model rats were significantly decreased compared with those recorded in the Model group. Second, histopathological changes in renal cortices obtained from the four rat groups were observed by light microscopy after staining with periodic acid-Schiff and Masson’s trichrome. Abnormality was found in the Model group, characterized by tubular epithelial cells loss, accumulation of extracellular matrix, and interstitial fibrosis (Figure 1A). However, histopathological damages to renal interstitium in the CRF model rats were alleviated by treatment with TFA or FEB (Figure 1A). Moreover, the increased percentage of the renal fibrosis area in the CRF model rats was notably reduced in the TFA and FEB groups versus the Model group (Figure 1B). Furthermore, evidence from WB showed that the protein expression levels of α-SMA and collagen I in the kidneys of the Model group were significantly increased, and decreased in the TFA and FEB groups, compared with those measured in the Model group, respectively. In short, these results indicated that TFA and FEB can improve renal injury in CRF model rats (Figure 1C).


Table 1 | Blood biochemical parameters in the four rat groups.






Figure 1 | Effects of TFA and FEB on renal injury. (A) Photomicrographs of periodic acid-Schiff (PAS) staining and Masson’s trichrome staining in the Normal, Model, TFA, and FEB rat groups. Scale bar: 100 μm. (B) Fibrosis area. (C) A WB analysis of α-SMA and collagen I in the kidneys of the Normal, Model, TFA, and FEB rats. The data are expressed as the mean ± SD, (n = 3). *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; α-SMA, α-smooth muscle actin; WB, Western blotting; SD, standard deviation.





TFA and FEB Remodel Gut Microbiota Dysbiosis

Next, we compared alterations of gut microbiomes in the four rat groups using 16S rDNA amplicon sequencing. Sequences were grouped into provisional clusters as operational taxonomic units. The analysis of changes in the gut microbiome at the order level indicated that the abundance of Bacteroidales was increased, while that of Clostridiales was decreased in the Model group, compared with those observed in the Normal group (Figure 2A). Following treatment with TFA or FEB, the abundances of Bacteroidales and Lactobacillales were decreased, while that of Erysipelotrichales was increased in the TFA and FEB groups, versus the Model group (Figure 2A). In Figure 2B, Bray–Curtis dissimilarities were calculated and presented by non-metric multidimensional scaling. In terms of unweighted unifrac β-diversity, significant differences in bacterial communities were found between the Normal and Model groups, the Model and TFA groups, as well as the Model and FEB groups (Figure 2C). Analysis of similarities for categorical variables revealed that gut microbiomes between the Normal and Model groups were distinct (R = 0.23, P = 0.08), and statistical differences between the Model and TFA groups (R = 0.846, P = 0.001), as well as the Model and FEB groups (R = 0.69, P = 0.003) were significant (Figure 2D). Metastat analysis showed that, at the family level, changes of o_Bacteroidales_f_Muribaculaceae were obvious between the Normal and Model groups, the Model and TFA groups, as well as the Model and FEB groups. Meanwhile, at the genus level, significant changes of f_Lachnospiraceae_g_Lactonifactor, f_Rikenellaceae_g_Alistipes were found among these paired groups (Figure 2E). Figure 2F lists significant changes in microbiota from the phylum level to the species level, as determined by LEfSe. The family Prevotellaceae and species Lactobacillus gasseri were significantly enriched in the Normal group. The class Bacilli, order Lactobacillales, family Lactobacillales, family Muribaculaceae, and genus Lactobacillus exhibited higher abundances in the Model group. The phylum Proteobacteria, class Erysipelotrichia, class Gammaproteobacteria, order Erysipelotrichales, family Erysipelotrichaceae, family Bacteroidaceae, family unidentified Clostridiales, genus Bacteroides, genus Allobaculum, genus unidentified Clostridiales, genus Faecalibaculum, and species Akkermansia muciniphila were significantly increased in the TFA group. The kingdom Bacteria was uniquely enriched in the FEB group (Figure 2F). In Figure 2G, for the Tax4Fun analysis, based on the taxonomical profile, heatmap analysis showed the abundance score of predicted function. These functions were mainly related to infectious diseases, aging, metabolism, genetic information processing, and signal transduction. Taken together, these results indicated that TFA and FEB can remodel gut microbiota dysbiosis in vivo.




Figure 2 | Effects of TFA and FEB on gut microbiota dysbiosis. (A) Changes in the relative abundance of gut microbiota at the order level in the four rat groups. (B) NMDS analysis for the relative abundance of bacterial OTU in the four rat groups. (C) Unweighted unifrac β-diversity of bacterial community. (D) ANOSIM analysis of categorical variables between the Normal and Model groups, Model and TFA groups, and Model and FEB groups. (E) MetaStat analysis for the relative abundance of significantly altered bacterial taxa at the family and genus levels in the four rat groups. (F) LEfSe for the significant bacterial taxa with LDA scores > 4.0 in the four rat groups. Differences are represented by the color of over-represented taxa: blue indicating the Normal group; green indicating the Model group; yellow indicating the TFA group; and red indicating the FEB group. Circles represent phylogenetic levels from phylum (innermost circle) to genera (outermost circle). (G) Predicted microbial functions using Tax4Fun in the four rat groups. The data are expressed as the mean ± SD, (n = 3). *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; NMDS, non-metric multi-dimensional scaling; OTU, operational taxonomic unit; ANOSIM, analysis of similarities; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size; SD, standard deviation.





TFA and FEB Regulate Gut-Derived Metabolites and Inhibit Microinflammation

A previous study revealed that d-amino acids are produced by gut microbiomes and involved in intestinal mucosal defenses (Sasabe et al., 2016). The levels of d-serine can be regulated by DAO and SRR (Horio et al., 2011; Miyoshi et al., 2011). Therefore, we firstly focused on the metabolisms of DAO and SRR. As shown in Figures 3A, B, the serum levels of DAO and SRR in the Model group were significantly increased compared with those noted in the Normal group. After treatment with TFA or FEB, the serum levels of DAO and SRR in the CRF model were significantly decreased compared with those measured in the Model group. Similar to changes observed in the metabolisms of DAO and SRR, the serum levels of d-serine and l-serine in the Model group were also increased, compared with those recorded in the Normal group. However, after treatment with TFA or FEB, we found lower levels of l-serine and d-serine in the TFA and FEB groups, respectively (Figures 3C, D).




Figure 3 | Effects of TFA and FEB on gut-derived metabolites. (A–D) Serum levels of DAO, SRR, d-serine, and l-serine in the Normal, Model, TFA, and FEB rat groups. The data are expressed as the mean ± SD. *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; DAO, d-amino acid oxidase; SRR, serine racemase; SD, standard deviation.



Second, we tested the serum levels of IL1β and TNF-α by ELISA assays to confirm whether TFA and FEB could inhibit microinflammation in vivo. Figures 4A, B illustrate that the serum levels of IL1β and TNF-α in the Model group were significantly increased compared with those reported in the Normal group. Following treatment with TFA or FEB, the serum levels of IL1β and TNF-α in the CRF model were significantly decreased. Moreover, similar changes in the protein expression levels of IL1β, TNF-α, and NF-κB were found in the kidneys. In comparison with the Model group, the increased protein expression of IL1β, TNF-α, and NF-κB was reversed in the TFA and FEB groups (Figure 4C). Collectively, these results indicated that TFA and FEB can regulate gut-derived metabolites and inhibit microinflammation in vivo.




Figure 4 | Effects of TFA and FEB on microinflammation. (A, B) Serum levels of IL1β and TNF-α in the Normal, Model, TFA, and FEB rat groups. (C) A WB analysis of IL1β, TNF-α, and NF-κB in the kidneys of the Normal, Model, TFA, and FEB rats. The data are expressed as the mean ± SD (n = 3), *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; IL1β, interleukin 1β; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor-κB; WB, Western blotting.





TFA and FEB Modulate Macrophage Polarization In Vivo and In Vitro

Inflammatory renal damages and fibrosis are closely related to macrophage polarization in the kidney (Meng et al., 2019). Therefore, we examined the expression of M1 macrophages markers, including iNOS and IL6, as well as M2 macrophages markers (including CD163, CD206, and ARG1) by immunofluorescence and immunohistochemistry staining. As shown in Figures 5A, C, our results showed that iNOS and IL6-positive area in the kidneys of the Model group were increased, compared with those observed in the Normal group. After treatment with TFA or FEB, iNOS and IL6-positive area in the kidneys of the CRF model rats were decreased in the TFA and FEB groups, compared with those detected in the Model group (Figures 5A, C). Furthermore, in comparison with the Normal group, the expression of CD163, CD206, and ARG1-positive area in the kidneys of the CRF model rats was markedly higher (Figures 5B, D, E). After treatment with TFA or FEB, the expression of CD163, CD206, and ARG1-positive area in the kidneys of the CRF model rats was even higher compared with that noted in the Model group’s (Figures 5B, D, E).




Figure 5 | Effects of TFA and FEB on macrophage polarization in vivo. (A, B) Immunofluorescence staining of iNOS and CD163 in the kidneys of the Normal, Model, TFA, and FEB rats. Scale bar: iNOS, 100 μm; CD163, 50 μm. (C–E) Immunohistochemical staining of IL6, CD206, and ARG1 in the kidneys of the Normal, Model, TFA, and FEB rats. Scale bar: 100 μm. *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; iNOS, inducible nitric oxide synthase; IL6, interleukin 6; ARG1, arginase 1.



Further, to access whether TFA and FEB can induce M1 or M2 polarization in vitro, we tested the protein expression levels of M1 and M2 makers in RAW 264.7 cells exposed to LPS with or without TFA or FEB for 24 h. Prior to the formal cellular experiments, the cytotoxicity of TFA or FEB on RAW 264.7 cells was analyzed using CCK-8. As shown in Supplemental Materials, the cellular viabilities were significantly decreased under the highest concentrations of TFA at 40 μg/ml and FEB at 200 nM compared to the 20 μg/ml dose of TFA and the 100 nM dose of FEB, respectively. Based on these results, the safe and effective doses of TFA (20 μg/ml) and FEB (100 nM) were selected, respectively. In Figure 6A, our results showed that iNOS and IL6 protein expressions were increased in RAW 264.7 cells exposed to LPS, compared to those of the control cells. The protein expression of iNOS and IL6 was decreased in RAW 264.7 cells exposed to LPS with the treatment of TFA or FEB, compared to the treatment with LPS alone. In addition, it is noted that CD163, CD206, and ARG1 protein expressions were increased in RAW 264.7 cells exposed to LPS, compared to those of the control cells. The protein expression of CD163, CD206, and ARG1 was even higher in RAW 264.7 cells exposed to LPS with the treatment of TFA or FEB, compared to the treatment with LPS alone (Figure 6B). In sum, these results indicated that TFA and FEB can modulate macrophage polarization both in vivo and in vitro.




Figure 6 | Effects of TFA and FEB on macrophage polarization in vitro. (A) A WB analysis of iNOS and IL6 in RAW 264.7 cells exposed to LPS (100 ng/ml) with or without TFA (20 μg/ml) or FEB (100 nM) for 24 h. (B) A WB analysis of CD163, CD206, and ARG1 in RAW 264.7 cells exposed to LPS (100 ng/ml) with or without TFA (20 μg/ml) or FEB (100 nM) for 24 h. The data are expressed as the mean ± SD, (n = 3). *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; iNOS, inducible nitric oxide synthase; IL6, interleukin 6; LPS, lipopolysaccharide; ARG1, arginase 1; NS, not significant; WB, Western blotting.





TFA and FEB Adjust Autophagy-Mediated Macrophage Polarization In Vivo and In Vitro Through AMPK-SIRT1 Signaling

Autophagy is an important impact factor in macrophage polarization (Chen et al., 2012; Liu et al., 2015). Thus, we evaluated the expression of BECN1 and LC3 in the kidney as the markers of autophagy using immunohistochemical staining. Our results showed that the expression of BECN1 and LC3 in the kidneys of the Model group was lower compared with that measured in the Normal group. Following treatment with TFA or FEB, the expression of BECN1 and LC3 in the kidneys of the CRF model rats were significantly increased (Figure 7A). We subsequently tested the protein expression levels of key molecules in autophagy in the kidney by WB analysis. As shown in Figure 7B, similar changes in BECN1 protein expression and LC3 conversion (the rate of LC3 II/LC3 I) were confirmed in the four rat groups.




Figure 7 | Effects of TFA and FEB on autophagy-mediated macrophage polarization through AMPK-SIRT1 signaling in vivo. (A) Immunohistochemical staining of BECN1 and LC3 in the kidneys of the Normal, Model, TFA, and FEB rats. Scale bar: 100 μm. (B–D) A WB analysis of BECN1, LC3, p-p62, p62, p-mTOR, mTOR, AMPK, and SIRT1 in the kidneys of the Normal, Model, TFA, and FEB rats. The data are expressed as the mean ± SD, (n = 3). *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; BECN1, beclin1; p-p62, phosphorylated p62; p-mTOR, phosphorylated mTOR; NS, not significant; WB, Western blotting.



Furthermore, the polyubiquitin-binding protein p62/SQSTM1 is degraded by autophagy (Pankiv et al., 2007). Upregulated protein expression levels of phosphorylated p62 (p-p62) in the kidneys of the Model group were found compared with those recorded in the Normal group. However, the overexpression of p-p62 in the kidneys of the CRF model rats was abolished by treatment with TFA or FEB compared with that observed in the Model group rats (Figure 7B). In addition, mTOR signaling is an important regulatory mechanism in autophagy (Munson and Ganley, 2015). Interestingly, there was no significant change in protein expression levels of phosphorylated mTOR and mTOR in the four rat groups (Figure 7C). Figure 7D shows that the protein expression levels of AMPK and SIRT1 in the kidneys of the Model rats were significantly downregulated compared with those recorded in the Normal rats. In comparison with the Model group rats, TFA and FEB reversed the protein expression levels of AMPK and SIRT1 in the kidneys of the CRF rats.

Moreover, the in vitro experiments were processed to assess whether TFA and FEB can adjust autophagy-mediated macrophage polarization through AMPK-SIRT1 signaling. Our results showed that the protein expression of BECN1 and LC3 (Figure 8A), as well as AMPK and SIRT1 (Figure 8B) in RAW 264.7 cells exposed to LPS was significantly downregulated, compared to those of the control cells. In comparison with the stimulation of LPS, the change of LC3 conversion and the protein expression levels of BECN1, AMPK and SIRT1 were upregulated in RAW 264.7 cells exposed to LPS with the treatment of TFA or FEB (Figures 8A, B). In brief, these results indicated that TFA and FEB can adjust autophagy-mediated macrophage polarization through AMPK-SIRT1 signaling both in vivo and in vitro.




Figure 8 | Effects of TFA and FEB on autophagy-mediated macrophage polarization through AMPK-SIRT1 signaling in vitro. (A) A WB analysis of BECN1 and LC3 in RAW 264.7 cells exposed to LPS (100 ng/ml) with or without TFA (20 μg/ml) or FEB (100 nM) for 24 h. (B) A WB analysis of AMPK, and SIRT1 in RAW 264.7 cells exposed to LPS (100 ng/ml) with or without TFA (20 μg/ml) or FEB (100 nM) for 24 h. The data are expressed as the mean ± SD, (n = 3). *P < 0.05, **P < 0.01. TFA, total flavones of Abelmoschus manihot; FEB, febuxostat; BECN1, beclin1; LPS, lipopolysaccharide; NS, not significant; WB, Western blotting.






Discussion

To verify the therapeutic effects of natural phytomedicine in CRF progression, it is important to use an appropriate animal model that simulates clinical features similar to those encountered in CRF patients with renal dysfunction and kidney injury. Based on many similar reports (Chen et al., 2011; Decleves et al., 2014), in this study, special multiple methods including right nephrectomy, potassium oxonate administered by gastric gavage, and a PD were jointly used to induce the CRF rat models within 28 days. Potassium oxonate and PD are undeniably the key factors causing hyperuricemia and renal tubulointerstitial damages. Use of uricase inhibitor potassium oxonate is a classic approach to inducing a hyperuricemic animal model, as indicated by drastic increases in SUA levels (Chen et al., 2011). PD is usually utilized as a lipid metabolism-related specific diet for inducing obesity and renal injury (Decleves et al., 2014). In our investigation, significant enlargement of the kidneys with a granular appearance shown in the Supplemental Materials was clearly observed in the CRF model rats on day 28. Furthermore, renal tubulointerstitial effects, such as tubular epithelial cells loss, accumulation of extra cellular matrix, and interstitial fibrosis, as well as increased renal α-SMA and collagen I protein expression levels were detected. Furthermore, we noticed that the classic indices of glomerular filtration function, including Scr, BUN, and SUA were significantly elevated. Whereupon, we considered that these modified CRF rat models induced by uninephrectomy, potassium oxonate, and PD should be helpful in unraveling the therapeutic effects and mechanisms of CRF in vivo, and discovering new effective drugs against CRF progression.

Gut microbiota dysbiosis has emerged as an important factor conducive to renal dysfunction in CRF progression; alterations of gut microbiomes observed after treatment may be attributable to therapeutic actions (Hand et al., 2016; Wilson and Nicholson, 2017). Yu et al. reported that changes in the gut microbiomes were associated with treatment with allopurinol and benzbromarone in male rats with hyperuricemia, and found that these SUA-lowering drugs caused alterations of gut microbiomes (increased genera Bifidobacterium and Collinsella and decreased genera Adlercreutzia and Anaerostipes). Such alterations of gut microbiomes may be indicators of the effectiveness of drug therapy (Yu et al., 2018). In contrast, in our investigation, we found that TFA and FEB ameliorated renal injury and induced changes in the gut microbiomes, including decreased Bacteroidales and Lactobacillales, and increased Erysipelotrichales. Moreover, Metastat and LEfSe analyses showed significant alterations of gut microbiomes at different levels. It should be especially noted that FEB, a novel and selective xanthine oxidase inhibitor, was selected as a positive control drug in this study because FEB exerted dual effects of reducing SUA and regulating the gut microbiome in hyperuricemia (Pascart and Liote, 2019). Thus, we considered that gut microbiota dysbiosis and renal injury in the CRF model rats could be remodeled by treatment with TFA or FEB in vivo.

Nakade et al. reported that gut microbiomes may regulate host homeostasis via their metabolites (Nakade et al., 2018). In the acute kidney injury animal models, the kidneys were host sites for d-serine metabolism by DAO and SRR on the basis of gut microbiota dysbiosis. In addition, the activity of DAO degrading d-amino acids or d-serine was decreased in the ischemia/reperfusion-injured kidneys. On the contrary, the activity of SRR generating d-serine from l-serine was increased in ischemia/reperfusion-injured kidneys. In our investigation, consistent with the observed renoprotective effect of the gut-derived d-serine in vivo (Nakade et al., 2018), we also found that higher levels of d-serine in the CRF model rats were exhibited after treatment with TFA or FEB. Furthermore, the serum levels of DAO, SRR and l-serine in the CRF model rats were significantly increased, and decreased by treatment with TFA or FEB, respectively. On the other hand, recent evidence suggested that the aforementioned gut-derived metabolites released into blood can be linked to systemic microinflammatory responses and play important roles in modulating microinflammation; thus, they are regarded as potential therapeutic targets (Schindler, 2004; Vaziri et al., 2016). In our investigation, TFA and FEB showed anti-inflammatory effects by reducing the secreted levels of IL1β and TNF-α in blood, and downregulating the protein expression levels of IL1β, TNF-α, and NF-κB in the kidneys of the CRF model rats. Consequently, we considered that gut-derived metabolites and microinflammation in the CRF model rats can be regulated and inhibited by treatment with TFA or FEB in vivo.

In CRF progression, inflammatory tubulointerstitial lesions are main pathological features in the kidney and involved in macrophages polarization (Wang and Harris, 2011). However, notably, different biological effects of macrophages in renal injury have a relationship with its plasticity and heterogeneity (Mills et al., 2000). Macrophages can be polarized into M1/M2 functional phenotypes. Lu et al. reported that, in obstructed kidneys, significant tubulointerstitial damages and fibrosis are inhibited by quercetin (a natural flavonoid compound) by modulating M1/M2 macrophage polarization. Decreased iNOS and IL12 levels and the proportion of F4/80+/CD11b+/CD86+ macrophages both indicate suppression of M1 macrophage polarization induced by treatment with quercetin in injured kidneys. Interestingly, quercetin also inhibits the polarization of F4/80+/CD11b+/CD206+ M2 macrophages (Lu et al., 2018). In addition, Sedum sarmentosum Bunge extract exerts a significant anti-inflammatory effect and alleviates kidney injury by suppressing M1-macrophage polarization marked by downregulating the levels of IL12 and iNOS (Lu et al., 2019). In our investigation, the results revealed that TFA and FEB decreased the levels of iNOS and IL6 (well-defined markers of M1 macrophages), and increased those of CD163, CD206, and ARG1 (generally considered as markers of M2 macrophages in CRF model rats). Therefore, we considered that macrophage polarization in the kidneys of CRF model rats can be modulated by treatment with TFA or FEB in vivo. Moreover, macrophage polarization can also be modulated by TFA or FEB in RAW 264.7 cells exposed to LPS in vitro.

Autophagy, a protein degradation system, is present at a basal level in all mammals, and regulated by nutrient-sensing-related signaling pathways, such as mTOR, AMPK, and SIRT1 (Lenoir et al., 2016). Liu et al. reported that macrophages in high-fat diet-induced obese mice with defective autophagy, lacking ATG5, have an identical proinflammatory phenotype with elevated M1 and decreased M2 polarization. Thus, autophagy has a critical regulatory function in macrophage polarization that inhibits inflammation (Liu et al., 2015). In our investigation, the results indicated that the lower expression of BECN1 and LC3 in renal interstitium changed the BECN1 and p-p62 protein expression levels and LC3 conversion in the kidneys of CRF model rats. These changes were confirmed and notably reversed by treatment with TFA or FEB in vivo, along with alterations of macrophage polarization in the kidney. With the treatment of TFA or FEB, the similar changes of BECN1 protein expression level and LC3 conversion were also observed in RAW 264.7 cells exposed to LPS in vitro.

mTOR is the most classical regulatory mechanism in autophagy, which can regulate cell growth, metabolism, survival, and the longevity of organisms (Munson and Ganley, 2015). However, our results showed that mTOR signaling did not exhibit significant changes in the different groups of rats. It is established that, AMPK-SIRT1 is another upstream regulator of autophagy in addition to mTOR. Indeed, in our investigation, we found that the protein expression levels of AMPK and SIRT1 in the kidneys of the CRF model rats, as well as in RAW 264.7 cells exposed to LPS, were markedly downregulated, and reversed by treatment with TFA or FEB. This effect was accompanied by changes in autophagy markers and macrophage polarization. For these reasons, we preliminarily considered that autophagy-mediated macrophage polarization can be adjusted by treatment with TFA or FEB through AMPK-SIRT1 signaling both in vivo and in vitro.

Finally, the present study had some limitations. First, to explain the complex underlying therapeutic mechanisms of natural phytomedicines on the gut-kidney axis disorder in CRF progression, more classical animal models with renal dysfunction (including the 5/6 nephrectomized model and the unilateral ureteral obstruction-induced model) can be selected in in vivo studies. Second, although we have revealed the underlying roles of gut microbiota dysbiosis in this modified CRF rat model, more accurate findings to identify the key bacteria strains that may account for metabolites and microinflammation will be crucial. Third, the metabolism of TFA in vivo is complicated; besides gut-derived metabolites, further investigations are required to identify other metabolomics products involved in the relationship between gut microbiota dysbiosis and microinflammatory lesions. Fourth, although TFA affects the activation of the AMPK-SIRT1 signaling pathway in vivo and in vitro, regrettably we cannot draw a clear conclusion regarding to key signaling molecules of autophagy-related signaling pathways from these two models. A cell sorting in vitro and transgenic mouse model using the technique of Cre-Lox recombination in vivo may be necessary in future studies to clarify this point. Fifth, based on the classical cognition, LPS can induce M1 polarization, but it cannot affect M2 polarization. However, our results showed that the M2 makers, CD163, CD206 and ARG1 were increased in RAW 264.7 cells exposed to LPS, compared to those of the control cells. Still, there is no denying that, it is not clear what is the reason why M2 polarization is induced in LPS condition. There must be some unidentified factors, and the possible factors will be explored in our future study.



Conclusion

In this study, we demonstrated that TFA, similar to FEB, exerts its renoprotective effects partially by therapeutically remodeling gut microbiota dysbiosis and inhibiting intestinal metabolite-derived microinflammation by adjusting autophagy-mediated macrophage polarization through AMPK-SIRT1 signaling (Figure 9). These findings provide more accurate in vivo and in vitro information on the role of TFA in delaying CRF progression.




Figure 9 | Schematic diagram of TFA remodeling gut microbiota and inhibiting microinflammation in CRF progression. TFA, total flavones of Abelmoschus manihot; CRF, chronic renal failure.
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Herbal medicine (HM) has been widely used to treat diseases for thousands of years and has greatly contributed to the health of human beings. Many new drugs have been developed from HM, such as artemisinin. However, artemisinin has adverse effects, such as renal toxicity. In 1993, a study conducted in Belgium reported for the first time that the root extracts of Aristolochia obliqua S. M. Hwang led to progressive interstitial renal fibrosis. The nephrotoxicity of HM has attracted worldwide attention. More than 100 kinds of HM induce renal toxicity, including some herbs, animal HMs, and minerals. This paper aimed to summarize the HM compounds that cause nephrotoxicity, the mechanisms underlying the toxicity of these compounds, biomarkers of renal injury, and prevention strategies. These findings provide a basis for follow-up studies on the prevention and treatment of HM nephrotoxicity.
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Introduction

With the extensive use and deepening pharmacological research on HM, the adverse effects of HMs have also been determined. HM differs from western medicine, its side effects are considered slight, and it can be taken for a long time or at a large dose. However, in recent years, reports of adverse reactions caused by HM and its preparations have increased every year. Nephrotoxicity is one of the main toxicities of HMs. In the 1960s, some scholars first reported the cases of acute renal failure caused by the administration of Aristolochia manshuriensis Kom in China, after which relevant reports also appeared abroad (Wu, 1964). In 1993, Belgian scholars reported that nine European women suffered from renal failure after taking weight-loss capsules containing Chinese herbal medicine A. obliqua S. M. Hwang; this condition is called “Chinese herb nephropathy (CHN)” (Vanherweghem et al., 1993).

Besides aristolochic acid, many other HM components cause renal toxicity. Severe renal tubular lesions have been found in renal puncture examinations of patients with kidney disease caused by Tripterygium regelii Sprague. et. Takeda. The lesions are accompanied by obvious inflammatory cell infiltration, degeneration, and necrosis of renal tubular epithelial cells (Luo et al., 2018b). The administration of a large amount of Glycyrrhiza uralensis Fisch. caused rhabdomyolysis and acute renal injury. Many kinds of animal HMs can cause renal toxicity, such as Scolopendra subspinipes mutilans L. Koch, fish gall, and Mylabris. Fish gall can cause the swelling and necrosis of renal tubular epithelial cells and medullary edema. Hirudo nipponica Whitman and S. subspinipes mutilans L. Koch may lead to hemolytic reaction, aggravating the damage to renal function and eventually leading to massive hematuria. Realgar, a mineral Chinese medicine, directly injures the glomerulus. In summary, according to research statistics, more than 100 kinds of HM have toxic effects on the kidney. This article focuses on the kidney toxicity of HMs and their possible mechanisms and summarizes the strategies for preventing HM nephrotoxicity.

Statistics state that more than 100 kinds of HM preparations can cause kidney damage. With the popularization of Chinese culture, HM has also become gradually known and exported to South Korea, Japan, India, Germany, and other European countries, thus playing a huge role in the world medical system (Wang, 2013). Therefore, improving the understanding of HM drugs with renal toxicity effects has become an urgent problem. In this paper, HM drugs with renal toxicity were discussed in accordance with their types of toxic components. Moreover, the causes of kidney injury and the toxicity mechanisms of components were introduced in detail. The measures to reduce renal toxicity were elaborated upon at length on the basis of modern science and technology. This elaboration is conducive to follow-up studies on the prevention and treatment measures of HM and the safety of clinical medication.



Compounds Liable for Nephrotoxicity and Representative HM


Organic Acids

Organic acid is an organic compound (excluding amino acid) that contains a carboxyl group. This compound widely exists in plants. Aristolochic acid (1) is the most representative nephrotoxic component among the HM organic acids, and its representative HMs are A. manshuriensis Kom, A. obliqua S. M. Hwang, and A, debilis Sieb. Et Zucc. Aristolochic acid can cause necrosis and apoptosis of renal tubular epithelial cells.



Alkaloids

Alkaloid is a nitrogen-containing organic compound that exists in nature and is obtained from plants. It is a toxic component of many HMs, such as matrine (2) and genistein in Sophora flavescens Ait., glycoside alkaloid in Alisma orientale (Sam.) Juzep., arecoline (3) in Areca catechu L., and colchicine (4) detected in Gremastra appendiculata (D. Don) Makino. Other examples are Tetrandrine (5), Ephedrine (6), Leonurine (7). Most types of nephrotoxic alkaloid are organic amines, pyrrolidines, pyridines, and isoquinolines.



Terpenes and Lactones

Terpenoids and lactones are ubiquitous compounds in the plant kingdom. Terpenoids are derivatives with a general formula of (C5H8) n, oxygen content, and different saturation degrees. Lactone is an organic compound with one ester group formed by the esterification of one molecule. They have important physiological activities and are important resources for the research of natural products and the development of new drugs. This kind of nephrotoxic component includes cinnamaldehyde (8), thujone (9) and triptolide (10). Representative HMs include Cinnamomum cassia Presl, Magnolia officinalis Rehd. et Wils., Melia toosendan Sieb.et Zucc., and Leonurus japonicus Houtt., and the nephrotoxicity of these substances is weaker than that of aristolochic acid. In clinical use, doctors often focus on its efficacy and ignore its toxicity. This substance can cause renal tubulointerstitial damage, the sufferers of which may show symptoms of uremia and proteinuria.



Toxic Proteins

A virulent protein is obtained from a normal cellular protein, PrPc, which has been changed but does not have the function of a normal protein. It is the smallest known infectious medium with a single component. It is nearly only composed of protein, but without nucleic acid. It can strongly resist proteolytic enzymes. These toxic substances are obtained from protein components in animal and plant medicinal materials, such as trichosanthin in Trichosanthes kirilowii Maxim, histamine-like substance hemolytic protein in S. subspinipes mutilans L. Koch, and leech protein in Hirudo nipponica Whitman.



Minerals

Most of the toxic components of minerals contain heavy metals, which include arsenic, mercury, and lead. The representative drugs are Ae2S2 in Realgar, HgS in cinnabaris, and Pb in Red lead. After taking these drugs in large quantities, heavy metals accumulate in the kidneys because of metabolic difficulties, resulting in kidney damage. For example, cinnabars accumulate in the kidney and lead to the apoptosis of renal tubular epithelial cells in the renal cortex.



Flavonoid Glycosides

Flavonoid glycosides are widely found in plants and berries with strong antioxidant properties. Even low amounts of flavonoid glycosides cause kidney damage in HM. Some of these flavonoid glycosides come from dry mature seeds of Ginkgo biloba, the toxic component of which is ginkgo neuter. Flavonoid glycosides are a series of compounds formed by the interconnection of two benzene rings (A- and B-rings) with phenolic hydroxyl groups through the central three carbon atom. Their basic parent nucleus is 2-phenylchromogenic ketone.



Saponins

Saponin is a plant glycoside that can form colloid solution and soap-like foam. The representative HMs containing saponins are Xanthium sibiricum Patr., Bupleurum chinense DC., Clematis chinensis Osbeck, and Pulsatilla chinensis (Bge.) Regel. In addition to Pulsatilla chinensis (Bge.) Regel, the toxic component of C. chinensis Osbeck is also anemonin (11). Long-term administration of C. chinensis Osbeck lead to acute renal tubular injury, necrosis, or chronic interstitial nephritis. Other components with nephrotoxicity are saikosaponin A (12), geniposide (13), esculentoside A (14). Saponins are glycosides composed of aglycones and sugars, glucuronic acids, or other organic acids. According to the known molecular structure of aglycones, the saponins of c-27 steroids are called steroids and those of triterpenoids are called triterpenoids.

According to statistics, more than 100 kinds herbs may cause kidney toxicity in HM, and their toxic components are not fully understood. In addition to the representative toxic compounds listed above, anthraquinones in Polygonum cuspidatum Sieb.et Zucc. are toxic components, and the main toxic components in rhubarb are emodin (15), aloe emodin (16) and other anthraquinones. The toxic component of Eugenia caryophyllata Thunb. is eugenol (17), which is an aromatic compound. Aloin (18) is a nephrotoxic component in Aloe barbadmsis Miller. The toxic components of fish gall, such as histamine or oxide, are complex. Other known nephrotoxic HMs such as Schizonepeta tenuifolia Briq., Bolbostemma paniculatum (Maxim.) Franquet, Euphorbia pekinensis Rupr., and Eugenia caryophyllata Thunb. These need further experimental analysis to determine their toxic components. Table 1 shows the HM nephrotoxicity and their toxic ingredients. Figure 1 shows the representative structure of nephrotoxic components.


Table 1 | Chinese herbal medicines known to contain kidney toxicity components.






Figure 1 | Representative nephrotoxic compounds structures.






Nephrotoxic Mechanisms

Different drugs can cause varied damage to the kidney. Hence, detection indicators are different and reflect the differentially damaged kidney parts. The damage of HM to the kidney is very complex. Thus, it is necessary to use as many indicators as possible to reflect the damage site and infer the mechanism of action. In 2008 and 2010, the U.S. Food and Drug Administration and the European Drug Administration accepted the application of PSTC and HESI and recognized eight kinds of nephrotoxic biomarkers, namely, clusterin, urinary total protein (uTP), β2-microglobulin (β2-MG), cystatin C, kidney injury molecule (Kim-1), trefoil factor-3, albumin, and renal papillaryantigen-1. These eight markers are used for drug preclinical and clinical safety evaluations. In addition, renal toxicity has many other indicators, such as NGAL, interleukin, microproteinuria, NAG, α-GST, and organic anion transporters, which can be used to detect the degree of renal injury. In this paper, according to the course of the disease and the above indicators, we divided the nephrotoxicity of HM into two categories for clarity, namely, chronic and acute toxicities. Table 2 shows the markers that can be used to detect kidney damage.


Table 2 | Nephrotoxic biomarkers.




Chronic Toxicity


Mechanism Related to Apoptosis

Cinnabaris contains the heavy metal mercury; the long-term use of cinnabars can cause the accumulation of mercury in the kidneys and cause kidney damage (Wang et al., 2015b). Clinically, acute renal function damage is often caused by the misuse of a large dose of cinnabaris, and chronic renal function damage is caused by taking a single or compound preparation for a long time as part of an excessive or conventional dose.

Cinnabaris can induce the apoptosis of renal tubular epithelial cells, and this pathway may be an important mechanism for subchronic nephrotoxicity. The apoptosis signaling pathway mediated by death receptor may be an important pathway for cinnabaris to induce apoptosis of renal tubular epithelial cells (Wang et al., 2015a). The application of mercury containing the drug wuwudan in large doses can cause the apoptosis of renal cells by regulating the expression levels of Bax/Bcl-2 apoptosis-related proteins (Li and Pan, 2012).

In addition to the above-mentioned mechanisms, mercury can induce apoptosis through the mitochondrial-mediated endogenous pathway. This process will increase the content of free radicals in the mitochondria, change the activity of protease on mitochondrial membrane, improve the permeability of mitochondrial membrane, affect the synthesis of ATP, and lead to the release of cytochrome C. After entering the cytoplasm, cytochrome C enhances the oxidation of cells and then induces cell apoptosis (Gao et al., 2009).

After 2 weeks, the administration of 80 μmol·L-1 of emodin can inhibit the proliferation of HK-2 cells, promote cell apoptosis, and decrease mitochondrial membrane potential. Its mechanism is that emodin inhibits the phosphorylation of extracellular signal regulated kinase 1/2(ERK1/2) and the expression of Bcl-2 in HK-2 cells. However, Bax does not undergo obvious changes, leading to the dominance of pro-apoptotic gene proteins, the development of cells towards pro-apoptosis, and the increase in the release of cytochrome c, thereby activating caspase-8 and downstream caspase-3 and causing apoptosis (Wang et al., 2010).



Mechanism of Oxidative Damage

The long-term administration of total alkaloids of Leonurus ja ponicus Houtt. leads to obvious oxidative damage and renal toxicity in rats (Sun, 2017). This condition may be caused by the large amount of reactive oxygen species (ROS) produced by the body after the drug acts on the kidney, thus directly damaging the kidney cells. The possible mechanism may be as follows: ROS reacts with the macromolecular substances of the cell membrane to form lipid peroxide, thus damaging the oxidative phosphorylation process, making the energy metabolism abnormal, and finally leading to abnormal mitochondrial function, reduced SOD and XOD secretion, cell damage, and apoptosis (Huang and Sun, 2010).

Rheum palmatum L. and its anthraquinone compounds can cause renal damage under certain conditions (Yan et al., 2006; Liu et al., 2017; Deng et al., 2018). The main toxic components of R. palmatum L. are rhein, emodin, and aloe emodin. The long-term administration of R. palmatum L. causes certain toxicity to the kidney of mice (Hu et al., 2019). At a dose of 0.35g · kg-1 · D-1, the toxicity is obvious, and a significant gender difference is observed. Toxicity is more obvious in males than females. The mechanisms underlying its potential toxicity may be the imbalance in the glutathione antioxidant system, the induction of excessive oxidation, the triggering of inflammatory reaction, the activation of the expression of caspase-3, and the induction of cell apoptosis.




Cytokine Pathway

Aristolochic acid can cause renal interstitial fibrosis. The occurrence of renal interstitial fibrosis is related to the increase of extracellular matrix (ECM) synthesis and the decrease of ECM degradation. TGF-β is one of the important cytokines that promote ECM synthesis (Sun et al., 2018). The expression of TGF-β, CTGF, and ECM increase considerably in kidney tissues of patients (Zhang et al., 2005; Bai et al., 2014; Tsai et al., 2014). Exogenous aristolochic acid I could increase the mRNA expression of TGF-β and ECM in renal tubular epithelial cells and renal interstitial fibroblasts (Zhu et al., 2007; Tian et al., 2014; Lu et al., 2016; Li M. et al., 2018). The specific anti-TGF-β1 neutralizing antibody could partially block the expression of FN and HK-2 cell apoptosis induced by aristolochic acid I (Li et al., 2004). The abnormal expression of FN could promote cell proliferation, leading to renal interstitial fibrosis (Nortier et al., 2015; Chen et al., 2018; Li M. et al., 2018; Yin et al., 2018). TGF-β1 partially mediates the occurrence of FN and the apoptosis of renal tubular epithelial cells induced by aristolochic acid I.


Influence on Cell Transdifferentiation

Chronic AAN (CAAN) and renal interstitial fibrosis can occur in patients treated for a long time with low-dose aristolochic acid (He et al., 2008). VIM is expressed in the renal tubular epithelial cells of patients with CAAN, whereas the expression of CK decreases (Chai et al., 2009; Yi et al., 2018). This finding indicates that renal tubular epithelial cells undergo phenotypic transformation during the course of the disease and are converted into myofibroblasts.



Mechanism Related to Ischemic Changes

The kidney tissues of 33 patients treated with aristolochic acid showed renal ischemia, glomerular collapse and shrinkage, thickening of the capsular sac wall, and thickening of the interlobe arteries and arterioles (Depierreux et al., 1994). Many patients taking Akebia quinata (Thunb.) Decne. have renal ischemic changes in the pathological area (Shi et al., 2016; Wang et al., 2018). Hence, aristolochic acid may cause renal damage through vascular damage, the specific manifestation of which is the damage to the tubular wall of the kidney, thereby causing ischemia and eventually leading to renal tubular atrophy and interstitial fibrosis. After administration of 10 g/kg of A. obliqua S. M. Hwang to rats in the experimental group for 4 weeks, 6-keto-PGF1α and TXB2 in urine, plasma, and kidney tissue decreased remarkably (Ye et al., 2003). Both are metabolites of PGI2/TXA2. PGI2/TXA2 is among the key factors that determine renal blood flow and function. However, because of the instability of its molecular structure, the content of PGI2/TXA2 can be determined by detecting the content of 6-keto-PGF1α and TXB2. Hence, the changes in the contents of the two compounds can reflect the vascular constriction caused by the abnormal prostaglandin system, which is one of the mechanisms underlying renal injury.




Immune-Mediated Pathway

Continuous administration of esculentoside A for 7 days causes renal injury. In this case, p-IκBα protein expression increases significantly, whereas IκBα protein expression decreases obviously. TNF-α and IL-1β expression are remarkably upregulated. Hence, the nephrotoxicity induced by esculentoside A in rats is very closely related to NF-κB. The potential nephrotoxic mechanism of esculentoside A may be the activation of the NF-κB signal, phosphorylation of the target protein of IκB α, and the overexpression of the downstream inflammatory factors TNF-α and IL-1β to induce renal damage (Yang X. et al., 2019).


Acute Toxicity


Mechanism Related to Apoptosis

Aristolochic acid induces cell apoptosis and causes direct damage to renal tubular epithelial cells, especially the proximal tubular epithelial cells (Yang H. Y. et al., 2011). Its mechanism may be related to the increase of intracellular calcium concentration (Hsin et al., 2006). By using aristolochic acid I to induce LLC-PK1 cell apoptosis model and by applying calcium antagonist (lacidepine) to reverse this effect, the calcium ion concentration caused by aristolochic acid I in the cell decreases, and the number of apoptotic cells is substantially reduced. Aristolochic acid I may cause cell apoptosis by regulating intracellular calcium concentration (Gao et al., 2000; Ma et al., 2015). In addition, the aristolochic acid metabolite, aristolochia lactam, is possibly one of the toxic components. The microscopic images of aristolochia lactam-treated HK-2 cells show typical apoptosis characteristics, in which the cell body shrinks, turns around, and even falls off (Wen et al., 2006; Jing et al., 2017).



Mechanism of Oxidative Damage

T. regelii Sprague. et Takeda. poisoning often leads to acute kidney injury and renal failure. ROS plays an important role in acute renal failure (Matsushita et al., 2011; Stratta et al., 2012; Ghosh et al., 2013; Xi et al., 2017; Hajihashemi et al., 2018). When the body’s oxidation and antioxidant functions are disordered, and a large number of oxygen free radicals cannot be promptly removed, this results in the occurrence of lipid peroxidation damage, which may be one of the nephrotoxic mechanisms of T. regelii Sprague. et Takeda (Huang et al., 2019). Triptolide, the main toxic components of T. regelii Sprague. et Takeda, can considerably inhibit the activities of SOD and GSH-Px and remarkably increase the expression of ROS and MDA in rat kidney. These changes are positively correlated with dose. Moreover, the expressions of ROS and MDA is closely related to the degree of renal injury (Yang F. et al., 2011). This finding shows that triptolide can inhibit the activity of antioxidant enzymes in the renal tissue of rats, thereby breaking the balance of oxidation and antioxidation. ROS becomes difficult to remove from renal tissues, resulting in the accumulation of ROS, which in turn leads to severe lipid peroxidation and serious kidney damage.



Cell Transporter Inhibition

The main nephrotoxic component of Gardenia jasminoides Ellis is gardenoside. The renal toxicity of gardenoside is related to the inhibition of tubule transporters (Feng et al., 2016). Geniposide can remarkably inhibit the expression of Oat1 and Oat3 in the kidney at high doses (300 mg · kg-1) for a short period (Feng, 2016). Oat1 and Oat3 are the main organic anion transporters that mediate the toxic substance excretion of the kidney (Nigam et al., 2015; Wen et al., 2018); their expressions are distributed in the rat kidney, especially in the renal tubules and suprarenal glands. The decrease in the expression of Oat1 and Oat3 may cause inflammation in the kidney (Masereeuw and Russel, 2010), thereby reducing the excretion of renal toxic substances and increasing the accumulation of organic anions, and leading to kidney damage.



DNA Damage Mechanism

The metabolites of aristolochic acid in vivo, namely, aristolochic acid I and aristolochic acid II, can covalently bind with deoxyadenine and deoxyguanine in DNA to produce DNA adducts (Jelaković et al., 2019; Yang H. Y. et al., 2019), thereby damaging the DNA structure, affecting DNA biochemical function, and causing mutations in the P53 gene (Slade et al., 2009; Zhang et al., 2015; Sborchia et al., 2019). This adduct was first detected in the kidney of patients with CHN (Arlt et al., 2001; Stiborová et al., 2001). A certain dose of aristolochic acid I can cause DNA damage to renal tubular epithelial cells, leading to a comet tail phenomenon. Moreover, aristolochic acid I can cause cell cycle arrest in the G2/M phase (Li et al., 2006). Hence, aristolochic acid can be toxic to the kidney through the DNA damage pathway (Li et al., 2010). Table 3 and Table 4 summarizes some mechanisms of kidney injury. Figure 2 gives a detailed description of some kidney injury mechanisms.


Table 3 | Nephrotoxic Mechanism of Single Component.




Table 4 | Nephrotoxic Mechanism of HM.






Figure 2 | AAI can activate TGF-β/Smad-independent signaling pathways to cause abnormal cell proliferation. This effect results in the production of a large amount of ECM, which can aggravate the degree of renal fibrosis. In addition, AAI can cause P53 gene mutations in the nucleus. Geniposide can increase ROS in vivo, thereby damaging oxidative phosphorylation and subsequently leading to apoptosis. Mercury can combine with biological macromolecules on the cell membrane, improve mitochondrial permeability, release Cyt-c, enhance oxidation, and cause apoptosis. Emodin can inhibit the phosphorylation of ERK1/2, thus triggering apoptosis. Esculentoside A can cause cell inflammation through the NF-κB signaling pathway.








Causes of Nephrotoxicity

More than 100 kinds of HM preparations that cause kidney damage are recorded in the Pharmacopoeia of the People’s Republic of China. These HM drugs are represented by Aristolochia obliqua S. M. Hwang, Caulis Aristolochiae manshuriensis, Radix Euphorbiae pekinensis, cinnabar, and Fructus Meliae toosendan. The causes of their nephrotoxicity are diverse. The use of drugs with strong renal toxicity in clinical practice should be avoided as much as possible. If the use of such drugs is unavoidable, substituting other drugs with the same efficacy or processing the drugs should be considered. Toxicity must be reduced or eliminated through reasonable processing and compatibility.


Environmental Factors

The cultivation and growth of HM plants are inevitably affected by their surrounding environment. Large differences may exist in the compositions of the same kind of medicinal materials from different places of origin. Patients often opt to increase dosages for treatment when the content of effective ingredients is low. In this case, the toxic components ingested by patients also increase, thus resulting in kidney damage. When the soil, air, and water of the habitat of the HM plants are polluted, adverse phenomena, such as heavy metal concentrations exceeding standards, may occur (Gao and Shi, 2020).



Misuse of HM

Homonyms and synonyms are common in HM but may represent drugs from completely different plants and with greatly different compositions. These drugs are often misused given their identical or similar names. In Belgium, cases of kidney damage caused by taking HM for weight loss (Vanherweghem et al., 1993) are due to the use of A. obliqua S. M. Hwang as Stephaniae tetrandra Radix. Although the names of the two drugs are similar, the drugs themselves are different. A. obliqua S. M. Hwang has a high content of aristolochic acid, which can cause a series of diseases, such as the apoptosis or necrosis of renal tubular epithelial cells and renal ischemia (Zhang et al., 2019).



Excessive Dosage

Ancient and modern Chinese medicine practitioners have developed a series of symptomatic prescriptions during practice over the thousand years of HM use. In clinical application, prescriptions are often adjusted to increase their applicability in accordance with the needs of the disease and the differentiation and treatment of syndromes. Excessively high dosages result in the accumulation of toxic components in the body because of untimely metabolism; this effect will cause kidney damage in the long run (Wang and Liu, 2009).



Lack of the Understanding of HM

Given the lack of the understanding of HM, users may be confused by folk traveling doctors and refer to folk prescriptions, thus resulting in the misuse or abuse of HM and ultimately in kidney damage.



Improper Processing or Boiling

Processing has played an important role in the history of HM as a major measure for reducing the toxicity and increasing the efficiency of HM drugs. If drugs are properly processed, the toxicity of HM drugs can be greatly reduced or even eliminated, and at the same time, efficacy may be increased (Zhang et al., 2020). In addition, the selection of processing utensils, time, and temperature for the boiling process is crucial. For example, casseroles, rather than iron, aluminum, and other metal utensils, are often selected for processing and boiling HM preparations.



Improper Compatibility

Compatibility is also a vital measure for reducing toxicity and increasing the efficiency of HM. HM drugs should not only be compatible with each other but also with Western medicine. However, inappropriate compatibility can lead to injury. For example, when Shuanghuanglian injection is used in combination with glucose, insoluble particles are produced, thus affecting metabolism and causing kidney damage (Zhang et al., 2013). Radix Aconiti Kusnezoffii in combination with Radix Trichosanthis and Bulbus Fritillariae thunbergii cause a series of adverse reactions (Li, 2016; Li et al., 2016).



Special Constitution

A small number of patients with allergic constitution and special genetic diseases may not tolerate certain drugs. Intolerance results in kidney damage.



Improper Use

Although some drugs are toxic, adverse reactions can be avoided when they are used correctly in the clinic. For example, most mineral drugs often lead to kidney damage when used internally but can exert a bacteriostatic and bactericidal effect when used externally (Bai et al., 2011; Ding, 2012; Liu, 2020).




Clinical Application


HM Containing Aristolochic Acid

Acute renal failure Yin Guang analyzed 31 cases of patients with AAN and found eight cases of patients with acute renal failure (ARF) caused by taking large doses of Caulis A. manshuriensis decoction (dose > 10 g/day). The cases exhibited renal injury accompanied by gastrointestinal or liver injury and high levels of small-molecular proteins in urine (Yin et al., 2010). In addition, 58 cases of patients with AAN were examined via renal puncture. Light microscopy showed that in the patients, renal tubular epithelial cells were severely denatured, necrotic, and disintegrated, and a small amount of lymphoid and mononuclear cells were sporadically infiltrated. The results of electron microscopy revealed that the surfaces of tubular epithelial cells had lost microvilli. Moreover, mitochondrial swelling was found in renal tubular epithelial cells. In addition to secondary lysosome formation, organelle disintegration and renal interstitial edema were discovered. Furthermore, the foot process of glomerular visceral epithelial cells exhibited mild segmental fusion, and the mesangial matrix increased slightly; however; electronic compacts were not observed (Chen et al., 2001).

Chronic renal failure Longdan Xiegan pill has the effects of relieving the dampness and heat of liver and gallbladder, as well as dizziness, tinnitus, and deafness. One of its prescriptions is Caulis A. manshuriensis, which contains a large amount of aristolochic acid that causes renal damage. A total of 21 cases of patients with chronic renal failure caused by taking Longdan Xiegan pills were analyzed. Most of the patients took the medicine for more than 1 year or even for more than 10 years (Li S. H. et al., 2018). In patients with chronic renal failure, light microscopy showed that the renal interstitium appeared multifocal or exhibited massive fibrosis, renal tubules showed multiple or large areas of atrophy, and some glomeruli presented ischemic basement membrane shrinkage and sclerosis. Electron microscopy results revealed a large number of fascicular collagen fibers in the renal interstitium, and the basement membrane of renal tubules and glomeruli had thickened and shrunk (Chen et al., 2001).



Tripterygium regelii Sprague. et Takeda.

In the treatment of glomerular diseases, T. regelii Sprague. et Takeda. can eliminate urinary protein. Although its curative effect is exact, its toxic and side effects are severe. Six patients with nephrotic syndrome due to taking T. regelii Sprague. et Takeda. were observed. Among them, four developed ARF within 21–120 days after taking T. regelii Sprague. et Takeda. Liver and kidney functions were slightly damaged in two cases, and blood cell counts (red blood cells, white blood cells, and platelets) decreased and menstrual disorders were observed. Renal biopsy indicated severe renal interstitial and tubular lesions. Under light microscopy, obvious inflammatory cell infiltration was found in tubules and interstitium, and the obvious degeneration, necrosis, and atrophy of tubular epithelium cells were observed (Wang et al., 1996). The causes of death of 83 patients who died from taking T. regelii Sprague. et Takeda. were analyzed. Among them, 65 cases were due to ARF or circulatory failure (Wang et al., 1999).



Leonurus ja ponicus Houtt.

Leonurus ja ponicus Houtt. was first published in Shennong’s Classic Materia Medica. It is considered to be a safe and nontoxic HM drug that is widely used in the clinic. It has the functions of activating blood and regulating menstruation, disinhibiting urine, dispersing swelling, clearing heat, and removing toxins. A poisoning death caused by Leonurus ja ponicus Houtt. was reported in the late 1980s. The patient took a 400 g decoction of Leonurus ja ponicus Houtt. and died of abdominal pain, headache, lower back pain, and multiple organ bleeding 1 day later. Analytical results showed that the excessive dosage and repeated use of Leonurus ja ponicus Houtt. resulted in renal failure and death by poisoning (Luo et al., 2018c).



Fructus Xanthii

Fructus Xanthii is the fruit of Xanthium Caulis et Folium, which is mainly used to treat wind cold headache. A patient experienced acute liver and kidney damage and coagulation dysfunction by ingesting a large number of unprocessed Fructus Xanthii. Light microscopy showed that the patient’s renal tubulointerstitial lesions were severe. Moreover, in the patient, the tubular structure was clear, and diffuse renal tubular epithelial cells were swollen and degenerative. The patient exhibited occasional renal tubular atrophy and renal interstitial fibrosis with a small amount of inflammatory cell infiltration, and also presented a small number of eosinophils (Wang et al., 2013). Another patient experienced upper abdominal discomfort, nausea, vomiting, diarrhea, and reduced urine production accompanied by facial and lower limb edema; the patient was clinically diagnosed with acute renal failure and toxic hepatitis (Sun and Hei, 1997).



Cinnabar

Cinnabar has the effect of tranquilizing the mind. It is mainly used in the treatment of palpitations, insomnia, and seizures. A man developed abdominal pain, nausea, and vomiting after taking cinnabar (4.5 g/day) for 1 month to treat palpitations and insomnia in accordance with a folk prescription. After he continued taking cinnabar for 1 month, he developed general weakness, lower-limb edema, proteinuria, and oliguria and gradually stopped producing urine. His blood urea, urea nitrogen, nonprotein nitrogen, and creatinine levels increased significantly. In addition, his liver function transaminase and blood potassium levels increased, whereas his blood chlorine and blood glucose levels decreased. He was diagnosed with mercury poisoning and acute renal failure (Guo and Li, 2001). One woman took more than 100 g of cinnabar within 30 days to treat palpitations. She developed nausea, vomiting, severe abdominal pain, and diarrhea. Her stool was brown likely because of the corrosion of gastrointestinal mucosa. On the first day after her gastrointestinal symptoms appeared, she exhibited oliguria; on the second day, she did not produce urine and her BUN was 50.5mg%. She was diagnosed with acute renal failure (Zhang and Wang, 1985).




Prevention Strategies

Although many HMs have nephrotoxicity and their ingredients and mechanisms are quite complex, some necessary prevention measures should be employed to reduce or even avoid renal damage.

Knowledge about HM should be further disseminated, and the indications of HM should be strictly controlled. In the process of using traditional Chinese medicine, people should focus on the source of HM, processing methods, and standardized methods of use. To prevent the occurrence of drug allergy, the doctor should ask for the details on the patient’s history of drug use and allergies. The drug that once caused allergy should not be reused. Dosage and duration of medication need to be controlled within a reasonable range; this approach can prevent the accumulation of drugs in the body, which results in toxicity.

Considering that the toxic components of some HMs are also their effective ingredients, besides the abovementioned general prevention and control measures, the most effective attenuating measures for HM involve processing and compatibility.

Processing refers to the baking, cooking, frying, washing, soaking, bleaching, steaming, and boiling of Chinese HMs. Through these methods, the efficacy of HMs is enhanced, and their side effects are reduced. Moreover, the performance and efficacy of HMs are changed. Simple processing can facilitate the storage and transportation of most Chinese medicines. The processing of HMs dates back thousands of years in the past. In the “Prescriptions for Fifty-two Diseases,” several methods of processing HM are recorded for the first time. Several books on Chinese medicine, such as “Inner Canon of Huangdi,” “Sheng Nong’s herbal classic,” “Treatise on Cold Pathogenic Diseases,” and “Synopsis of Golden Chamber,” discuss the processing of HMs and have hundreds of processing methods. Processing is an effective and reliable measure for reducing toxicity and increasing efficiency, according to Chinese medicine history.

The nephrotoxicity of HMs is a serious toxic side effect of HMs. This area has been explored since its discovery. Statistics show that in the national standard, approximately 801 compound Chinese patent medicines contain rhubarb. Its application range includes multiple medical fields. It is used for detoxification, lipid lowering, and weight loss. Considering its good taste, rhubarb is used as a flavoring ingredient in Western desserts. According to the “Pharmacopoeia of the People’s Republic of China,” more than 20 kinds of processed products have been made from rhubarb. Raw, cooked, and alcohol-processed rhubarb and rhubarb charcoal are the most commonly used rhubarb artillery products in modern clinical practice. The anthraquinone component in rhubarb is its effective component, but it causes hepatotoxicity and nephrotoxicity. After processing, the effective ingredients of rhubarb change. In comparison with processed rhubarb, raw rhubarb has stronger heat clearing and detoxifying effects (Fu et al., 2014). Processing greatly reduces the anthraquinone components. After processing by wine, vinegar, and other methods, the glycosidic bond in the anthraquinone component of rhubarb is broken at high temperature, resulting in a large amount of free anthraquinone (especially physcion and chrysophanol) (Zhu et al., 2016). Subsequently, the toxicity of rhubarb, the effect of purgation, and the stimulatory effect on the gastrointestinal tract are substantially reduced.

Aconitum is associated with heart, nerve, and digestive system toxicity, but it has good anti-inflammatory, analgesic, immunosuppressive, anti-tumor, and cardiotonic effects. It can also lower blood pressure and dilate blood vessels and can be used to treat chronic rheumatism heart failure and chronic renal failure (Wei et al., 2019). Therefore, a high-temperature decoction is often combined with physical soaking to accelerate the decomposition of toxic alkaloids in aconitum, to maximize the drug’s clinical effect (Singhuber et al., 2009). Magnoliae Officinalis Cortex is generally clinically processed into ginger juice Magnoliae Officinalis Cortex by different methods. The contents of alkaloids and some glycosides decreased significantly after the processing of Magnoliae Officinalis Cortex; moreover, the toxicity is reduced (Yu et al., 2010). Many HMs, such as Melia toosendan, motherwort, and cinnamon, are used after going through various processing methods for the achievement of attenuation and synergistic effects.

Compatibility refers to the combined application of drugs to produce a certain synergistic or detoxifying effect. Chinese medicine is divided into seven kinds of laws in clinical application. In addition to the use of a single drug to treat a disease with a single condition, the six other rules refer to the description of drug compatibility. A combination of two drugs with similar efficacy can enhance the efficacy of the original drug. One medicine is the main drug, whereas the other is the auxiliary drug. When used together, the auxiliary drug can improve the efficacy of the main drug. The side effects of one drug can be inhibited by the other. One drug can eliminate the side effects or destroy the efficacy of the other drug. The use of two drugs together can also induce severe toxic side effects.

For example, T. wilfordii Hook F. has anti-inflammatory, analgesic, anti-tumor, and immunomodulatory effects. It is used in the treatment of immune, renal, and skin diseases; it is especially used for rheumatoid arthritis (Song et al., 2020). However, considering its severe toxic side effects, especially on the liver and kidney, the clinical application of T. wilfordii Hook F. has been limited (Li et al., 2014; Qu et al., 2015; Xi et al., 2017; Zhou et al., 2017). Many studies have been conducted to reduce its toxicity and expand its clinical applications. To achieve detoxification by compatibility, various detoxification measures can be employed. One method is the combination with a single medicine to reduce toxicity. After exploring the usage rules of T. wilfordii Hook F., various single medicines that are compatible with T. wilfordii Hook F. were found, including Radix Astragali, Salvia miltiorrhiza, Radix Paeoniae Alba, licorice, Szechuan lovage rhizome, and Radix Rehmanniae. The compatibility of T. wilfordii with licorice and Radix Astragali can reduce its nephrotoxicity. Second, combination with compound drugs can reduce T. wilfordii’s toxicity. In clinical practice, compound compatibility has been used to reduce the toxicity of T. wilfordii Hook F. to ensure its clinical application. Many compound medicines can effectively reduce the toxicity of T. wilfordii Hook F. and expand its clinical applications, such as Xinfeng Capsule, External Applied Compound T. wilfordii Hook F. and others. Xinfeng Capsule is compounded with Radix Astragali, Coix Seed, T. wilfordii Hook F., and Centipede. Xinfeng Capsule can treat arthrosis in patients with rheumatic diseases and comprehensively improve the extra-articular disease and quality of life of patients. No obvious side effects and functional damage of liver and kidney are found during the treatment. With the development of modern western medicine and technology, HMs have gradually become modernized. In terms of compatibility and toxicity reduction, new types of attenuation methods to reduce toxicity have been developed, such as combining with western medicine and studying the compatibility of ingredients. For the treatment of rheumatoid arthritis, some of the western medicines compatible with T. wilfordii Hook F. are methotrexate, leflunomide, and etanercept (He et al., 2014; Zhou et al., 2018). In addition, the combination of tripterysium glycoside tablets with calcium dobesilate dispersible tablets or methylprednisolone is used clinically to treat nephrotic syndrome, and adverse reactions caused by this treatment are relatively slight (Shang et al., 2018). Traditional single drug compatibility and compound drug compatibility have the disadvantages of complex ingredients, low effective content, and uncontrollable quality. Therefore, some scholars have proposed a new way to reduce toxicity, which is to study the compatibility of ingredients. The combination of total glucosides of paeony and tripterygium glycoside has increased efficiency and low toxicity in the treatment of lupus nephritis (Li et al., 2009). The combination of tripterygium glycoside and artesunate can effectively be used to treat adjuvant arthritis in rats. Diammonium glycyrrhizinate can significantly reduce the cytotoxic effect induced by T. wilfordii Hook F. on MDCK cells, effectively antagonize chromosomal damage, and reduce gastrointestinal reactions.

The toxicity of M. toosendan to the liver, kidney, and hematopoietic system of rats showed significant time–effect and dose–effect relationships (Xiang et al., 2012). Moreover, it can be used in the treatment of abdominal distention and pain. Hence, M. toosendan is often used in combination with Radix Paeoniae Alba to reduce liver inflammatory response. Fructus Xanthii is used in the clinical treatment of nasopharyngeal carcinoma and the pain and paralysis of joint tissue caused by rheumatism. The toxic proteins contained in Fructus Xanthii can cause damage to the parenchymal organs, especially to the liver (Wang et al., 2011). Therefore, Fructus Xanthii is often used in combination with Radix astragali to reduce its damage to the liver.

In conclusion, processing and compatibility play a large role in reducing the toxicity and increasing the efficiency of HM. Therefore, when inheriting the tradition, people should use new technology to explore new methods of reducing toxicity and increasing the efficiency of HM to improve the clinical application of HM.



Conclusions and Future Perspectives

In this review, the nephrotoxic components in HM and their mechanism of toxicity were introduced in detail. On this basis, various causes of nephrotoxicity were proposed. The traditional measures of reducing toxicity and increasing efficiency should be used in accordance with modern research to achieve treatment.

HM was once considered as natural, nontoxic, and green. However, a large number of clinical reactions show that HM drugs contain many unknown ingredients, some of which are toxic, whereas some components may react in the human body to produce toxic substances. These situations suggest that research on the toxicity of HM should be strengthened. In addition, the metabolic process of each component in the body should be studied to prevent the accumulation of toxic drugs. In this regard, metabolomics and other technologies can be used to study and speculate the in vivo processes and toxicity mechanism of each component to improve studies on the prevention and control measures of HM components.

In this review, the nephrotoxicity of HM drugs was summarized in detail to ensure their safe application in clinical practice. At the same time, quality control standards for HM should be established worldwide to promote the development of the Chinese medicine industry.
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Background

Considering the adverse reactions and side effects of immunosuppressive and cytotoxic drugs for the treatment of Primary Nephrotic Syndrome (PNS) and the extensive exploration of Chinese herbal injections (CHIs), systematic evaluation of the efficacy of different CHIs in the treatment of PNS is a key imperative. In this study, we performed a network meta-analysis to investigate the efficacy of CHIs in the treatment of PNS.



Methods

A systematic literature review including studies published from the establishment of each database to May 28, 2020, was conducted in PubMed, the Cochrane Library, Embase, Web of Science, the Chinese Biological Medicine Literature Service System (CBM), the China National Knowledge Infrastructure (CNKI) database, the Chinese Scientific Journal Database (VIP), and the Wanfang Database (WF).Two evaluators independently screened the literature, extracted data and the Cochrane Reviewer’s Handbook 5.1 method was used to evaluate the quality of included studies. The differences in efficacy of different CHIs were compared and ranked using Stata 16.0 software. Surface under the cumulative ranking curve (SUCRA) probability values were applied to rank the examined treatments. Clustering analysis was performed to compare the effects of CHIs between two different outcomes.



Results

A total of 41 eligible randomized controlled trials involving 2879 patients and nine CHIs were included. Nine CHIs were Xiangdan injection (XDI), Huangqi injection (HQI), Shenkang injection (SKI), Danshen injection (DSI), Yinxingdamo injection (YXI), Dengzhanhuasu injection (DZI), Danhong injection (DHI), Shuxuetong injection (SXI), Chuanxiongqin injection (CXI). The results of the network meta-analysis showed that: with Western medical (WM) treatment as a co-intervention, in terms of improving the total clinical effectiveness and serum albumin level, DHI was the most likely to be the best choice for treatment (SUCRA = 82.2%); YXI had the highest probability of being the best option in terms of reducing 24-h urinary protein excretion (SUCRA = 97.8%); in cholesterol-lowering comparisons, the SUCRA value allows for the most likely to be the best treatment is DZI (SUCRA = 84.5%). SXI was the most effective CHIs in terms of lowering serum triglycerides (SUCRA = 85.6%), whereas on the reducing fibrinogen side, the efficacy of CXI was significant (SUCRA = 67.6%). The result cluster analysis indicated that YXI and DHI were the best interventions with respect to total clinical effectiveness, 24-h urinary protein excretion and serum albumin.



Conclusions

CHIs were found to be superior to WM alone in the treatment of PNS and may be beneficial for patients with PNS. WM+YXI and WM+DHI had the potential to be the best CHI with respect to the total clinical effectiveness, 24-h urinary protein excretion and serum albumin. However, more well-designed randomized controlled trials are still warranted.





Keywords: network meta-analysis, Bayesian model, Chinese herbal injections, primary nephrotic syndrome, Chinese medicine



Introduction

Nephrotic syndrome (NS) is the pathologic condition of large amount of proteinuria (> 3.5 g/d), hypoalbuminemia (< 30 g/L), edema and/or hyperlipidemia caused by the loss of plasma protein in the urine due to the damage of the basement membrane of the glomerulus and the failure of the glomerular filtration barrier. Among them, primary nephrotic syndrome (PNS) means a type of nephrotic syndrome of unknown etiology, the mechanism of which is mostly mediated by immune inflammation. The main pathological types of PNS are microscopic nephropathy, mesenteric proliferative glomerulonephritis, mesenteric capillary glomerulonephritis, membranous nephropathy, and focal segmental glomerulosclerosis. The current mainstream medical treatment of PNS mainly uses glucocorticosteroid combined with immunosuppressive agents (Zhang J. et al., 2018). Recent years biologic agents have become a crucial treatment option in PNS. A meta-analysis showed that although rituximab has a beneficial effect and can reduce proteinuria on PNS, there are still some adverse events in the treatment process (Eckardt and Kasiske, 2009). Due to the lack of accurate understanding of its potential pathogenesis and causes, the treatment effect is not satisfactory, and most of patients with PNS are associated with thromboembolism and other adverse effects have resulted in some patients suffering from unnecessary toxic side effects from immunosuppressants (Liebeskind, 2014). In recent years, there have been increasing reports on the use of traditional Chinese medicine (TCM) in the treatment of PNS. TCM-assisted treatment of PNS has obvious advantages of not only improving the therapeutic effect, but also weakening the effect of glucocorticosteroid or immunosuppressive drugs’ toxic side effects to some extent (Wang et al., 2018; Deng et al., 2020). The treatment of PNS with Chinese medicine injections (CHIs) can reflect in multiple pathways and mechanisms, for example, the total flavonoids of astragalus in astragalus injection may play a role in treating nephrotic syndrome by regulating signal pathways such as AGE-RAGE, PI3K/Akt, VEGF, IL-17, and MAPK (Zhang et al., 2018). CHIs are sterile preparations made from chinese herbal medicines after extraction and purification for input into the human body, which is a combination of traditional medicine theory and modern medicine. It has the advantages of high bioavailability and fast onset of action, and has widely used in clinical applications, but there are more varieties available in CHIs. Differences in clinical efficacy and safety are also unclear, thus creating confusion for patients and physicians. Network meta-analysis allows multiple interventions to be compared and ranked for efficacy or safety to select the best ones (De Laat, 2017). Therefore, this study adopts this method to evaluate the efficacy and safety of various CHIs for the adjuvant treatment of adult PNS, with a view to provide evidence-based medical evidences supporting for the selection of CHIs adjuvant treatment of PNS in clinical practice. This study is reported in strict accordance with the standard format of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Specification: PRISMA Extension Statement specification (Moher et al., 2010).



Information and Methods

This systematic review has been registered in International Platform of Registered Systematic Review and Meta-Analysis Protocols (INPLASY). The registration number is INPLASY202080091. It followed the Preferred Reporting Items for Systematic Review and Meta- Analysis (PRISMA) available at the attachment 2.


Inclusion and Exclusion Criteria

i. Study type: all published randomized controlled trials (RCT) or controlled clinical trials (CCT), in Chinese and English only; ii. Subjects: The subjects of the study are those who meet the requirements of the PNS diagnostic criteria. age, gender, disease duration, race, and region are not limited; iii. Interventions: the treatment group adopts traditional CHIs in combination with conventional western medicine (WM), the control group was treated with another CHIs in combination with WM or with WM alone whereas WM treatment needs to be consistent between treatment group and control group; iv. Outcomes: The primary outcomes in this article were total clinical effectiveness (TER), 24-h urinary protein excretion (24h-UTP), serum albumin (ALB); and the secondary outcomes were cholesterol (TC), triglycerides (TG), fibrinogen (Fib), Security evaluation, the literatures including one primary outcomes is sufficient; v. Exclusion criteria: duplicate publications; inaccessible literature; inaccessible data extraction of studies; studies in which the intervention was a combination of two or more CHIs were excluded; studies in which the evaluation indicators did not include.



Search Strategy

PubMed, the Cochrane Library, Embase, Web of Science, the Chinese Biological Medicine Literature Service System (CBM), the China National Knowledge Infrastructure (CNKI) database, the Chinese Scientific Journal Database (VIP), and the Wanfang Database (WF) were searched for RCTs of CHIs for the treatment of PNS. Studies published from the establishment of each database to May 28, 2020 were eligible for inclusion. In addition, the reference lists of the included studies were manually searched to identify relevant literature to make the research information more comprehensive. There were three parts of the search strategy, including primary nephrotic syndrome, chinese herbal injection, and random controlled trial. The specific search terms of PubMed are shown in Figure 1.




Figure 1 | The specific search terms of PubMed.





Literature Inclusion and Data Extraction

We used Endnote software to manage all retrieved studies. After excluding duplicates, two researchers independently screened the retrieved studies based on the inclusion and exclusion criteria and extracted the data from the included RCTs. Then, read literature titles and abstracts for primary screening; and then full-text acquisition and reading of the literature for re-screening. The inclusion process was done independently by each of the 2 researchers. If the results were confused, and controversial, the group will consult third researcher. Relevant information was extracted which included: basic patient information, baseline status, intervention measures and course of treatment, and outcomes, etc. finally.



Quality Assessment

2 researchers independently used the risk of bias assessment tool recommended by the Cochrane Systematic Evaluator’s Handbook 5.3 to assess the included studies. The researchers cross-checked the study independently and if there was any disagreement, it was resolved through discussion or with the assistance of a 3rd researcher.



Statistical Analysis

The Total Clinical Effectiveness is the count data, so the odds ratio (OR) and its 95% CI are used. As well we used the mean difference (Mean Difference, MD) and its 95% CI to calculate Measuring data, such as Ending indicators 24h-UTP, ALB, etc. Direct comparison of heterogeneity between studies using χ 2 test for analysis (test level of α = 0.05). The inconsistency factor (IF) and the Z-test P value were used to determine the consistency of the results of direct and indirect comparisons, if P > 0.05 and IF Smaller values indicate better consistency. According to the cumulative ranking probability curve (surface under the cumulative ranking area, SUCRA) to rank the intervention effects. If the number of studies was ≥10, funnel plots were plotted to identify the presence of publication bias. Plotting comparison-corrected funnel plots to assess small-sample effects; if the funnel plot scatter was roughly symmetrical, a small-sample effect was considered absent. The opposite is considered to exist. In addition cluster analysis attempts to suggest the best intervention for PNS. All the statistical results and statistical graphing of the study were done using Stata 16.0 software.




Results

1013 records were initially retrieved, including 598 articles in CNKI, 231 in WF, 69 in VIP, 97 in CBM, and 2 articles in PubMed, 11 in Embase, 3 articles in Web of Science, 2 articles in The Cochrane Library. Manual search and reference tracing did not find any eligible literature. After deduplicating articles as well as reading the abstracts and eliminating unqualified literatures, 41 eligible studies were identified. Further details of the literature screening process are shown in Figure 2.




Figure 2 | Literature screening map.




Characteristics of the Studies Included

41 included studies (Zhuang, 1998; Lin and Lai, 1999; Ma and Cheng, 2002; Shen et al., 2002; Yang et al., 2002; Zhang, 2003; Bai, 2004; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007;  Li, 2007; Liu, 2008; Liu and Zhu, 2008; Xu, 2008; Dai and Zhang, 2009; Xianrong and Bangcui, 2009; Yuan and Tao, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Yang et al., 2010; Chu et al., 2011; Li, 2011; Xie et al., 2011; Yang et al., 2011; Zhang, 2011; Zhang et al., 2011; Lei and Hu, 2012; Wang, 2012; Cai and Zhu, 2013; Li and Xu, 2013; Fu and Zhang, 2014; Gong, 2014; Liu, 2014; Chen et al., 2015; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017; Long, 2018) involved 2,879 patients with PNS, 1411 and 1468 in the treatment and control groups, respectively, and the course of treatment was 5 days to 6 months. All of the publications were two-arm studies involving nine herbal injections, namely, Xiangdan injection (XDI)(2 articles), Huangqi injection (HQI 15 articles), Shenkang injection (SKI 3 articles), Danshen injection (DSI 12 articles), Yinxingdamo injection (YXI 5 articles), Dengzhanhuasu injection (DZI 3 articles), Danhong injection (DHI 3 articles), Shuxuetong injection (SXI 5 articles), and Chuanxiongqin injection (CXI 3 articles). The control interventions were western basal therapeutic ways and some immunosuppressants such as valsartan, benazepril, methylprednisolone, and cyclophosphamide, morpholipid, etc. Of the 41 included documents, 28 (Zhuang, 1998; Lin and Lai, 1999; Ma and Cheng, 2002; Yang et al., 2002; Bai, 2004; Ye and Zhang, 2006; Deng, 2007; Liu and Zhu, 2008; Liu, 2008; Xu, 2008; Xianrong and Bangcui, 2009; Yuan and Tao, 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Yang et al., 2010; Chu et al., 2011; Xie et al., 2011; Yang et al., 2011; Zhang, 2011; Lei and Hu, 2012; Fu and Zhang, 2014; Liu, 2014; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017; Long, 2018) reported total clinical effectiveness and 35 (Zhuang, 1998; Lin and Lai, 1999; Ma and Cheng, 2002; Shen et al., 2002; Yang et al., 2002; Zhang, 2003; Bai, 2004; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Liu and Zhu, 2008; Dai and Zhang, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Li, 2011; Xie et al., 2011; Yang et al., 2011; Zhang, 2011; Zhang et al., 2011; Wang, 2012; Li and Xu, 2013; Fu and Zhang, 2014; Gong, 2014; Liu, 2014; Chen et al., 2015; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017; Long, 2018) reported 24-h urine protein, 29 papers (Zhuang, 1998; Lin and Lai, 1999; Shen et al., 2002; Yang et al., 2002; Zhang, 2003; Bai, 2004; Niu and Niu, 2004; Liu, 2008; Liu and Zhu, 2008; Dai and Zhang, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Li, 2011; Xie et al., 2011; Yang et al., 2011; Zhang, 2011; Zhang et al., 2011; Wang, 2012; Li and Xu, 2013; Gong, 2014; Liu, 2014; Chen et al., 2015; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017) reported serum albumin levels, 26 papers (Zhuang, 1998; Ma and Cheng, 2002; Bai, 2004; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Dai and Zhang, 2009; Yuan and Tao, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Yang et al., 2011; Zhang et al., 2011; Zhang, 2011; Wang, 2012; Cai and Zhu, 2013; Li and Xu, 2013; Gong, 2014; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Long, 2018) reported cholesterol, triglyceride levels were reported in 22 papers (Ma and Cheng, 2002; Bai, 2004; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Dai and Zhang, 2009; Yuan and Tao, 2009; Yuan et al., 2009; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Yang et al., 2011; Zhang, 2011; Zhang et al., 2011; Wang, 2012; Cai and Zhu, 2013; Li and Xu, 2013; Gong, 2014; Sun, 2015; Zhang and Bian, 2016), and fibrinogen was reported in 17 papers (Zhuang, 1998; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Dai and Zhang, 2009; Yuan and Tao, 2009; Yuan et al., 2009; Song and Zhang, 2010; Yang et al., 2010; Chu et al., 2011; Zhang et al., 2011; Wang, 2012; Li and Xu, 2013; Li et al., 2016; Li and Wang, 2017). The details of the included studies are shown in Table 1. Network graph for total clinical effectiveness is shown in Figure 3.


Table 1 | Characteristics of the studies included in this meta-analysis.






Figure 3 | Network graph for total clinical effectiveness. WM, Western medicine; XDI, Xiangdan injection; HQI, Huangqi injection; SKI, Shenkang injection; DSI, Danshen injection; YXI, Yinxingdamo injection; DZI, Dengzhanhuasu injection; DHI, Danhong injection; SXI, Shuxuetong injection; CXI, Chuanxiongqin injection.





Risk of Bias Assessment

41 studies, all had references to randomization and only 5 papers (Ma and Cheng, 2002; Niu and Niu, 2004; Xianrong and Bangcui, 2009; Feng et al., 2010; Cai and Zhu, 2013) specifically reported cases random assignment method, mainly random number table method, semi-random assignment by order of visit/admission; all but 2 of 41 literatures (Ma and Cheng, 2002; Cai and Zhu, 2013) reported the application of blinding except for the rest of the included articles. All included studies outcome information was completed and other sources of bias could not be judged. In summary, the quality of included RCTs was poor (Figure 4).




Figure 4 | Summary of the risk of bias.





Results of the Network Meta-Analysis


Total Clinical Effectiveness (TCE)

For the sake of convenience, we have combined the complete remission rate with the partial remission rate. 28 of all 41 studies (Zhuang, 1998; Lin and Lai, 1999; Ma and Cheng, 2002; Yang et al., 2002; Bai, 2004; Ye and Zhang, 2006; Deng, 2007; Xu, 2008; Liu, 2008; Liu and Zhu, 2008; Xianrong and Bangcui, 2009; Yuan and Tao, 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Yang et al., 2010; Chu et al., 2011; Xie et al., 2011; Yang et al., 2011; Zhang, 2011; Lei and Hu, 2012; Fu and Zhang, 2014; Liu, 2014; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017; Long, 2018), including 9 CHIs and 1890 patients, reported Clinical remission rate measures outcomes in patients with PNS. Network meta-analysis results indicated that all 9 types of CHIs each significantly improved CR rate in PNS patients compared to WM alone, except for the groups receiving WM+XDI (OR = 0.94,95%CI [0.39,2.24]) or WM+ DZI (OR = 0.42, 95% CI [0.13,1.36]). In addition, WM +XDI was significantly inferior to WM + HQI (OR = 1.03,95% CI [0.03,2.04]), WM + DSI (OR = 0.18,95% CI [0.04,0.83]), WM + YXI (OR = 0.30, 95% CI [0.11, 0.81]), WM+DHI (OR = 0.21,95% CI [0.07,0.61]), and WM + CXI (OR = 0.76,95% CI [0.09,1.43]) in increasing total clinical effectiveness (Table 2). According to the SUCRA values obtained from the probability ranking table (Table 3), it can be seen that in the comparison of clinical effectiveness, the ranking of the efficacy of the 9 CHIs is as follows: WM+DHI>WM+CXI>WM+DSI> WM+SXI>WM+YXI>WM+DZI>WM+SKI>WM+HQI>WM +XDI.


Table 2 | Results of the network meta-analysis.





Table 3 | Ranking of the efficacy of various interventions to treat PNS.





24-h Urinary Protein Excretion (24h-UTP)

35 publications (Zhuang, 1998; Lin and Lai, 1999; Ma and Cheng, 2002; Shen et al., 2002; Yang et al., 2002; Zhang, 2003; Bai, 2004; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Liu and Zhu, 2008; Dai and Zhang, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Li, 2011; Xie et al., 2011; Yang et al., 2011; Zhang et al., 2011; Zhang, 2011; Wang, 2012; Li and Xu, 2013; Fu and Zhang, 2014; Gong, 2014; Liu, 2014; Chen et al., 2015; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017; Long, 2018) reported 24-h urinary protein excretion, including 2506 patients and 9 herbal injections. The network meta-analysis results showed that, there were no significant differences with Western medicine alone in the results including WM + XDI (MD = −0.07,95%CI[−0.63,0.49]), WM + HQI (MD = 0.96, 95%CI [−0.06,1.99]), and WM + SKI (MD = 0.48,95%CI [−0.25,1.22]). The remaining CHIs combined with western medicine were superior to western medicine alone, and the difference was statistically significant. 2e group receiving WM +XDI had shown significantly higher urinary protein excretion than those receiving WM+ HQI(MD = 0.28,95%CI[0.11,0.67), WM + YXI (MD = 1.83,95% CI[1.19,2.47]), WM + DZI (MD = 0.98, 95% CI [0.24, 1.71]), WM + DHI (MD = 1.11,95% CI [0.51,1.72]), and WM + CXI (MD = 0.31, 95% CI [0.12,0.80]). The group receiving WM + YXI had significantly lower urinary protein excretion than those receiving WM + SKI (MD = 1.28, 95% CI [0.23, 2.33]) and M+DSI(MD = 1.64, 95%CI [0.52,2.77]), while had higher than the group receiving WM + SXI (MD = −1.65,95% CI [−2.85, −0.45]) and WM + CXI (MD = −1.07, 95% CI[−1.91, −0.24]). According to the SUCRA values obtained from the probability ranking table (Table 3, Figure 5), it can be seen that the 9 CHIs’ efficacy rankings in the comparison of reducing 24h-UTP were: WM + XYI > WM + DHI > WM +HQI > WM +DZI > WM + CXI > WM + SKI> WM + SXI > WM + DSI> WM+XDI.




Figure 5 | Plot of the surface under the cumulative ranking curves for all treatments in reducing 24h-UTP. WM, Western medicine; XDI, Xiangdan injection; HQI, Huangqi injection; SKI, Shenkang injection; DSI, Danshen injection; YXI, Yinxingdamo injection; DZI, Dengzhanhuasu injection; DHI, Danhong injection; SXI, Shuxuetong injection; CXI, Chuanxiongqin injection.





Serum Albumin (ALB)

29 studies (Zhuang, 1998; Lin and Lai, 1999; Shen et al., 2002; Yang et al., 2002; Zhang, 2003; Bai, 2004; Niu and Niu, 2004; Liu, 2008; Liu and Zhu, 2008; Dai and Zhang, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Li, 2011; Xie et al., 2011; Yang et al., 2011; Zhang, 2011; Zhang et al., 2011; Wang, 2012; Li and Xu, 2013; Gong, 2014; Liu, 2014; Chen et al., 2015; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Li and Wang, 2017), involving 9 CHIs, reported serum albumin levels. The results of the network meta-analysis showed that all the groups of PNS patients receiving WM+CHIs had higher serum albumin levels than groups receiving WM alone except for WM+XDI, WM +HQI, WM + SKI. When compared to the group receiving WM+XDI, the groups receiving WM +HQI (MD = 0.28, 95%CI [0.11,0.67]), WM + XYI (MD = 1.83,95%CI[1.19,2.47]), WM +DZI (MD = 0.98, 95%CI[0.24,1.71]), WM + DHI (MD = 1.11, 95%CI[0.51,1.72]) or WM + CXI (MD = 0.31,95%CI[0.12,0.80]) showed significantly higher serum albumin levels. Additionally, groups of PNS patients receiving WM +YXI had significantly higher serum albumin levels than the group receiving WM+SHI (MD = 1.28,95%CI[0.23,2.33]) or WM+DSI (MD = 1.64,95%CI[0.52,2.77])WM+DSI while had significantly lower than the group receiving WM+SXI (MD = −1.65,95%CI[−2.85, −0.45])or WM+SXI (MD = −1.07,95%CI[−1.91, −0.24]) (Table 2, Figure 6). According to the SUCRA values obtained from the probability ranking table (Table 3), in the comparison of increasing in ALB levels, the order of nine CHIs is: WM+DHI>WM+CXI>WM+DSI>WM+SXI>WM+YXI>WM+DZI>WM+SKI>WM+HQI>WM +XDI.




Figure 6 | Forest plot of results of network meta-analysis on increasing ALB. WM, Western medicine; XDI, Xiangdan injection; HQI, Huangqi injection; SKI, Shenkang injection; DSI, Danshen injection; YXI, Yinxingdamo injection; DZI, Dengzhanhuasu injection; DHI, Danhong injection; SXI, Shuxuetong injection; CXI, Chuanxiongqin injection.





Cholesterol (TC)

26 RCTs (Zhuang, 1998; Ma and Cheng, 2002; Bai, 2004; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Dai and Zhang, 2009; Yuan and Tao, 2009; Yuan et al., 2009; Feng et al., 2010; Song and Zhang, 2010; Tursun and Liang, 2010; Chu et al., 2011; Yang et al., 2011; Zhang, 2011; Zhang et al., 2011; Wang, 2012; Cai and Zhu, 2013; Li and Xu, 2013; Gong, 2014; Sun, 2015; Li et al., 2016; Zhang and Bian, 2016; Long, 2018) addressed cholesterol outcomes in patients with PNS, including 1955 patients and 9 CHIs. The results of the network meta-analysis indicated that all groups of patients receiving CHIs +WM had significantly lower Cholesterol level than groups receiving WM alone, except for the groups receiving WM+XDI (MD = 0.39,95%CI[−0.49,1.27]),WM+HQI (MD = 0.89,95%CI[−0.49,2.28] or WM+SXI (MD = 1.28,95%CI[−0.78,3.34. Additionally, when compared to the group receiving WM+XDI, the groups receiving WM+CXI(MD = 1.32,95%CI[0.15,2.50]) showed significantly decreasing cholesterol levels (Table 2). According to the SUCRA values obtained from the probability ranking table (Table 3), it can be seen that in the comparison of lower cholesterol levels. The order of 9CHIs is as follows: WM+ DZI> WM+ CXI> WM+ DSI> WM+ DHI> WM+ SXI> WM+ YXI> WM+ HQI> WM+SKI> WM + XDI.



Triglycerides (TG)

Due to inconsistency in the triglycerides data (P = 0.001), the pairwise meta-analysis is shown as main results. the results suggest that all groups of PNS patients receiving CHIs +WM had significantly lower triglycerides than groups receiving WM alone (MD,− 0.70 to − 1.92), except for the groups receiving WM+XDI (MD = 0.31,95%CI[−0.15,0.76]), WM+HQI (MD = 0.31,95%CI[−0.64,1.26])or WM+DSI (MD = 0.20, 95%CI[−0.75,1.15]) (Table 2). According to the SUCRA values obtained from the probability ranking table (Table 3), it can be seen that in the comparison of lower triglycerides. The order of 8 CHIs is as follows: WM + SXI > WM + DZI> WM + YXI> WM + DHI> WM +CXI> WM + HQI > WM + XDI > WM + DSI.



2.3.6 Fibrinogen (Fib)

17 RCTs (Zhuang, 1998; Niu and Niu, 2004; Ye and Zhang, 2006; Deng, 2007; Li, 2007; Liu, 2008; Dai and Zhang, 2009; Yuan and Tao, 2009; Yuan et al., 2009; Song and Zhang, 2010; Yang et al., 2010; Chu et al., 2011; Zhang et al., 2011; Wang, 2012; Li and Xu, 2013; Li et al., 2016; Li and Wang, 2017), involving 7 CHIs, reported fibrinogen, the network meta-analysis showed that all the groups of PNS patients receiving WM+CHIs (WM+XDI,WM+HQI, WM+DSI, WM+YXI, WM+DHI, WM+SXI, WM+CXI) had lower serum albumin levels than groups receiving WM alone. There were no significant differences in any of the groups (Table 3). According to the SUCRA values obtained from the probability ranking table (Table 3), it can be seen that in the comparison of reduce fibrinogen. The order of 7 CHIs is: WM+CXI> WM+YXI>WM+HQI> WM+ DHI> WM + DSI > WM +SXI> WM + XDI.



Inconsistency Tests

The results of the nodal analysis model showed P>0.05, suggesting that direct and indirect comparisons were consistent. However, several loops showed inconsistency for the outcomes of triglycerides, so pairwise meta- analysis were used as the main results for these two outcomes. The inconsistency test of the 24-UTP excretion are shown in Figure 7, IF = 0.937, indicating that the direct and indirect comparisons are in good agreement.




Figure 7 | Forest plot of 24-UTP. WM, Western medicine; XDI, Xiangdan injection; HQI, Huangqi injection; SKI, Shenkang injection; DSI, Danshen injection; YXI, Yinxingdamo injection; DZI, Dengzhanhuasu injection; DHI, Danhong injection; SXI, Shuxuetong injection; CXI, Chuanxiongqin injection.





Cluster Analysis

The cluster analysis method allowed for a comprehensive comparison of the effects of different interventions on TCE, 24-UTP, and ALB. The results showed (Figure 8) that WM+YXI and WM+DHI was the best intervention in terms of total clinical effectiveness and reducing 24-UTP, TCE and increasing ALB respectively.




Figure 8 | Cluster analysis plot for three outcomes. (A) Cluster analysis plot of total clinical effectiveness and 24h-UTP; (B) cluster analysis plot of Total clinical effectiveness and ALB. Interventions with the same color belonged to the same cluster, and interventions located in the upper right corner indicate optimal therapy for two different outcomes; WM, Western medicine; XDI, Xiangdan injection; HQI, Huangqi injection; SKI, Shenkang injection; DSI, Danshen injection; YXI, Yinxingdamo injection; DZI, Dengzhanhuasu injection; DHI, Danhong injection; SXI, Shuxuetong injection; CXI, Chuanxiongqin injection.





Publication Bias

The comparison- adjusted funnel plots for each outcome measure were plotted and the scatter was found to be symmetrical along the null line to the left and right, so it was assumed that there was no small sample effect, of which 24h-UTP is shown in Figure 9.




Figure 9 | Funnel plot of the 24h-UTP. A, Western medicine; B, Chuanxiongqin injection; C, Danhong injection; D, Danshen injection; E, Dengzhanhuasu injection; F, Huangqi injection; G, Shenkang injection; H, Shuxuetong injection; I, Xiangdan injection; J, Yinxingdamo injection.






Security Evaluation

Of the 41 RCTs included, 30 RCTs reported safety indicators, of which adverse reactions were reported in 5 RCTs (Lin and Lai, 1999; Liu and Zhu, 2008; Tursun and Liang, 2010; Zhang, 2011; Fu and Zhang, 2014). Most of the adverse reactions in the combined CHIs treatment group were acne, hirsutism and other Cushing’s syndrome, leukopenia, infection, but also fever and facial flushing, mild hepatic impairment, and chest tightness. These symptoms can all recover spontaneously with symptomatic management or slowing down. Adverse effects in the control group treated with Western medicine alone also include signs or symptoms of Cushing’s syndrome, infection, and leukopenia, but the incidence is lower than in the treatment group. Other adverse reactions in the control group included nausea, abdominal discomfort, fever, etc., which were relieved by symptomatic treatment or slowing down the drip speed.




Discussion

PNS usually has edema and proteinuria as its main clinical manifestations, which are related to various diseases in TCM. Generally speaking, those with edema as the main symptom can be categorized as “edema disease”. Also those with proteinuria as the main symptom can be categorized as “urine turbidity”. The main pathogenesis of nephrotic syndrome is spleen and kidney deficiency, stasis and stagnation of water, and the treatment is to “jianpigushen,xingshuihuayu”(to strengthen the spleen and consolidate the kidney, and to move water to eliminate stasis). The nine kinds of CHIs are extracted from single or multi-flavored herbs such as Astragalus, Leech, Salvia miltiorrhiza and other herbs which are beneficial to qi and blood, by modern scientific and technological means. They have been reliably and widely used for PNS in China. The results of pre-conventional meta-analysis shown that, relative to conventional western medical intervention protocols, the use of combined chinese and western medicine to treat PNS can effectively reduce clinical symptoms, promote recovery of relevant indicators (Li et al., 2018; Mo et al., 2018; Qu et al., 2019). However, the similarity of their efficacy and treatment and the unclear differences in efficacy lead to confusion in the choice of drugs. In this study, a network meta-analysis was used to achieve indirect comparisons of the effects of different types of dressings based on common controls. Results from both direct and indirect comparative evidence are combined; and the various types of herbal injections are quantitatively ranked in order to the optimal solution was obtained to provide a basis for selecting the appropriate CHIs for the treatment of PNS.

The results of network meta-analysis showed that different CHIs had different advantages in the adjuvant treatment of PNS. Among them, the combination of DHI and western medicine was most effective in increasing total clinical effectiveness and serum albumin. In terms of 24-h urinary protein excretion, WM+ YXI had the highest probability of being the best option, followed by WM+DHI and WM+HQI; in lowering cholesterol, the most effective combination of DZI with western medicine; WM+SYI was the most effective measure in lowering serum triglycerides; CXI combined with WM was the most effective in lowering serum triglycerides. The most significant efficacy is in the aspect of reducing fibrinogen. DHI contains two herbs, Salvia miltiorrhiza and Safflower (3:1 ratio) (Yale et al., 2015; Ma, 2020); YXI is a complex preparation of Ginkgo biloba extract (Zhou and Hou, 2013); DZI is a herbal preparation of Lanternflower with high clinical dosage (Ouyang et al., 2011); SXI is a compound injection made from two animal-based herbal extracts, leeches and Dilong (Yalei et al., 2015); CXI is an amide alkaloid extracted from Ligusticum Chuanxiong and refined by modern science and technology (Li et al., 2009). As can be seen in the above outcome indicators, the top-ranked CHI for treating PNS are all herbal medicines which can promote blood circulation and resolve blood stasis. PNS is often associated with varying degrees of local hemodynamic effects and even microcirculatory disturbances, with hypercoagulability of the blood and vascular disease (Oflaz et al., 2008; Gungor, 2013). The pharmacological effects and mechanism of traditional Chinese medicines with the effect of activating blood circulation and resolving stasis, such as Salvia miltiorrhiza, safflower, ginkgo biloba, leech, Chuanxiong rhizoma, etc., have been studied. Blood-vitalizing herbal medicine can improve blood rheology, hemodynamics, microcirculation, vascular regeneration, and antithrombosis through anti-improving hemodynamics antiplatelet effect, etc., effectively prevent the further development of PNS (Shu et al., 2006; Li and Wang, 2010; Qiu et al., 2018; MEIm et al., 2019). The results of this study indicated that WM alone was not as effective as WM+CHIs in the multiple group comparisons of six outcomes, such as total clinical effectiveness, 24-h urinary protein excretion, serum albumin, and lipids. And the SUCRA ranking of WM treatment alone was lower, so the results also reflect the benefit of combination of chinese and western medical therapy was superior to conventional western medical treatment alone to patients with PNS. Of the 41 studies included, only 5 specifically mentioned adverse reactions, 14 in total, most of which were either mild allergic symptoms or the result of an allergic reaction. It can be seen that the probability of adverse reactions to CHIs is low and has a good safety profile. Some TCM can also play a synergistic role in the treatment of PNS, reducing the effects of immunosuppressive drugs or glucocorticosteroids on the body (Li, 2017; Yuan et al., 2020).



Innovations and Limitations of the Study

For the first time, this study used a network meta-analysis to compare the differences of XDI, HQI, SKI, DSI, YXI, DZI, DHI, SXI, and CXI in the clinical efficacy. And the nine CHIs were ranked in order of their superiority and inferiority. It provides high-level evidence to support the selection of herbal injections for clinical use. However, a quality assessment of the literatures included in this study showed that the methodological quality of the include studies were low. Only one articles reported whether or not blinding assignment, and all of the included documents did not indicate assignment concealment. All the included literature was in Chinese, and the lack of pre-study trial protocols from other countries were not disclosed in advance. The duration of treatment varied among studies and for ease of analysis, this study categorized diuretic and anticoagulant, anticoagulation, calcium supplementation, and lipid lowering as routine symptomatic treatment, to some extent, also led to clinical heterogeneity.



Conclusion

In summary, the CHIs combined with WM therapy can bring greater benefits to PNS patients. In addition, this study has some limitations, therefore, the conclusions of this study need to be maintained with caution and more double-blinded multicenter, large-sample, high-quality randomized controlled trial are needed in the future.
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Considerable evidences have indicated that elevated uric acid (UA) was involved in renal tubular injury leading to hyperuricemic nephropathy (HN). Scutellarin is a biologically active flavonoid derived from the Chinese traditional herb Erigeron breviscapus Hand-Mazz, which has been widely used in the treatment of cardiovascular and cerebrovascular diseases. In the present study, we analyzed the effect of scutellarin on HN, by using C57BL/6 mice and human renal tubular epithelial cell line HK-2 which was subjected to adenine/potassium oxonate and UA to mimic a HN injury. The HN mice showed a significant decrease in renal function with the increased SCr and blood urea nitrogen (BUN) (p < 0.05). Hematoxylin–eosin staining results showed a histological injury in HN mice kidney tissues with severe tubular damage. Scutellarin dose dependently alleviated the renal injury of the HN model (p < 0.05), and a dose of 20 mg/kg/day remarkably reduced the Scr level (26.10 ± 3.23 μmol/ml vs. 48.39 ± 7.51 μmol/ml, p < 0.05) and BUN (151.12 ± 30.24 mmol/L vs. 210.43 ± 45.67 mmol/L, p < 0.05) compared with the HN model group. Similarly, scutellarin decreased NGAL, Kim-1, cystatin C, and IL-18 protein expression levels in HN mouse (p < 0.05). Overexpressed CCN1 could not induce NLRP3 inflammasome activation, with no change of mRNA and protein expression levels of NLRP3, ASC, and pro-caspase-1 compared with the control HK-2. However, HK-2 showed a significant NLRP3 inflammasome activation and apoptosis. Importantly, knockdown of CCN1 not only aggravated NLRP3 inflammasome activation and apoptosis but also abrogated the protective effect of scutellarin in UA-induced HK-2 injury. Thus, scutellarin might alleviate HN progression via a mechanism involved in CCN1 regulation on NLRP3 inflammasome activation.
Keywords: scutellarin, hyperuricemia, hyperuricemic nephropathy, CCN1, NLRP3 inflammasome
INTRODUCTION
Hyperuricemia (HUA), a common metabolic disorder of purine, is characterized by high serum uric acid (SUA)-precipitated urate crystals in both the kidneys and joints. Elevated SUA may cause the formation of monosodium urate crystals in connective tissues, eventually leading to gout. Based on the National Health and Nutrition Examination Survey from 2007 to 2008, 21.1% adult men and 21.6% adult women suffered from HUA in the United States (Zhu et al., 2012). In China, the prevalence of HUA was estimated to be 19.4% in men and 7.9% in women (Liu et al., 2015), approximately 10% of which developed into gout. Recent studies showed that HUA may have contributed to various complications including diabetes, hyperlipidemia, and hypertension (Merriman and Dalbeth, 2011; Li et al., 2013; Bonakdaran and Kharaqani, 2014), as well as an independent risk element for chronic kidney disease (CKD) (Obermayr et al., 2008).
Numerous studies revealed that elevated uric acid (UA) was associated with renal tubular injury and subsequent tubulointerstitial fibrosis, thus causing hyperuricemic nephropathy (HN), which can eventually cause CKD. Nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome is a multi-protein complex composed of NLRP3, and apoptotic speck protein including a caspase recruitment domain (ASC) and pro-caspase-1 (Huai et al., 2014). Pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) can be identified by NLRP3 receptor proteins, which existed in a variety of components of the body (Martinon et al., 2006). Current studies revealed that activation of NLRP3 inflammasome can be triggered by soluble UA and UA crystals, thus causing maturation of pro-inflammatory cytokines like IL-1β and leading to congenital immune defense against danger signals such as infection and metabolic disorder (Isaka et al., 2016).
Scutellarin (4′,5,6-trihydroxyflavone-7-O-glucuronide) is a biologically active flavonoid derived from the Chinese traditional herb Erigeron breviscapus Hand-Mazz, which has been widely used in the treatment of cardiovascular and cerebrovascular diseases (Wang Z. et al., 2016; Chledzik et al., 2018). Recent pharmacological studies have reported anti-inflammatory, antioxidant, neuroprotective, and antitumor activities (Du et al., 2015; Baluchnejadmojarad et al., 2018; Sun et al., 2018) of scutellarin. Particularly, researchers confirmed the protective effects of scutellarin against hypoxic–ischemic brain and cardiomyocyte injury mediated by antioxidant capacity (Guo et al., 2011; Wang Z. et al., 2016). Du et al. (2015) demonstrated that scutellarin protected cerebral vascular endothelial cells through activating the endothelial cGMP-activated protein kinase G pathway. Additionally, scutellarin can inhibit NLRP3-related inflammasome stimulated by ATP or nigericin in lipopolysaccharide-primed macrophages. However, so far, whether scutellarin protects renal function and reduces serum UA of HN mice remains elusive.
CCN1 as a cysteine-rich secretory protein promotes embryonic development, adhesion, chemotaxis, cell proliferation, and neovascularization (Lau, 2016), and is increased in inflammation, apoptosis, and other injury conditions (Lai et al., 2013). Our previous studies found that CCN1 showed anti-apoptosis effect in ischemic renal tubular epithelial cells (Xu et al., 2014; Li et al., 2019). In this study, we analyzed the effect of scutellarin on HN by using C57BL/6 mice and human renal tubular epithelial cell line HK-2 subjected to adenine/potassium oxonate and UA to mimic a HN injury. Further, to study the possible underlying mechanisms, the relationship between scutellarin and CCN1, the regulatory effects of CCN1 on NLRP3 inflammasome, and apoptosis in HN were detected. This study will offer an improved understanding of scutellarin, NLRP3 inflammasome, and apoptosis and CCN1, and may promote the development of strategies for HN treatment.
MATERIALS AND METHODS
Scutellarin
Scutellarin was purchased from MCE company (CAS: 27740-01-8, purity > 98.0%, cat: HY-N0751, MedChemExpress, NJ, United States). We prepared a DMSO (cat: D8370, Solarbio, Shanghai, China) stock liquid and then added 0.9% saline to a final concentration of 8.3 g/L (18.03 mmol/L). The molecular formula of scutellarin is C21H18O12, with molecular weight 462.36. Before being added to the culture medium for the in vitro assays, the scutellarin solution was first filtered using 0.2 μm filtration membranes, and the filtration was done to sterilize the solution. The final concentration of DMSO was 0.5% in all the solutions added to the cells in this study.
Cell Culture and Transfection
HK-2 cells, which were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), were cultivated in DMEM (HyClone, Logan, UT) containing 10% fetal calf serum (Gibco, Langley, OK) supplemented with 1% penicillin–streptomycin (Gibco), and cells were maintained in a humidified atmosphere at 37 °C with 5% CO2. Further, various concentrations of UA (0, 4, 8, or 16 mg/dl) for 24 h or 8 mg/dl UA for different time (24, 48, and 72 h) were performed for HK-2 cell administration. HK-2 cells were seeded at a density of 5 × 105 cells/well in six-well plates for adherence. A CCN1 expression vector, which was confirmed by sequencing, was constructed by sub-cloning the full-length wild-type CCN1 coding sequence into pcDNA3.1(+) (Sangon Biotech, Shanghai, China). The empty constructed pcDNA3.1 was transfected as a control. The siRNA sequences of siRNA-CCN1 were purchased from GeneChem (Shanghai, China). Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA) was used for transfections following the instructions from the manufacturer. Stable transfectants were chosen with G418 (Life Technologies, Grand Island, NY).
Cell Viability Assay
Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Kumamoto, Japan) was used for cell viability assessment. Briefly, HK-2 cells or the transfected HK-2 cells were seeded at a density of 5 × 103 cells/well in 96-well plates. 20 μL CCK-8 was added into each well and incubated for 2 h at 37 °C after UA stimulation. Further, a microplate reader (Bio-Rad, Hercules, CA) was used for the measurement of absorbance at 450 nm.
Annexin V Apoptosis Assay
Flow cytometry was used to evaluate the number of apoptotic cells with Annexin V-FITC/PI apoptosis kit (BioVision, Milpitas, CA) according to the manufacturer’s instructions. Briefly, the HK-2 cells were seeded into six-well plates at a density of 5 × 105 cells/well. Then, cells were washed with PBS twice and resuspended in 200 μL binding buffer. After adding 5 μL Annexin V conjugate and incubation for 10 min, the samples were resuspended with 200 μL binding buffer and 5 μL propidium iodide (PI). The samples were then incubated at room temperature for 30 min in the dark, and a flow cytometer (BD Biosciences, San Jose, CA) was used for distinguishing the apoptotic cells (Annexin V-FITC positive and PI-negative).
Animals and Groups
Male C57BL/6 mice aged 8–10 weeks weighing 25–27 g were purchased from Vital River experimental animal technology company (Beijing, China) and were housed in a temperature-controlled room (23 ± 2 °C) under a 12-h light/dark cycle supplemented with food and water ad libitum. After being fed for preadaptation to the environment for a week, 36 male mice were randomly divided into six groups (six per group): control, HN mice model, scutellarin (Scu) 20 mg, HN + Scu 5 mg, HN + Scu 10 mg, and HN + Scu 20 mg. Oral administration with adenine (160 mg/kg) and potassium oxonate (240 mg/kg) mixture daily consistently for 3 weeks to establish HN mice was followed. Thereafter, scutellarin were given every day by intraperitoneal injection to evaluate the efficacy of scutellarin in HN mice. After 3-week feeding, the animals were euthanized, and the kidneys were collected for histologic examination and protein analysis. The serum samples were taken for the measurement of SUA, creatinine, and blood urea nitrogen (BUN).
All animal experiments were reviewed and approved by the Medical Ethics Committee for experimental research at the Affiliated Hospital of Qingdao University.
Sample Collection
Mice body weights and SUA levels were noted before and after OA induction at 2-week intervals. Blood samples, which were collected from the tail vein, were left to clot for 1 h at room temperature in priced tubes, and then centrifuged at 3,000 g at 4 °C for 15 min to get the serum, which was transferred to a clean tube and immediately stored at −20°C for further detection. During drug administration, urine samples were collected using metabolic cages at 2-week intervals and then centrifuged at 3,000 g for 5 min to remove impurities. All samples were stored at −20 °C for the following assays. Specific commercial kits purchased from Nanjing Jiancheng Bioengineering Institute were used for the detection of SUA, Scr, and BUN levels according to the manufacturer’s instructions (Nanjing, China). No food was allowed 8 h before the surgery but drinking water at liberty. Mice were anesthetized using pentobarbital sodium (30 mg/kg i.p.), and blood samples were collected via inferior vena cava. The kidney was quickly dissected, and partial cortex tissues of the left kidney were frozen in liquid nitrogen immediately. Total protein and RNA were stored at −80 °C until being assayed after extraction from kidney tissues.
Hematoxylin–Eosin Staining
Kidneys from all treated groups were fixed in 10% buffered formalin overnight at 4 °C and embedded in paraffin. Paraffin-embedded sections (4 μm) were deparaffinized with xylene, dexylened in successive concentrations of ethanol, and stained with hematoxylin and eosin. Tissue sections (five sections per kidney) were blindly labeled, of which 10 fields per section in total were chosen randomly and were observed by two renal pathologists.
Renal injury was graded according to the percentage of damaged tubules in the sample as previous described. In brief, 0 refers to no identifiable injury; 1 refers to mitosis and necrosis of individual cells; 2 represents necrosis of all cells in adjacent proximal convoluted tubules, with survival of surrounding tubules; 3 signifies necrosis confined to the distal third of the proximal convoluted tubules, with a band of necrosis extending across the inner cortex; and 4 means necrosis affecting all three segments of the proximal convoluted tubule. A score of 1 or 2 represents mild injury, and a score of 3 or 4 represents moderate or severe injury, respectively, in which injury included inflammatory cell infiltration, dilation of renal tubules, and interstitial edema.
Quantitative Real-Time Polymerase Chain Reaction
RNAiso Plus reagent was used for Total RNA of the kidney tissue isolation. 500 ng RNA from each sample was reversely transcribed to cDNA using a PrimeScript™ RT reagent kit (Takara, Otsu, Japan), and real-time PCR was performed via the SYBR Green (Takara, Otsu, Japan) method with the following conditions: at 95 °C for 1 min followed by 40 cycles at 95 °C for 15 sec, 60 °C for 15 sec, and 72 °C for 45 sec, and the specificity of the PCR products was confirmed by melting curve analysis and sequencing. Primers used in this experiment are shown in Table 1. GAPDH was referred as the reference gene to normalize the mRNA quantity, and 2−ΔΔCT method was used to calculate the relative expression of mRNA.
TABLE 1 | Primers used in the article.
[image: Table 1]Western Blotting
Serum, urine, and kidney tissues were kept at sacrificed for protein extraction, and RIPA buffer was used for the sample suspension. The homogenate was centrifuged at 10,000 g for 30 min at 4 °C. 50 μg protein in mixture solution were separated with 10% SDS-PAGE and then transferred onto PVDF membranes of 0.45 μm (Millipore, Germany) incubated with 5% skimmed milk in phosphate-buffered saline at room temperature for 1 h (Li et al., 2019). After incubation with primary antibodies against and β-actin (Cell Signaling Technology, MA, United States) overnight at 4 °C, the membrane was incubated with secondary antibodies after washing with PBS and Tween 20. The target bands were detected with chemiluminescence. The antibodies against CCN1, NLRP3, ASC, pro-caspase-1, IL-1β, Kim-1, IL-18, NGAL, cystatin C, Bax, Bcl-2, and caspase-3 and caspase-9 were purchased from Abcam (Cambridge, MA, United States). All other chemicals were of analytical reagent grade.
Statistical Analysis
All data were expressed as means ± SEM using SPSS from three repeated experiments. One-way analysis of variance was used among diverse groups, and independent samples were analyzed by Student’s t-test when appropriate. A value of p < 0.05 was regarded as statistically significant.
RESULTS
Scutellarin Reduced Serum Uric Acid and Protected Renal Function of Hyperuricemic Nephropathy Mice
Mice were fed with adenine/potassium oxonate mixture for 3 weeks according to former studies to establish the HN mice model, and the SUA level of HN mice was 220.12 ± 14.29 μmol/L in the end (Figure 1F), which was significantly increased compared with that of the control group (165.91 ± 12.31 μmol/L; p < 0.05), indicating that HN mice model was successfully induced. Hematoxylin–eosin (HE) staining results revealed a severe renal tubular damage in HN mice, which was mitigated after scutellarin administration with a significant decline in kidney tubular injury score (p < 0.05, Figures 1A,B). Further, to study the effects of scutellarin on the HN mice, we pretreated HN mice with a different dose of scutellarin (5, 10, and 20 mg/kg/day); as a result, renal function of HN mice significantly decreased with the increased Scr and BUN, while scutellarin can alleviate the renal injury of the HN model in a dose-dependent manner (p < 0.05, Figures 1D,E), and a dose of 20 mg/kg/day remarkably reduced Scr (26.10 ± 3.23 μmol/ml vs. 48.39 ± 7.51 μmol/ml, p < 0.05) and BUN levels (151.12 ± 30.24 mmol/L vs. 210.43 ± 45.67 mmol/L, p < 0.05) compared with the HN group. Moreover, expressions of biomarkers of renal injury including NGAL, Kim-1, cystatin C, and IL-18 were increased while both mRNA and protein expression levels were significantly decreased after scutellarin treatment in HN mice (Figures 1C,G–K, p < 0.05). Importantly, scutellarin has no negative effects on renal function in normal mice when administrated with the maximum dosage that was 20 mg/kg/day (Figures 1A–K). Taken together, scutellarin could improve renal function and alleviate glomerular and tubular damage in mice with HN.
[image: Figure 1]FIGURE 1 | Effects of scutellarin on HN mice. Mice were with a mixture of adenine/potassium oxonate for 3 weeks to induce the HN mouse model. HE stained analysis showed scutellarin alleviate tubular damage of HN mouse (×400) (A) with a significant decline kidney tubular score (B). Western blot showed scutellarin dose dependently decreased Scr (D), BUN (E), Sua (F), and NGAL, Kim-1, cystatin C, and IL-18 protein expression levels in HN mouse (C, G–K). *p < 0.05 vs. the control group; &p < 0.05 vs. HN group.
Protective Effect of Scutellarin Is Associated with NLRP3 and CCN1
Multiple studies have shown that the activation of NLRP3 inflammasome was involved in HN, which was confirmed in our study as well. The mRNA and protein expression levels of the components of the NLRP3 inflammasome including NLRP3, ASC, and pro-caspase-1 were upregulated in HN kidneys issues compared with that of the control group (Figures 2A–G). Pro–IL-1β and mature IL-1β protein contents in the kidneys were also increased in HN (Figures 2H,I). Moreover, expressions of apoptosis-related proteins, that is, Bax, cleaved caspase-3, and cleaved caspase-9, were upregulated, while Bcl-2 was downregulated in the HN kidney tissues (Figures 2K–N). Scutellarin of pretreatment HN mice showed significant dose-dependent inhibition of NLRP3 inflammasome and apoptosis, suggesting that its protective effect was associated with the NLRP3 and apoptosis. More importantly, we found that the expression of CCN1 protein, an early biomarker of apoptosis in acute kidney disease, was upregulated and downregulated when administrated with scutellarin, indicating that CCN1 was also involved in scutellarin protection of apoptosis of HN (Figure 2J).
[image: Figure 2]FIGURE 2 | Scutellarin protective effect is associated with NLRP3 and CCN1. Western blot showed scutellarin pretreatment HN mice showed a significant dose-dependent inhibition of NLRP3 inflammasome components (A–G) and apoptosis-related protein (H–N). The expression of CCN1 protein in HN kidney issues was unregulated and downregulated when administrated with Scu (J). *p < 0.05 vs. the control group; &p < 0.05 vs. HN group.
Effects of Uric Acid and Scutellarin in HK-2 Cells
HK-2 cells were subjected to different concentrations of UA (0, 4, 8, or 16 mg/dl) for 24 h and then subjected to a CCK8 assay to detect the effects of UA on cell viability. As indicated in Figure 3A, UA inhibited HK-2 cell viability in a dose-dependent manner, particularly 8 mg/dl treated for 24 h significantly decreased cell viability (p < 0.05). Meanwhile, cells pretreated with 8 mg/dl UA for various times (0, 24, 48, and 72 h) showed a significant decrease of cell viability after 24 h of UA stimulation (p < 0.05, Figure 3B), suggesting that UA damaged HK-2 cells in a dose- and time-dependent manner. Furthermore, we studied the effects of scutellarin on cell viability. The results showed HK-2 cell viability decreased in the presence of 40 μmol/L scutellarin for 24 h (Figure 3C; p < 0.05); therefore, 8 mg/dl UA for 24 h and 40 μmol/L scutellarin for 24 h were selected for subsequent experiments.
[image: Figure 3]FIGURE 3 | Effects of UA and scutellarin in HK-2 cells. Cell Counting Kit-8 showed UA damaged HK-2 cells in a dose- and time-dependent (A-B) manner, and the optimal dosage of scutellarin (C). *p < 0.05 vs. the control group.
Overexpressed CCN1 Improved Uric Acid–Induced HK-2 Injury via Negative Regulation of NLRP3
To further investigate the mechanism of CCN1 in UA-induced HK-2 cells, we conducted a series of in vitro experiments. As a result, HK-2 cells treated with UA showed significant NLRP3 inflammasome activation and apoptosis as well as upregulation of CCN1, which was consistent with animal experiments (Figure 4A). Besides, overexpressed CCN1 could not induce NLRP3 inflammasome activation in that the mRNA and protein expression levels of NLRP3, ASC, and pro-caspase-1 showed no remarkable change compared with the control group (Figures 4B–I). Similarly, overexpression of CCN1 could not induce cell apoptosis for, and the apoptosis-related protein expressions were not altered compared with the control group (Figures 4K–N). However, knockdown of CCN1 with short-hairpin RNA (shRNA) increased activation of the NLRP3 inflammasome(Figures 4A,B), and expression of proteins related to apoptosis increased as well (Figures 4J–N), suggesting that CCN1 played an important role in maintaining the homeostasis of cells. More importantly, CCN1 overexpression diminished UA-induced overproduction of inflammasome proteins and cytokines (p < 0.05, Figures 4A–N), while CCN1 silencing showed a completely opposite impact on UA-induced cell injury (p < 0.05, Figures 4A–N). Next, flow cytometric analysis was performed to confirm the regulation of CCN1 on cell apoptosis in HK-2, and the results were consisted with those of the above (Figure 5).
[image: Figure 4]FIGURE 4 | Over-expressed CCN1 improved UA-induced HK-2 injury. Western blot showed the overexpressed CCN1 significant inhibited NLRP3 inflammasome components (A–G) and apoptosis-related protein (H–N). However, HK-2 shows a significant NLRP3 inflammasome activation and apoptosis, when knockdown of CCN1 with shRNA. *p < 0.05 vs. the control group; &p < 0.05 vs. HN group.
[image: Figure 5]FIGURE 5 | Effects of CCN1 on HK-2 cell apoptosis. Flow cytometric dot plots for HK-2 cell treated with a different manner (A–G).Quantification of flow cytometry provided apoptotic rates (H). *p < 0.05 vs. the control group; &p < 0.05 vs. UA group.
Scutellarin Alleviated Uric Acid–Induced HK-2 Injury via CCN1 Regulating NLRP3
Next, we focused on whether scutellarin could alleviate UA-induced HK-2 injury. As a result, scutellarin as a protective drug could alleviate UA-induced HK-2 injury via reducing cell apoptosis (Figures 6), 7J–N) and inhibiting NLRP3 inflammasome activation (Figures 7A–I). These data were in accordance with our in vivo results, thus providing further evidence that scutellarin could protect the kidney tubular cells from UA injury. Since both scutellarin and CCN1 played a positive role in restraining cell apoptosis and NLRP3 inflammasome activation, we further studied whether scutellarin alleviated UA-induced HK-2 injury via CCN1-regulating NLRP3. Intriguingly, knockdown of CCN1 not only aggravated NLRP3 inflammasome activation and apoptosis but also abrogated the protective effect of scutellarin in UA-induced HK-2 injury (Figures 6, 7). Thus, we suggested that scutellarin might inhibit HN progression by a mechanism involved in CCN1 regulating on NLRP3 inflammasome and apoptosis.
[image: Figure 6]FIGURE 6 | Effects of scutellarin on HK-2 cell apoptosis. Flow cytometric dot plots for HK-2 cell treated with a different manner (A–E).Quantification of flow cytometry provided apoptotic rates (F). *p < 0.05 vs. the control group; &p < 0.05 vs. UA group.
[image: Figure 7]FIGURE 7 | Scutellarin alleviated UA-induced HK-2 injury via CCN1 regulation on NLRP3. Western blot showed scutellarin significantly inhibited NLRP3 inflammasome components (A–G) and apoptosis-related proteins (H–N), but this effect was abrogated by CCN1 shRNA. *p < 0.05 vs. the control group; &p < 0.05 vs. HN group.
DISCUSSION
Scutellarin possesses strong anti-inflammatory activities in many disease (Wang W. et al., 2016; Zhao et al., 2016; Liu et al., 2017) but remains elusive whether this agent had any potential effects on HN, which, however, had been involved in various inflammatory conditions ranging from NLRP3 inflammasome activation to apoptosis. Our study confirmed that scutellarin significantly inhibited NLRP3 inflammasome activation and apoptosis in mice and HK-2 cells induced by UA, thus unraveling a previously unappreciated action mechanism for scutellarin in preventing NLRP3 inflammasome activation and apoptosis in UA-induced kidney tissues and renal tubular epithelial cell injury.
Hyperuricemia has been considered as an independent risk factor for CKD, which promotes the development and progression of CKD (Garofalo et al., 2018). Many studies suggest that a high level of serum UA is closely related to inflammatory response and renal dysfunction (Hu et al., 2009; Yang et al., 2015; Wang M.-X. et al., 2016). Gouty nephropathy caused by long-term increased UA in serum leads to the deposition of urate crystals in the kidney. UA leads to the obstruction caused by monosodium urate as well as the inflammatory response initiated by monosodium urate crystals. In fact, UA increases the levels of IL-1β, IL-6, and TNF-α in the kidney of HN mice, which leads to renal dysfunction. Moreover, MCP-1 production increases in UA-exposed HK-2 cells, which is a positive correlation with kidney injury (Wang M.-X. et al., 2016). In our study, the HN mice showed a significant decrease in renal function with the increased Scr, BUN, and kidney injury biomarkers (NGAL, cystatin C Kim-1, and IL-18). Moreover, we discovered that NLRP3 inflammasome activation in HN injury, and upregulation of Bax, cleaved caspase-3 and caspase-9, while downregulation of Bcl-2 were observed in the HN kidney tissues, which was consistent with previous studies (Wu et al., 2017; Wang et al., 2018; Tan et al., 2019; Zhang et al., 2019). Therefore, using a properly scientific approach to test whether a therapeutic drug could inhibit NLRP3 inflammasome activation and apoptosis in HN provided evidence-based guidance for clinical practice.
In the present study, scutellarin can protect renal function and mitigate tubular damage in mice with HN. Scutellarin as a natural flavone has been confirmed to have therapeutic effects against oxidative damage in many diseases. Wang Z. et al. (2016) pointed out that scutellarin protected cardiomyocytes from ischemia-reperfusion injury by reducing oxidative stress and apoptosis. Besides, scutellarin alleviates diosbulbin B-induced liver injury by inhibiting NF-κB-mediated hepatic oxidative stress and inflammation (Niu et al., 2015). In clinical practice, scutellarin has showed therapeutic effects in cerebral injury, which is related to the increase of cellular antioxidant defense capacity (Guo et al., 2011). Importantly, scutellarin was minimally toxic or nontoxic, with the maximal tolerated dose greater than 10 g/kg in mice; thus, the acute lethal dose (LD50) cannot be determined in experiment (Li et al., 2011); however, the protection effects of scutellarin in renal function of HN mice remain elusive. In the current study, we found scutellarin dose dependently alleviated the renal injury of HN model and decreased the protein expression of NGAL, Kim-1, cystatin C, and IL-18 in HN mice. Histological analysis also confirmed that scutellarin alleviated tubular damage of HN mice with a significant decline quantitative tubular injury score. Importantly, pretreatment with scutellarin inhibited NLRP3 inflammasome activation and apoptosis in HN, suggesting that its protective effect was associated with the NLRP3 and apoptosis signaling pathways.
Researchers have demonstrated that the NLRP3 inflammasome activation, which can be activated by UA crystals, is the central part in various pathological inflammatory conditions (Zhou et al., 2011; Heneka et al., 2013; Zhao et al., 2013). Innate immune function was regulated by the NLRP3 inflammasome via modulating the secretion and of maturation pro-inflammatory cytokines. Studies confirmed that UA improves IL-1β production in a NLRP3-dependent manner and is correlated with the HN injury (Braga et al., 2017). Zhang et al. (2019) found that in the gouty nephropathy, levels of IL-1β and IL-18 in the plasma and expression of the NLRP3 inflammasome in peripheral blood mononuclear cells were significantly increased, suggesting that the NLRP3 inflammasome played an essential role in gouty nephropathy. In this study, we found the mRNA and protein expression levels of NLRP3, ASC, and pro-caspase-1 were unregulated in the HN kidneys issues. Both pro- and mature IL-1β proteins in the kidneys were increased in HN. Pretreatment with scutellarin significantly decreased the activation of NLRP3 inflammasome and apoptosis, indicating that its protective effect was associated with NLRP3 and apoptosis. Wang Z. et al. (2016) found that the formation of ASC and oligomerization upon NLRP3 activation by ATP or nigericin can be significantly suppressed by scutellarin, implying their interference of NLRP3’s ability in recruiting ASC to inflammasome formation (Liu et al., 2017). Besides, scutellarin inhibited activation and pyroptosis of caspase-1 as well as blocking secretion of mature IL-1β into culture supernatants.
More importantly, we found an increase in CCN1 protein expression in HN kidney tissues and a decreased expression of CCN1 in HN mice administrated with scutellarin. Thus, we suggested that scutellarin alleviated HN-induced kidney injury via CCN1 regulation on NLRP3. Considerable studies revealed that CCN1 is an immediate early gene product pertaining to the CCN family (CCN1/Ctgf/Nov family) and also a vascular regulatory factor of extracellular matrix cross-linking (Kleer, 2016; Wu et al., 2016; Yeger and Perbal, 2016). Intriguingly, CCN1 is a key protein in the transition from acute kidney injury (AKI) to CKD, and blockade of CCN1 can mitigate renal inflammation and fibrosis after ischemic reperfusion induced AKI (Lai et al., 2014; Li et al., 2019). Our previous study (Li et al., 2018) showed that as a hub gene, CCN1 overexpressed in CKD based on 373 CKD patient samples. Second, the expression of CCN1 was positively correlated with renal fibrosis after AKI indicating that CCN1 was highly related to kidney fibrosis in a long period of time injury (Liu et al., 2017). We found that overexpressed CCN1 could not induce the activation of NLRP3 inflammasome in HK-2 cells, but HK-2 cells showed a significant NLRP3 inflammasome activation and apoptosis with CCN1 knockdown. CCN1 overexpression inhibited UA-induced overproduction of inflammasome proteins and cytokines. Knockdown of CCN1 not only aggravated NLRP3 inflammasome activation and apoptosis but also abrogated the protective effect of scutellarin in UA-induced HK-2 injury. Thus, we suggested that scutellarin might mitigate HN progression through a mechanism involved in CCN1 regulating NLRP3 inflammasome and apoptosis.
In conclusion, this study demonstrated that 1) scutellarin protected renal function and decreased SUA of HN mice, 2) protective effect of scutellarin was associated with NLRP3 and CCN1, 3) over-expressed CCN1 improved HK-2 injury induced by UA via negative regulation of NLRP3, and 4) scutellarin alleviated HK-2 injury induced by UA via CCN1 regulating NLRP3. Therefore, there is a strong rationale for the therapeutic usage of scutellarin in the treatment of HN. Furthermore, whether the anti-apoptosis and anti-NLRP3 inflammasome efficacy of scutellarin makes a difference in clinical practice requires more research to confirm for wider application.
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Renal tubule-interstitial fibrosis is related to chronic kidney disease progression and a typical feature of the aging kidney. Epigenetic modifications of fibrosis-prone genes regulate the development of renal fibrosis. As a kind of “epigenetic diet”, soy isoflavone genistein was reported to have renal protective action and epigenetic-modulating effects. However, its renal protection role and underlying mechanisms are yet to be fully clarified. Herein, we showed that genistein exhibits a demonstrable anti-fibrotic effect on kidney in vivo UUO (unilateral ureteral occlusion) model and renal epithelial cells in vitro model. The mechanism is strongly associated with epithelial-to-mesenchymal transition and m6A RNA demethylase ALKBH5. Mouse fibrotic kidneys induced by UUO exhibited adverse expression of renal fibrosis-related proteins and significant increases in the total m6A level. As an eraser, ALKBH5 showed severer suppression in the renal fibrosis process. However, genistein pretreatment restored ALKBH5 loss remarkably and reduced renal fibrosis, abnormal protein, and inflammatory markers. The examination of possible mechanisms revealed that genistein promoted ALKBH5 and maybe induced the level of mRNA m6A methylation in some epithelial-to-mesenchymal transition-related transcription factors. We found snail was the critical regulator and critical for the protective role of genistein. To verify the relationship between ALKBH5 and snail, we generated knockdown and overexpression of ALKBH5 cells in vitro. ALKBH5 knockdown enhanced the mesenchymal phenotype marker α-smooth muscle actin and snail expression. In agreement, overexpression ALKBH5 increased epithelial adhesion molecule E-cadherin and reduced snail expression. In conclusion, genistein increased renal ALKBH5 expression in UUO-induced renal fibrosis and reduced RNA m6A levels and ameliorates renal damages.
Keywords: renal fibrosis, genistein, RNA methylation, epithelial-to-mesenchymal transition, ALKBH5
INTRODUCTION
Renal tubule-interstitial fibrosis is strongly related to the progression of chronic kidney disease (CKD) and is a typical character of renal aging (Humphreys, 2018). Kidneys with ureteral obstruction progress developing a tubule-interstitial injury. As a well-characterized animal model of renal injury, unilateral ureteral obstruction (UUO) is commonly used to examine the pathological processes of tubule-interstitial fibrosis (Klahr and Morrissey, 2002; Bascands and Schanstra, 2005). Obstructed renal tissue damage is accompanied by tubular degeneration and progressive interstitial fibrosis. And this is characterized by excessive production and deposition of extracellular matrix (ECM) in the interstitium (Humphreys, 2018). Proteins of ECM, including collagens and fibronectin, are produced by myofibroblasts. Previous studies have shown that these myofibroblasts stem from transformed epithelial cells or resident interstitial fibroblasts, which is known as the epithelial-to-mesenchymal transition (EMT) (Kalluri and Neilson, 2003). The pathological process in UUO renal damage is associated with EMT, in which there is an increase of α-smooth muscle actin (α-SMA) expression and down-expression in E-cadherin (Strutz et al., 2002). As a result of a loss in epithelial-cell characteristics, myofibroblasts’ proliferative and migration ability increase resulting in the production and deposition of several ECM in the renal interstitium. Meanwhile, many immune cells infiltrate and secret numerous profibrotic factors (Chevalier, 2006).
Genistein (4,5,7-trihydroxyisoflavone), a soy isoflavone has been extensively studied. It is a polyphenolic non-steroidal compound that is widely used as a dietary supplement and even been called an “epigenetic diet” (Ganai and Farooqi, 2015; Li et al., 2019). Studies show that genistein can be used for the prevention of metabolic disorders associated with cancer (Pavese et al., 2010), cardiovascular disease (CVD) (Gencel et al., 2012), obesity (Orgaard and Jensen, 2008), and diabetes (Stephenson et al., 2005; Rehman et al., 2019). Also, it protects against acute kidney injury (AKI) such as ischemia/reperfusion (I/R)-induced renal injury, cisplatin, and radiation-induced nephrotoxicity (Sung et al., 2008; Canyilmaz et al., 2016; Li et al., 2017). A recent study demonstrated that genistein could protect against UUO-induced renal fibrosis by modulating the expression of klotho via epigenetic processes involving DNA methylation and histone modifications (Li et al., 2019). Genistein has many advantageous characteristics; it is low in toxicity and is widely available, which justifies its great potential in clinical application. However, the precise function and underlying mechanism of genistein in CKD has not been fully elucidated.
N6-methyladenosine (m6A) is by far the most ubiquitous post-transcriptional methylation of mRNA in eukaryotic cells (Cao et al., 2016). m6A-dependent mRNA modification is a critical process particularly in mammals. It modulates several biological processes, such as self-renewal and differentiation, DNA damage response, tissue development, RNA–protein interactions, and primary microRNA processing by regulating RNA splicing, stability, translocation, and translation into protein (Cao et al., 2016). The modification of m6A is reversible and is regulated by the “writers” (methyltransferases), “readers” (m6A-binding proteins) and “erasers” (demethylases), which are thought to be vital in the development of various diseases, such as cancer (Liu et al., 2018), CVD (Dorn et al., 2019) and aging (Min et al., 2018). Recent evidence shows that m6A is linked to AKI (Wang et al., 2019; Xu et al., 2020). ALKBH5, one of m6A demethylases, has been reported in multiple tumors and plays a crucial role in EMT regulation via the suppression of various epithelial markers (Lin et al., 2019; Tang et al., 2020).
In this study, we assessed how genistein mitigates renal interstitial fibrosis and the mechanism underlying epigenetic regulation. We found m6A eraser ALKBH5 low expression in the obstructed kidneys; however, genistein can make ALKBH5 recovery. Considering that the EMT process participates in renal interstitial fibrosis development, which leads to renal failure, treatment strategies aiming at its suppression could help in the prevention and management of the disease. The findings of the present study show that genistein can be effective in the treatment and prevention of renal failure linked to fibrosis.
MATERIALS AND METHODS
Animals
Approval for the execution of the current study was provided by the Animal Care and Use Committee of Fudan University, Shanghai, China. It was conducted based on the NIH Guide for the Care and Use of Laboratory Animals. Male mice (C57BL/6; age, 8 weeks; weight, 20–25 g) were obtained from the Animal Center of Fudan University. The mice were housed in an aseptic facility with controlled humidity, temperature, and 12-h light/dark cycle. And they were allowed free access to food and water. Twenty-four mice were randomly separated into four groups and six mice in each group: sham-operated (sham), sham + Genistein (Gen, 10 mg/kg), UUO, and UUO + Gen (10 mg/kg). Genistein (Sigma Aldrich, St. Louis, MO, USA) was dissolved in 0.9% sodium chloride supplemented with 1% dimethylsulphoxide and administered via intraperitoneal injection (i.p.) 24 h prior to the UUO and this continued for seven days. Mice were anesthetized with 0.1% sodium pentobarbital to minimize the pain. We made a left flank incision of the mice in the UUO/UUO + Gen group to expose the left ureter. Next, the ureter was completely ligated using silk sutures (double 5–0) at the ureteropelvic junction. After laying the bowel back in place, the skin and muscles were closed with sterile surgical of 3–0 nylon. The sham-operated mice were also subjected to the same procedure except that their ureters were not ligated. The kidney and blood samples were harvested at seventh-day post-UUO or sham surgery.
Cell Culture, Treatment, and Transfection
Human kidney tubular HK2 cells (ATCC, USA) were grown in DMEM/F12 containing 10% FBS (fetal bovine serum) and 1% penicillin/streptomycin (Gibco, USA). The culture was incubated at 37°C in 5% CO2. The cells were treated with genistein (15 μM) for 24 h with or without TGF-β (BD Biosciences, USA, 5 ng/ml). Next, the cells were transfected with the synthesized human ALKBH5 siRNA oligonucleotides and the scrambled oligonucleotides at final concentrations of 50 nM using Lipofectamine 3,000 as per the methods described by the manufacturer. To generate ALKBH5 overexpression cells, HK2 cells were transfected with pcDNA/ALKBH5 or vector control through the liposome-mediated transfection. Transfected cells were subjected to drug treatments or not after 48 h of transfection. Finally, ALKBH5 expression was checked by conducting a western blot assay.
Assessment of Renal Function
The concentrations of blood urea nitrogen (BUN) and Serum creatinine (Cre) were measured using the QuantiChromTM Urea/Creatinine Assay Kit (BioAssay Systems, USA) as per the methods described by the manufacturer.
Histological Examination
Samples of renal tissue were prepared primarily as before. For light microscopic observation, sections (4 μm) were stained with H&E (hematoxylin and eosin) and Masson’s trichrome. The images were interpreted after being studied under a light microscope by two independent and experienced renal pathologists who were blinded to the study protocol. For semiquantitative analysis of the frequency and severity of the renal injury, 10 high-magnification (×200) non-overlapping fields of the cortex and the outer stripe of the outer medulla were randomly selected for each animal and analyzed by ImageJ software (NIH). Degree of renal injury was graded on a scale from 0 to 4: 0 = normal, 1 ≤ 25% of the cortex, 2 = >25%–50% of the cortex, 3 = ≥50% to <75% of the cortex, 4 ≥ 75% of the renal cortex (Schwalm et al., 2017). Renal fibrosis was calculated as the ratio of collagen deposition (blue color area in Masson’s trichrome-stained sections) over the whole field area based on ten randomly selected fields, thereafter; the mean scores from five sections per animal were calculated (Wongmekiat et al., 2013).
Immunohistochemistry Staining
The IHC was performed according to our previous study (Ning et al., 2018). We incubated the slides with an optimal dilution primary antibody against fibronectin (Abcam, United Kingdom, 1:100).
Western Blot Assay
This assay was conducted based on the methods described previously (Ning et al., 2018). Primary antibodies used in the present study included anti-E-cadherin, pSmad2/3, and TGF-β (Cell Signaling Technology, USA, 1:1,000), α-SMA, ALKBH5, snail, and GAPDH (Abcam, United Kingdom, 1:1,000).
RNA Isolation and Quantitative Real-Time RT-PCR
We used Trizol (Sigma Aldrich, St. Louis, MO, USA) for the isolation of total RNA. Next, RT-PCR was conducted as described previously (Ning et al., 2018). Finally, 2(–ΔΔCT) method was used to determine relative mRNA levels. Primer sequences used at this stage are displayed in Table 1.
TABLE 1 | Primer sequences used in this study.
[image: Table 1]Measurement of m6A Modification
UPLC-MS/MS analysis of m6A was performed as previously described (Chen et al., 2019).
Data Analysis
Statistical analyses were performed using SPSS software version 16.0. Results from three independent experiments were averaged and presented as mean ± SD (standard deviation). Differences within and between groups were analyzed using ANOVA (two-way analysis of variance) and Student’s t-test, respectively. A p-value of less than 0.05 indicated statistical significance.
RESULTS
Genistein Ameliorated the Physiological and Pathological Lesions After Unilateral Ureteral Occlusion
Functional and histopathologic examinations were conducted to verify the protective effect of genistein. Increased blood urine nitrogen (BUN) and serum creatinine indicated the physiological lesions flowing UUO; however, the pretreatment of genistein significantly improved renal dysfunction (Figures 1A,B). The H&E staining indicated a normal renal cortex in the sham and sham + Gen group. Renal tubular damage occurred in the obstructed kidney, which included atrophy, tubular dilatation, epithelial cell desquamation, and deposition of hyaline in the tubular lumen (Figure 1C). Genistein pretreatment significantly ameliorated the above pathological lesions in the UUO + Gen group relative to the UUO group (Figures 1C,D; tissue injury score from 3.05 ± 0.15 to 1.99 ± 0.10; p < 0.05).
[image: Figure 1]FIGURE 1 | Genistein ameliorated the physiological and pathological lesions after UUO. (A) Average concentrations of blood urine nitrogen (BUN) and (B) serum creatinine (Cre) from four groups of experimental mice. (C) Representative HE-stained renal sections (200×) (D) Quantification of mouse kidney injury score. Data are presented as mean ± SD (n = 6, *p < 0.05, **p < 0.01 vs. sham; #p < 0.05 vs. UUO group).
Genistein Suppresses Interstitial Fibrosis with Unilateral Ureteral Occlusion
Fibrosis examination of renal tissues was made by using Masson’s trichrome staining. The UUO group exhibited prominent tubule-interstitial fibrosis, and this was observed as an intense deposition of collagen in the interstitium (Figure 2A). Furthermore, analysis of semiquantitative verified that mice in the UUO-only group developed severe tubule-interstitial fibrosis, while only mild renal fibrosis in UUO + Gen group was detected on the seventh day after surgery (Figure 2B; the percent of the blue area from 20.3 ± 1.5 to 13.8 ± 1.0; p < 0.05). Subsequently, fibronectin (an ECM protein) expression was assessed by IHC in the renal tissues. A strong positive was observed in the interstitium bordering the dilated tubules. Expectedly, staining in the UUO group was more intense compared to the UUO + Gen group (Figures 2A,C). Consistent with the results of the mRNA levels of collagen I was increased in UUO mice (Figure 2D).
[image: Figure 2]FIGURE 2 | Genistein suppresses interstitial fibrosis. (A) Masson’s trichrome-stained and IHC of fibronectin in kidney sections (200×). Interstitial fibrosis lesions stained in blue and brown color are indicated respectively. (B) Quantifications of blue color area (%). (C) Quantifications of fibronectin positive area (%). (D) Renal expressions of collagen I mRNA from the experimental mice as revealed by RT-PCR with GAPDH. Data are presented as mean ± SD (n = 6, *p < 0.05, **p < 0.01 vs. sham; #p < 0.05 vs. UUO group).
Genistein Decreases Epithelial-to-Mesenchymal Transition and Reduced Inflammation by Unilateral Ureteral Occlusion
EMT is characterized by a loss of epithelial marker (i.e., E-cadherin) and overexpression of the mesenchymal marker (i.e., α-SMA). We made the analyses of total kidney lysates using western blot and found that E-cadherin expression was suppressed while α-SMA expression was enhanced in the UUO group; by contrast, in UUO + Gen mice, these effects were moderately ameliorated by Genistein (Figures 3A–C– C). TGF-β, a potent profibrotic cytokine, facilitates EMT by modulating the ECM protein expression directly in kidneys after UUO. Western blot analysis revealed a marked TGF-β induction in the UUO group; however, only a slight response was observed in the UUO + Gen group (Figures 3A,D). Given that the Smad signaling module is a pivotal modulator of fibrotic TGF-β signaling, we further analyzed the expression and subsequent Smad protein activation. Western blot analysis of total kidney extracts indicated that UUO led to a considerably high expression of pSmad2/3 in the obstructed kidneys; however, genistein treatment relatively restored these effects (Figures 3A,E). We detected the expression of proinflammatory cytokines, such as MCP-1, TNF-α, and IL-1β via RT-PCR to confirm whether genistein could attenuate UUO-induced inflammation. The mRNA levels of MCP-1, TNF-α, and IL-1β in the UUO group were higher compared to the sham group (Figures 3F–H). The mRNA level of IL-10, an anti-inflammation marker, was increased markedly in the kidney after UUO. However, genistein had no effect on IL-10 formation (not shown). Genistein treatment partially ameliorated these inflammatory factors secretion.
[image: Figure 3]FIGURE 3 | Genistein decreases EMT and reduced inflammation by UUO. (A) The protein expressions of E-cadherin, α-SMA, TGF-β, and pSmad2/3 as revealed by Western blot in renal tissue. The protein expressions of E-cadherin (B), α-SMA (C), TGF-β (D) pSmad2/3 (E) were quantitated by ImageJ software. The mRNA expression of IL-1β (F), MCP-1 (G), and TNF-α (H) in renal tissue were detected by RT-PCR. Data are presented as mean ± SD (n = 6, *p < 0.05, **p < 0.01 vs. sham; #p < 0.05, ##p < 0.01 vs. UUO group).
Genistein Is Involved in m6A Modification and Increased m6A ALKBH5 Following Unilateral Ureteral Occlusion
To investigate whether m6A modification occurred in UUO and if genistein involved in this process. We measured the total m6A level using UPLC-MS/MS analysis. The total m6A level increased after UUO; however, genistein pretreatment has a significant reduction methylation level (Figure 4A). In concurrence with this, we found that the mRNA levels of m6A demethylase ALKBH5 on the seventh day after UUO was significantly lower compared to the sham group, and increased in genistein pretreatment group (Figure 4B). The ALKBH5 protein expression results were consistent with the mRNA expression (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Genistein is involved in m6A modification and increased ALKBH5 following UUO. (A) The quantification of m6A level in total RNA in the kidney tissues. The mRNA (B) and protein (C) expression of ALKBH5 in renal tissue as revealed by RT-PCR and Western blot, respectively. (D) Quantifications of ALKBH5 protein expressions made by ImageJ software. Data are presented as mean ± SD (n = 6, **p < 0.01 vs. sham; #p < 0.05 vs. UUO group).
Snail Participates in m6A-Regulated Epithelial-to-Mesenchymal Transition in Renal Epithelial Cells
Herein, we examined the function of genistein in the regulation of ALKBH5 and EMT marker proteins in renal tubule cells in vitro. We verify whether the anti-renal fibrosis impact of genistein was in relation to ALKBH5 restoration. The previous investigation reveals that TGF-β is critical in the development of renal fibrosis (Meng et al., 2016). We found that TGF-β treated renal tubule cells exhibited lower levels of ALKBH5, E-cadherin, and higher levels of α-SMA. However, these effects were reversed following genistein treatment (Figures 5A,B). These results were consistent with in vivo results. Further, to determine the underlying mechanisms of m6A-regulated EMT through changing the expression of ALKBH5 using silenced endogenous ALKBH5 and transfected with a plasmid expressing ALKBH5, we still measured EMT biomarkers and snail, a key transcription factor of EMT. Following siALKBH5 transfection, the expression of ALKBH5 was decreased; while an increase in expression was observed after transfection with the ALKBH5 expression vector (Figures 5C–F). We found that knockdown of ALKBH5 suppressed the E-cadherin expression and promoted the level of a-SMA and Snail, whereas overexpression of ALKBH5 showed opposite results (Figures 5C–F) Genistein could restore the expression of ALKBH5. If the ALKBH5 knockdown the anti-EMT effect of genistein has weakened and snail was increased (Figures 5C,D).
[image: Figure 5]FIGURE 5 | Snail is involved in m6A-regulated EMT in renal epithelial cells. (A) HK2 cells were treated with genistein (15 μM) with or without TGF-β (5 ng/ml) for 24 h. The protein expressions of E-cadherin, α-SMA, and ALKBH5 were assayed by Western blot. (B) Quantification of (A) (n = 3, *p < 0.05, **p < 0.01 vs. control; #p < 0.05 vs. TGF-β group). (C) HK2 cells were treated with genistein (15 μM) and TGF-β (5 ng/ml) with the synthesized human ALKBH5 siRNA oligonucleotides and the scrambled oligonucleotides (siCon) at final concentrations of 50 nM. The protein expressions of ALKBH5, E-cadherin, α-SMA, and snail as revealed by Western blot. (D) Quantification of (C) (n = 3, *p < 0.05, **p < 0.01 vs. siCon). (E) HK2 cells were transfected with pcDNA/ALKBH5 or vector control through liposome-mediated transfection. The protein expressions of ALKBH5, E-cadherin, α-SMA, and snail as revealed by Western blot. (F) Quantification of (E) (n = 3, *p < 0.05, **p < 0.01 vs. vector). Data are presented as mean ± SD.
[image: Figure 6]FIGURE 6 | Graphical illustration of the mechanisms in the present study.
DISCUSSION
CKD is a significant cause of death (Webster et al., 2017). Renal tubule-interstitial fibrosis is a common pathway leading to ECM accumulation, organ scarring, and the progression of CKD (Humphreys, 2018). However, no effective therapy has not been found to counter these destructive disorders. An enhanced EMT characterized by the deposition of excessive amounts of ECM tends to occur particularly in severe tubular atrophy and tubule-interstitial fibrosis in the UUO mice (Bascands and Schanstra, 2005). Currently, there still a lack of effective treatments for renal fibrosis. Therefore, determining the mechanisms by which epithelial phenotype differentiate into the mesenchymal phenotype is critical to understanding how to prevent renal fibrosis.
Genistein is one of the main active factors in soybean isoflavones. It is the most effective functional component in soy isoflavone and has a variety of physiological functions. Notably, its biochemical properties have been tested extensively in the treatment of many disorders, including inflammation, cancer, and apoptosis (Mukund et al., 2017). Genistein plays a protective function in I/R-induced and cisplatin-induced renal injury (Sung et al., 2008; Li et al., 2017). As a natural plant extract, genistein is relatively safe as a bioactive supplement for the prevention and therapy of CKD. In this study, we found genistein involved UUO-induced EMT process and had anti-renal fibrosis actions, which is consistent with separation another observation by Li et al. (2019). We explore here whether other mechanisms be involved. Our results showed the effectiveness of genistein on the suppression of renal fibrosis. In this study, the physiological lesions and interstitial fibrosis were significantly recovered seven days after UUO following treatment with genistein. Moreover, the levels of ECM proteins, fibrogenic, and inflammatory factors (TGF-β, IL-1β, MCP-1, and TNF-α), as well as α-SMA and pSmad (EMT markers) were considerably lower in the genistein-treated mice compared to the UUO-only mice. The administration of genistein partially ameliorated inflammatory factors. These findings provide strong evidence that genistein could be effective in the treatment of obstructed kidney. Also, our results revealed that the protective effects of genistein in renal injury induced by UUO were related to a higher ALKBH5 expression, which is the m6A modification gene to remove the methylation. It offers novel insights into the treatment and prevention of UUO-induced renal interstitial fibrosis.
N6-Methyladenosine is the most robust modification of mammal mRNA (Cao et al., 2016). More and more literature reported the critical roles of m6A in epigenetic regulation and how this modification affected the pathogenesis of various diseases, including kidney injury. m6A was reported to be involved in the EMT of cancer cells and modulated via the methyltransferase METTL3, demethylase ALKBH5, and its reader YTHDF1 (Lin et al., 2019). In this study, we speculated that there was a change in m6A modification in the course of UUO-induced renal damage. We examined that genistein can cause epigenetic changes and regulate m6A related gene expression. The findings revealed that m6A exhibited an upregulation trend following UUO, and downregulation trends follow genistein treatment.
Furthermore, we assessed the demethylase and m6A methyltransferase levels involved in the m6A modification. Based on the results, m6A demethylase ALKBH5 was up-regulated in the genistein pretreatment of the UUO group. In vitro study, results were consistent with in vivo experiments. Thus, we believe that ALKBH5 is a crucial regulatory gene involved in how genistein protects renal fibrosis. The present research about ALKBH5-mediated m6A demethylation mainly focuses on the pathogenesis of multiple tumors, including cancers of the pancreas, ovary, lung, and breast (Wu et al., 2019; Zhu et al., 2019; Jin et al., 2020; Tang et al., 2020). A recent study showed that ALKBH5 expression was suppressed in renal carcinoma compared to adjacent healthy tissues. Low levels of ALKBH5 and FTO mRNA were associated with reduced overall as well as cancer-specific survival after nephrectomy (Strick et al., 2020). In this study, we found no remarkable difference between the UUO and the sham group regarding the levels of FTO. Recently, two reports found m6A methylation involved in acute kidney injury. METTL3, an essential m6A methyltransferase, was involved in keap1/Nrf2 pathway modulation in colistin-induced kidney injury via and attenuating oxidative stress and apoptosis (Wang et al., 2019). Another m6A methyltransferase METTL14 was reported to modulate the pathogenesis of acute renal ischemia/reperfusion-induced injury via suppressing YAP1 (Xu et al., 2020). However, because their target genes, and their operation cellular environments and pathological conditions are different, METTL3 and METTL14, the orthologous genes and same methylases may also be incomparable. The upregulation of METTL3 plays a protective function against apoptosis and oxidative stress that is induced by colistin. On the contrary, knockdown of METTL14 is likely to protect the kidney against IR-injury. More details need to confirm the close relationships between mRNA methylation and kidney injury, especially in CKD. In this study, we first examined whether and how ALKBH5 modulates renal fibrosis. Based on the previous research, we detected vital transcription factors associated with EMT, including slug, snail, twist, and zeb1, and found that snail was regulated by ALKBH5.
CONCLUSIONS
In conclusion, our findings show that m6A participates in UUO-induced renal fibrosis. ALKBH5 is a crucial regulator for the m6A modification and protection of genistein for renal fibrosis. Genistein ameliorates renal fibrosis by restoring ALKBH5 to regulate EMT. The results of the present study may provide new insights into the function of m6A modification in CKD, which can assist in the development of new drugs for alleviating renal fibrosis. However, further studies should be conducted to ascertain whether genistein can be utilized for the treatment and prevention of CKD.
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Diabetic nephropathy (DN), as the most common microvascular complication of diabetes mellitus (DM), has become one of the leading causes of end-stage renal disease (ESRD). Numerous studies have indicated that podocyte loss plays an important role in the development of DN and can even cause proteinuria in the early stage of DN. In the study, we found that Huidouba (HDB) significantly decreased the level of fasting blood glucose (FBG), the ratio of microalbumin to urine creatine (mAlb/Ucr), serum creatine (Scr), serum urea nitrogen (BUN), and malondialdehyde (MDA) in the kidney and downregulated the expression of Nox4 predominantly located in glomerular tissue while upregulating nephrin and WT1 expression in DN rats. In addition, HDB could also reduce podocyte damage and glomerular basement membrane (GBM) pathologic changes, as shown by transmission electron microscopy (TEM). In vitro study showed that HDB could inhibit high glucose (HG)-induced Reactive Oxygen Species (ROS) production and protect against podocyte apoptosis by downregulated Nox4 expression in podocytes. These results may provide a scientific basis for developing HDB as a potential folk medicine for the treatment of DN.
Keywords: Huidouba, Nox4, podocyte, diabetic nephropathy, oxidative injury
INTRODUCTION
At the end of 2017, the International Diabetes Federation (IDF) released the eighth edition map of the global epidemic of diabetes (DM) (Sanz et al., 2018). The map showed that the global number of patients with DM aged 20–79 years had reached 425 million. If this increase is not halted, there will be 642 million people with the disease by 2045. China has the largest population with DM, which amounts to 114.4 million (Unnikrishnan et al., 2017). DN, as the most common microvascular complication of DM, has become one of the leading causes of ESRD (Marathe et al., 2017). The latest statistics from Peking University Hospital showed that DN has become the leading cause of ESRD in China. There is a total of 24 million people with DN in China, and the prevalence of DN has already surpassed that of glomerulonephritis related to chronic kidney disease (Zhang et al., 2016). At present, the clinical treatment of DN mainly aims to control blood glucose and blood pressure, but it cannot effectively prevent the exacerbation of DN. Therefore, further study of the pathogenesis is needed to search for an effective therapy for DN. It is of great importance to delay the progression of DN.
Traditional Chinese medicine (TCM) maintains that DN is due to the lower wasting thirst of Xiaoke disease. Failure or mismanagement of Xiaoke would lead to Qi and Yin deficiency and spleen and kidney deficiency, which may finally result in Qi-Blood-Yin-Yang deficiency, kidney collateral stasis and turbid toxic retention. Yiqiyangyin is an effective treatment for early DN in the clinic (Zhang and Gao 2015). TCM and folk medicines have the advantages of reducing blood glucose, blood pressure and DM microvascular complications. Therefore, finding safe and effective diabetes medications in natural drugs has drawn increasing attention from scientists. HDB, as a Tibetan medicine, is also called “close pocket” and is derived from the nest of Atypus karschi Doenitz, which is found around the roots of old tea trees in the Mount Emei area of Sichuan Province. It has a unique effect on Yiqiyangyin and nourishes kidney yin, eases DM symptoms, promotes the natural balance of blood glucose, harmonizes Qi-Blood and prevents the progression of DN. As a folk prescription, HDB has been passed down from generation to generation for thousands of years in the Mount Emei area of Sichuan Province. It enjoys a reputation as a “wonder drug” of Mount Emei, an invincible opponent of DM, and a natural green treasure from Nature (Yang and Pang 2017). We found that HDB has an obvious therapeutic effect on DN. It could downregulate the expression of Nox4, which is predominantly localized in glomerular tissue and relieve oxidative injury in podocytes and proteinuria in DN rats.
MATERIALS
Animals
Fifty five-week-old male Sprague-Dawley (SD) rats weighing 120–140 g were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China) (animal certificate number: SCXK [JING]-2014-0004). The rats were kept in an ambient temperature (23 ± 1°C) and relative humidity (55 ± 5%) environment with 12 h light-dark cycles. There were five rats per cage, and all rats were allowed free access to water and food. All animal procedures were approved by the Laboratory Animal Ethics Committee of Chengde Medical University and complied with the Guidance for the Care and Use of Laboratory Animals.
Cell Culture and Treatment
Conditionally immortalized mouse podocytes (MPC5) were obtained from ATCC (Manassas, VA). The recovered cells were cultured and subcultured for 5 days in RPMI-1640 medium containing 10% FBS, 1 μL/ml penicillin, 1 μL/ml streptomycin, and 20 U/ml interferon-γ at 33°C in a humidified incubator, 5% CO2, 95% air atmosphere. Proliferated podocytes were thermoshifted to 37°C in the absence of interferon-γ for 14 days. When cells were then well-differentiated, they were maintained in a serum-deprived condition (0.25% FBS) for 24 h. Drug-containing serum was prepared as follows. Healthy male SD rats were gavaged twice a day with metformin (MET, 45 mg/kg) or different doses of HDB (HDBL, 110 mg/kg; HDBM, 130 mg/kg; HDBH, 180 mg/kg) for 3 days. Blood was collected from the abdominal aorta 1 h after the last administration, and was then centrifuged at 10,000 r/min for 15 min at 4°C to obtain serum. The serum was inactivated at 56°C for 30 min, sterilized with microporous membrane of 0.22 μm thick, frozen into blocks, and vacuum-dried under −70°C. The podocytes were treated with normal glucose (NG, 5.5 mmol/L) or high glucose (HG, 30 mmol/L) for 48 h in the absence or presence of drug-containing serum aforementioned and were then collected for proposed experiments.
Drugs
HDB was purchased from Double Town in the Mount Emei area in Sichuan Province. It was harvested in June and sun-cured. Based on the pilot experiments and original drug regimen (Yang and Pang 2017), we processed the HDB as follows. The crude drug was washed gently, steeped in water for 2 h before processing, and extracted three times in boiling water (100°C) for 2 h after adding 9 or 10 volumes of water. The decoction was condensed to the appropriate relative density (1.02) under reduced pressure (70°C), and the concentrate was cooled to room temperature. A volume of 80% ethanol was added, and the concentrate was allowed to settle for 12 h at 4°C, after which it was sifted through a 147-μm mesh. The precipitate was collected and finally dried by a vacuum at reduced pressure. We entrusted the Chengde Jingfukang Pharmaceutical Group (JFKPG) to prepare HDB aqueous extract according to the above procedure. Metformin (MET) in 98% 1,1-dimethyl diguanidine hydrochloride was kindly gifted by Shijiazhuang Polee Pharmaceutical Co., Ltd. Streptozotocin (STZ, S0130) was purchased from the Sigma Company.
Reagents and Instruments
The creatinine assay kit (CRE, No. C011-2-1), blood urea nitrogen assay kit (BUN, No. C013-2-1), and urine microalbuminuria assay kit (U-mAlb, No. E038-1-1) were purchased from Nanjing Jiancheng Bioengineering Institute. The ROS Assay kit (No. S0033S), β-Actin mouse monoclonal antibody (No. AF0003) and a protease and phosphatase inhibitor cocktail for general use (50X) (No. P1045) were purchased from Beyotime Institute of Biotechnology. The Lipid Peroxidation (MDA) Assay kit (No. ab118970), H&L (HRP) IgG (No. ab97051), rabbit monoclonal [UOTR1B493] to NADPH oxidase 4 (No. ab133303), and rabbit polyclonal to nephrin (No. ab58968) were purchased from Abcam Trading (Shanghai) Co., Ltd. The goat anti-rabbit IgG DyLight 488 (No. A23220) was purchased from Abbkine Scientific Co., Ltd. The goat anti-mouse IgG (H&L) Cy3 (No. GB21301), and DAPI (No. G1012) were purchased from Wuhan Servicebio Technology Co., Ltd. The Thiazolyl Blue Tetrazolium Bromide (MTT, No. M2128) was purchased from the Sigma Company.
The following instruments were used in our study: a fully automatic biochemical analyzer (BK200, Boko, China), multiscan spectrum (VarioskanFlash 3001, Thermo Scientific, United States), automatic tissue hydroextractor (Thermo-Excelsior-ES, United States), tissue embedder (Histocenter 3, Thermo Scientific, United States), rotary microtome (RM2125, Leica, Germany), water bath and flattening table combination (TK-218, China), ultralow temperature freezer (MDF-U4086S, Sanyo, Japan), inverted fluorescence microscope (Eclipse Ti-SR, Nikon, Japan), digital fluorescence microscope (DS-Ri1-U3, Nikon, Japan), SDS-PAGE electrophoresis system (DYCZ-24DN, LIUYI, China), transfer box (DYCZ-40D, LIUYI, China), chemiluminescence imaging system (Tanon-5200, China), humidified incubator (371, Thermo Fisher Scientific, United States), flow cytometry (BD Biosciences, United States) and transmission electron microscope (HT7700, HITACHI, TAC, Japan).
METHODS
Model Establishment and Grouping
We performed unilateral nephrectomy plus high fat diet (HFD) feeding and intraperitoneal injection (i.p.) of STZ (35 mg/kg) to induce the DN model. After 1 week of adaptive feeding, eight rats were randomly chosen for the sham operation control (SC) group. The other rats were anesthetized with an intraperitoneal injection of ketamine (10 mg/100 g BW) and then subjected to right nephrectomy (at 0 weeks), while rats in the SC group were only exposed at the right kidney during the operation. All rats were intraperitoneally injected with 100,000 units benzylpenicillin sodium for 3 days following the operation. After 3 weeks of postoperative recovery, rats subjected to right nephrectomy were fed a HFD (10% lard, 20% sucrose, 2.5% cholesterol, and 1% sodium cholate) supplied by Beijing Keao Xieli Feed Co., Ltd., while rats in the SC group were fed normal chow. After 4 weeks of dietary intervention, rats were intraperitoneally injected with 1% STZ (35 mg/kg). Rats in the SC group received an equal volume of sodium citrate-hydrochloric acid buffer solution. One week after STZ injection, an oral glucose tolerance test (OGTT) was carried out, and 24 h urine samples were collected. Rats with FBG levels ≥11.1 mmol/L and mAlb/Ucr ≥30 μg/mg (Tesch and Allen, 2007; Ghasemi et al., 2014; Matsui et al., 2017) were considered to have DN. The DN rats were divided into five groups using a random number table: The DN model group (DNM, n = 8), metformin group (MET, n = 8), low-dose HDB group (HDBL, n = 8), medium-dose HDB group (HDBM, n = 8) and high-dose HDB group (HDBH, n = 8).
Drug Interventions
The original therapeutic instructions (Yang, et al., 2020) for the use of HDB in adults (70 kg body weight, BW) are as follows: 50 g crude drug per day for newly diagnosed patients, 60 g per day for mid-term patients, and 80 g per day for seriously ill patients should be administered. One period for the above treatment was 30, 40, or 50 days. By referring to the fourth edition of the Experimental Methodology of Pharmacology (Wei Wei, editor-in-chief), the equivalent dose was calculated according to the body surface area for each species. The corresponding doses for rats were 4.5, 5.4, and 7.2 g/kg/day. Based on the extraction rate of crude HDB (2.54%), the rats in the HDBL, HDBM, and HDBH groups were treated with 110mg/kg, 140mg/kg, 180mg/kg respectively. According to the clinical adult dosage of MET, rats in the MET group were treated with a dose of 45 mg/kg/day All drugs were dissolved in 0.5% sodium carboxymethyl cellulose (CMC-Na) and were given to rats intragastrically (i.g., 1 ml/100 g BW). Rats in the SC and DNM groups were gavaged with an equal volume of vehicle at a fixed time every day for 6 days per week with one day of rest. The drug intervention lasted 6 weeks. The experimental design is shown in Figure 1
.[image: Figure 1]FIGURE 1 | Experimental design scheme.Rats were subjected to unilateral nephrectomy (defined as 0 weeks), and three weeks later, they were fed a HFD for 4 weeks and then intraperitoneally injected (i.p.) with STZ (35 mg/kg). One week after STZ injection, an oral glucose tolerance test (OGTT) was carried out. The successfully modeled DN rats were divided into five groups: DN model group (DNM), metformin group (MET), low-dose HDB group (HDBL), medium-dose HDB group (HDBM) and high-dose HDB group (HDBH). The drug was administered intragastrically (i.g.) for 6 weeks. Rats in the sham operation control (SC) group were exposed at the right kidney during the operation, fed normal chow, and injected and gavaged with an equal volume of vehicle synchronously.
Measurements
BW and FBG were monitored every week. OGTT was carried out before and after the drug intervention as follows: with free access to water, the rats were fasted for 12 h and gavaged with 50% glucose (2 g/kg). Blood glucose was measured by tail tip sampling at 0, 30, 60, 90, and 120 min. The area under the time-glucose curve (AUC) was calculated with the approximate trapezoidal area method (Eq. 1), where BG represents the blood glucose level at different time points after glucose burden. Urine was collected for 24 h before and after medication was administered. Urine was centrifuged at 2,000 r/min for 10 min at 4°C prior to the measurement of microalbumin (mAlb) and urine creatinine (Ucr). Blood samples were drawn from heart after intraperitoneally anesthetizing the rats with ketamine (3 mg/kg) and then centrifuged at 10,000 r/min for 15 min at 4°C to obtain serum for measuring serum creatinine(Scr) and serum urea nitrogen (BUN). All blood and urine indices were analyzed with a fully automatic biochemical analyzer. Animals were sacrificed after blood collection, and then the left kidney was removed by cesarean section and weighed to calculate the kidney index (KI) (Eq. 2). Half of the kidney was snap-frozen in liquid nitrogen, and the other half was processed for histological observation.
[image: image]
[image: image]
Histopathology
The kidney tissue was fixed in 10% neutral buffered formalin at 4°C for 48 h and then processed and embedded in paraffin. Paraffin-embedded kidney tissue was sectioned at a thickness of 4 μm, stained with periodic acid, and then incubated with a stock solution of methenamine. Thirty glomeruli in each section were randomly selected to observe the pathological alterations under a light microscope.
Electron Microscopy Observation
The renal cortex was trimmed into 1 mm3 tissue blocks, fixed in 3.1% glutaraldehyde for 2 h, postfixed in 1.0% osmium tetroxide for 1 h, and embedded in Epon resin. The semithin sections were prepared for accurate localization. Ultrathin sections at a thickness of 60 nm were double stained with uranyl acetate and lead citrate and observed under TEM. At least 10 electron micrographs of glomeruli per rat were randomly taken at a magnification of 12,500× to observe the ultrastructural changes of podocytes and the GBM. The mean thickness of the GBM (TGBM) was calculated using measurements of a straight perpendicular line from the internal to the external layers of the GBM. Twenty different sites were chosen in all micrographs, and TGBM was expressed as the fold change based on the SC group.
Western Blotting Analysis
Total protein from the renal cortex or cultured podocytes was extracted, and the protein concentrations were measured using an enhanced BCA kit. Protein lysates were separated by 10% SDS-PAGE and transferred onto a PVDF transfer membrane. Membranes were blocked with 5% skim milk in Tris-buffered saline containing Tween 20 (0.05%) for 2 h at room temperature and subsequently incubated with primary antibody (Nox4, 1:500 dilution; nephrin, 1:500 dilution) overnight at 4°C. After incubation with an HRP-conjugated secondary antibody (1:1,000 dilution) for 2 h at room temperature, the blots were observed using BeyoECL Plus according to the manufacturer’s protocol. The relative expression of protein was normalized according to β-actin expression. The densitometric analysis was performed using an Image Pro Plus software and expressed as the fold expression compared to the control (SC).
Malondialdehyde Assay
Malondialdehyde (MDA), as a product of lipid peroxidation, was measured by thiobarbituric acid-reactive substances (T-BARS) methods using a lipid peroxidation MDA assay kit. Briefly, TBA solution was added to kidney tissue homogenate samples and standards, incubated at 90°C for 60 min, cooled in an ice bath for 10 min, transferred to microplate wells, and analyzed with a multiscan spectrum. Kidney tissue protein was estimated using an enhanced BCA kit, and the content was expressed as nmol malondialdehyde/mg protein.
Immunofluorescence of Paraffin Sections
Paraffin slides of kidney tissue were dewaxed by an ethanol gradient. Antigens were retrieved using ethylenediamine tetraacetic acid (EDTA, pH 8.0) and subsequently blocked with 3% BSA in PBS for 30 min. Incubation with antibodies against Nox4 (1:100 dilution) or nephrin (1:100 dilution) was performed overnight at 4°C, followed by secondary antibody incubation with goat anti-rabbit IgG DyLight 488 for Nox4 and goat anti-mouse IgG (H&L) Cy3 for nephrin for 50 min at room temperature in a dark room. Photographs were acquired using a digital fluorescence microscope.
Immunohistochemistry of Paraffin Sections
3-μm paraffin section of renal tissue was devaxed in xylene and rehydrated with graded ethanol. An antigen retrieval was performed with EDTA solution (pH 9.0) for 20 min at 100°C. The sections were blocked with 3% bovine serum albumin for 30 min at room temperature and then incubated with primary antibodies for WT1 (1:300) overnight at 4°C. The endogenous peroxidase was inactivated with 3% hydrogen peroxide by incubating the sections avoid light for 20 min at room temperature. After that, sections were incubated with secondary antibody and labeled with horseradish peroxidase. Labels were visualized with diaminobenzidine and nuclei were counterstained with hematoxylin. Staining was photographed under light microscopy and analyzed with an Image Pro Plus software.
Podocyte Counting
Podocyte counting was performed on the abovementioned sections immunostained with WT1, a marker of podocyte nuclei, which was brown stained. 50 consecutive sections were photographed under light microscopy, and the images were analyzed morphometrically with ImagePro Plus software. The average glomerular volume was estimated with the Weibel formula, and the estimation of podocyte counts per glomerulus was determined by the stereological method proposed by Weibel (Weibel, 1981). And the podocyte cell number was calculated by multiplying the podocyte volume density by the average glomerular volume (Steffes et al., 2001; Macconi et al., 2006).
Cell Viability Assay
The activity of cells was determined by MTT assay. In brief, cells were seeded in 96-well plates, stabilized for 24 h and incubated with HG for 24, 48, 72 h. 2.5, 5, 10, 20, 40, 80% of drug-containing serum mentioned above were added to podocytes with NG for 48 h to study the cytotoxic effects on podocytes; the optimized concentration of drug-containing serum were added to podocytes for 1 h followed by HG for 48 h to study the therapeutic effects of HDB on podocytes. After that, the cells were incubated with MTT according to the manufacturer’s protocol, and the results were analyzed using a multiscan spectrum.
Reactive Oxygen Species Detection
The generation of ROS in the podocytes was determined using a flow cytometry (FCM) assay via the intracellular oxidation of dichlorodihydrofluorescein diacetate (DCFH-DA). The cells were seeded in 6-well plates, stabilized for 24 h, pretreated with or without different kinds of drug-containing serum aforementioned for 1 h followed by HG or NG for 48 h. After that, the intracellular ROS generation was detected using the ROS Assay kit following the manufacturer’s protocol. In brief, the pretreated cells were rinsed and washed with cold PBS, and then the cells were incubated in serum-free RPMI-1640 supplemented with 2,7-DCFH-DA (10 mmol/L) or PBS (as blank) in the dark at 37°C for 30 min. The cells were harvested, washed twice with PBS, and resuspended in serum-free RPMI-1640 medium for the FCM assay. FCM was performed on a BD flow cytometer by FlowJo VX10 software.
Statistical Analysis
Statistical analysis was performed using the SPSS 20.0 software package. All the experimental values are presented as the means ± SE; p values of 0.05 were considered to be significant. Treatment effects were evaluated by one-way ANOVA, and normality and variance homogeneity were explored before analysis. One-way ANOVA was used under an equal variance condition, or a rank sum test was used if equal variances were not assumed. Repeated measurement data (for example, OGTT results) were analyzed by a multi-factor analysis of variance (MANOVA) method. LSD pairwise comparison methods were used to compare the results after variance analysis.
RESULTS
General Status of the Rats
Rats subjected to right nephrectomy were not in a good state, with unsmooth fur and hypoactivity. Rats in the SC group were also in a poor state despite only undergoing exposure without nephrectomy. The rats in a poor state recovered 2 weeks after the operation. Two days after the STZ injection, the rats suffered from polyphagia, polydipsia, polyuria, and fatigue with obvious weight loss. One rat in the HDBL group died in the third week of drug intervention.
Fasting Blood Glucose Monitoring Results and OGTT Analysis
The DNM and drug administration groups had a much higher FBG and AUC than the SC group (##p < 0.01). Both HDB and MET reduced the FBG and AUC in DN rats. After medication administration, there was no significant difference in the blood glucose level among the HDBH, HDBM and MET groups compared with the SC group (p > 0.05), but the AUC in the former three groups was still higher than that in the SC group (##p < 0.01). The FBG and AUC in the drug administration groups were markedly reduced compared with those in the DNM group (**p < 0.01), while the hypoglycemic effect of HDBL was not as dramatic as that of the other treatments (Figures 2A–D).
[image: Figure 2]FIGURE 2 | HDB reduced FBG, BW loss, proteinuria, and MDA level of DN rats. (A) Dynamic monitoring of FBG; (B) OGTT before medication; (C) OGTT after medication; (D) AUC before and after medication; (E) Dynamic monitoring of BW; (F) KI after medication administration; The data are expressed as the means ± SE for n = 8 rats/group, #p < 0.05, ##p < 0.01 vs. SC, *p < 0.05, **p < 0.01 vs. DNM, △p < 0.05, △△p < 0.01 HDBH vs. MET. FBG, fasting blood glucose; OGTT, oral glucose tolerance test; AUC, area under the time-glucose curve; BW, body weight; KI, kidney index; mAlb, microalbumin; Ucr, urine creatinine; Scr, serum creatinine; BUN, blood urea nitrogen; MDA, malondialdehyde; SC, sham operation control group (vehicle); DNM, DN model group (vehicle); MET, metformin group (4.5 mg/ml); HDBL, low-dose HDB group (110 mg/kg); HDBM, medium-dose HDB group (140 mg/kg); HDBH, high-dose HDB group (180 mg/kg).
BW Monitoring and Kidney Index Calculation
Before medication administration, the rats in the DNM and drug administration groups had a much higher BW than the rats in the SC group due to HFD feeding (##p < 0.01), while there was obvious weight loss after STZ injection. Dynamic monitoring of BW showed that HDB and MET could relieve weight loss in DN rats, and by the end of the experiment, the HDB and MET groups had a much higher BW than the DNM group (**p < 0.01) but a much lower BW than the SC group (##p < 0.01). The KI of the DNM group was higher than that of the SC (##p < 0.01) and drug administration groups (**p < 0.01), and both HDB and MET reduced the KI of the DN rats (Figures 2E,F).
Urine and Blood Testing Results
Before medication, the mAlb/Ucr in the DNM and drug administration groups was markedly higher than that in the SC group (##p < 0.01). After medication, the drug administration groups had lower mAlb/Ucr values compared with the DNM group (**p < 0.01) but higher values than the SC group (##p < 0.01). The levels of Scr and BUN in the drug administration groups were also reduced compared with those in the DNM group (**p < 0.01), and there were no significant differences between the HDBH and SC groups (p > 0.05). HDBH had a better effect on reducing mAlb/Ucr, Scr and BUN levels than MET (△△p < 0.01) (Table 1).
TABLE 1 | Effect of HDB on mAlb/Ucr, Scr, BUN and MDA in DN rats (‾x ± s, n = 8).
[image: Table 1]Malondialdehyde in Kidney Tissue
MDA is often used as a marker of lipid peroxidation and is essential to assay for the detection of oxidative damage in cells and tissues. Here, we found that HDB and MET could significantly reduce the content of MDA in the kidney, and the results showed that HDBH was more effective in anti-lipid peroxidation than MET (△p < 0.05) (Table 1).
Observations of PASM Staining
GBM is rich in type IV collagen and can be stained black with periodic acid‐silver methenamine. Based on the black staining in the images, we found that there was obvious thickening of the GBM in the DNM group compared with the other groups. HDB and MET could significantly reduce the pathological changes of the GBM (Figure 3).
[image: Figure 3]FIGURE 3 | PASM staining pictures. Scale bar = 50 μm. (A) SC, sham operation control group (vehicle); (B) DNM, DN model group (vehicle); (C) MET, metformin group (45 mg/kg); (D) HDBL, low-dose HDB group (110 mg/kg); (E) HDBM, medium-dose HDB group (140 mg/kg); (F) HDBH, high-dose HDB group (180 mg/kg). PASM, periodic acid-silver methenamine.
Expression of Nox4 and Nephrin in Kidney
Nox4, as the major producer of ROS in the kidney, demonstrated markedly higher expression in DNM (##p < 0.01); nephrin, as a marker protein of podocytes, was decreased sharply in DNM (##p < 0.01). HDB and MET significantly downregulated Nox4 expression but upregulated nephrin expression (**p < 0.01), and the results showed that HDBH was more effective in anti-oxidation than MET (△△p < 0.01) (Figure 4). To verify the relative expression of Nox4 and nephrin, immunofluorescence staining of paraffin sections was performed. Nox4 was predominantly localized to glomeruli, as demonstrated by the increased fluorescence in the DNM group according to the goat anti-rabbit IgG DyLight 488 staining. Nephrin, as a marker protein of podocytes, was tested to detect podocyte loss. Images of nephrin labeled by goat anti-mouse IgG (H&L) Cy3 from DNM rats demonstrated an obvious attenuation of fluorescence. HDB and MET reduced podocyte loss, as demonstrated by the increased expression of nephrin, especially in the HDBH, HDBM, and MET groups (Figure 5).
[image: Figure 4]FIGURE 4 | HDB downregulated Nox4 and nephrin expression. (A) Representative Western blotting bands of Nox4; (B) Representative Western blotting bands of nephrin; (C) Quantitative analysis of Western blotting expression of Nox4 and nephrin was controlled by β-actin. Nox4, a subtype of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; SC, sham operation control group (vehicle); DNM, DN model group (vehicle); MET, Metformin group (45 mg/kg); HDBL, low-dose HDB group (110 mg/kg); HDBM, medium-dose HDB group (140 mg/kg); HDBH, high-dose HDB group (180 mg/kg). The data are expressed as the fold change based on the SC group (n = 3 rats/group), #p < 0.05, ##p < 0.01 vs. SC, **p < 0.01 vs. DNM, △△p < 0.01 HDBH vs. MET.
[image: Figure 5]FIGURE 5 | Fluorescence staining of Nox4 and nephrin. Scale bar = 50 μm. (A1–F1) Expression of Nox4 labeled by goat anti-rabbit IgG DyLight 488; (A2–F2) cell nuclei observed by DAPI; (A3–F3) merged images. (A1–A3) SC, sham operation control group (vehicle); (B1–B3) DNM, DN model group (vehicle); (C1–C3) MET, metformin group (45 mg/kg); (D1–D3) HDBL, low-dose HDB group (110 mg/kg); (E1–E3) HDBM, medium-dose HDB group (140 mg/kg); (F1–F3) HDBH, high-dose HDB group (180 mg/kg). (a1–f1) Expression of nephrin labeled by goat anti-mouse IgG (H&L) Cy3; (a2–f2) cell nuclei observed by DAPI; (a3–f3) merged images. (a1–a3) SC, sham operation control group (vehicle); (b1–b3) DNM, DN model group (vehicle); (c1–c3) MET, Metformin group (45 mg/kg); (d1–d3) HDBL, low-dose HDB group (110 mg/kg); (e1–e3) HDBM, medium-dose HDB group (140 mg/kg); (f1–f3) HDBH, high-dose HDB group (180 mg/kg).
Podocyte Counting by WT1 Immunostaining
Podocyte counting by WT1 immunostaining showed that, podocyte number decreased markedly in the DNM group compared with the SC group (##p < 0.01), and both HDB and MET could reduced podocyte loss (*p < 0.05, or **p < 0.01), especially in the HDBH group, a significant increase of podocytes was observed compared with the MET group (△p < 0.05) (Figure 6).
[image: Figure 6]FIGURE 6 | HDB reduced podocyte loss. Scale bar = 50 μm. (A–F) Representative images of WT1 immunostaining; (G) Podocyte counting. (A) SC, sham operation control group (vehicle); (B) DNM, DN model group (vehicle); (C) MET, metformin group (45 mg/kg); (D) HDBL, low-dose HDB group (110 mg/kg); (E) HDBM, medium-dose HDB group (140 mg/kg); (F) HDBH, high-dose HDB group (180 mg/kg). The data are expressed as the means ± SE for n = 8 rats/group, #p < 0.05, ##p < 0.01 vs. SC, *p < 0.05, **p < 0.01 vs. DNM, △p < 0.05 HDBH vs. MET.
Ultrastructure Changes Under TEM
Podocyte injury and GBM changes were observed by TEM to further confirm the above results, especially the loss of podocytes demonstrated by fluorescence staining of nephrin. As shown in the image, the GBM of SC rats was clear and intact, and podocytes were also observed to show good integrity. In contrast, irregular thickening of the GBM and foot process fusion was found in DNM rats (##p < 0.01). Furthermore, the mitochondrial cristae were unclear, even vacuolization occurred in DNM rats. Apparent improvements in GBM thickening and foot process fusion were observed in the drug administration groups (**p < 0.01). TGBM measurements showed further evidence for the observations above, especially in the HDBH group, and no significant difference was found compared to the SC group (p > 0.05) (Figure 7).
[image: Figure 7]FIGURE 7 | HDB reduced foot process fusion and GBM damage in DN rats. Scale bar = 2 μm. Podocyte injury and GBM changes were observed by TEM (A–F). (A) SC, sham operation control group (vehicle); (B) DNM, DN model group (vehicle); (C) MET, metformin group (45 mg/kg); (D) HDBL, low-dose HDB group (110 mg/kg); (E) HDBM, medium-dose HDB group (140 mg/kg); (F) HDBH, high-dose HDB group (180 mg/kg). (G) TGBM comparison. TGBM, mean thickness of the GBM. The data are expressed as the fold change based on the sham operation control group (n = 3 rats/group), ##p < 0.01 vs. SC, **p < 0.01 vs. DNM.
Huidouba Protects Against HG-Induced Podocyte Apoptosis
In order to examine the effect of HG on cell survival, MTT assay was performed. Compared with the NG group, HG reduced the cell viability in a time-dependent manner (##p < 0.01) (Figure 8A). We also tested the cytotoxicity of different concentrations of drug-containing serum on podocytes, and the cells retained almost the same viability when incubated with concentrations of 2.5–10% for 48 h, whereas concentrations >20% markedly altered the cell viability (Figure 8B). Therefore, we chose 10% concentration to study the curative effect, and there is no obvious cytotoxicity. HDB and MET-containing serum could significantly increase the cell viability compared with the HG group (**p < 0.01), and the results indicated that high-dose HDB-containing serum had a better effect than MET-containing serum on reducing HG-induced podocytes apoptosis (△△p < 0.01) (Figure 8C).
[image: Figure 8]FIGURE 8 | HDB reduced HG-induced podocytes apoptosis. (A) The podocytes were incubated with HG (30 mmol/L) for 24, 48, 72 h, and the cell viability were examined using MTT assay; (B) Different concentrations (2.5, 5, 10, 20, 40, 80%) of drug-containing serum were added to the NG-treated podocytes, and the cytotoxic effects were evaluated using MTT assay; (C) Different kinds of drug-containing serum were added to the NG or HG-treated podocytes, and the anti-apoptosis effects were detected using MTT assay. The data are expressed as the means ± SE, ##p < 0.01 vs. NG, **p < 0.01 vs. HG, △△p < 0.01 HDBH vs. MET. MTT, Thiazolyl Blue Tetrazolium Bromide; NG, normal glucose-treated group; HG, high glucose-induced group; MET, Metformin-containing serum treated group (45 mg/kg); HDBL, low-dose HDB-containing serum treated group (110 mg/kg); HDBM, medium-dose HDB-containing serum treated group (140 mg/kg); HDBH, high-dose HDB-containing serum treated group (180 mg/kg).
Huidouba Inhibits the HG-Induced Reactive Oxygen Species Generation by Downregulated Nox4 Expression in Podocytes
To gain an insight into the mechanism of podocyte apoptosis, we measured the generation of ROS induced by HG. Compared with the NG group, the amount of ROS generation in the HG group increased significantly. (##p < 0.01) HDB and MET-containing serum reduced HG-induced intracellular ROS (**p < 0.01) (Figures 9A,B). Moreover, the HDBH group had a better effect on reducing ROS production in podocytes (△p < 0.05). As mentioned above, Nox4 is the main source of ROS in podocytes and nephrin is essential to maintain the normal filtration barrier of the kidney, in order to verify that HDB reduces podocyte damage by antioxidant action, we examined Nox4 and nephrin expression in HG-treated podocytes. As shown in Figures 9C,D, compared with the NG group, podocytes treated with HG exerted a marked increase in Nox4 expression, whereas a decrease in nephrin (##p < 0.01). HDB and MET-containing serum significantly reversed these results compared with the HG group (**p < 0.01), and the HDBH group showed a much better effects than the MET group (△△p < 0.01).
[image: Figure 9]FIGURE 9 | HDB inhibits the HG-induced ROS generation by downregulated Nox4 expression in podocytes.(A,B) The production of ROS was detected by flow cytometry following treatment with different kinds of drug-containing serum under NG or HG for 48 h. (C) Representative Western blotting bands of Nox4 and nephrin; (D) Quantitative analysis of Western blotting expression of Nox4 and nephrin was controlled by β-actin. The data are expressed as the means ± SE, #p < 0.05, ##p < 0.01 vs. NG, **p < 0.01 vs. HG, △p < 0.05 △△p < 0.01 HDBH vs. MET. ROS, reactive oxygen species; MFI, mean fluorescence intensity; Nox4, a subtype of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; NG, normal glucose-treated group; HG, high glucose-induced group; MET, Metformin-containing serum treated group (45 mg/kg); HDBL, low-dose HDB-containing serum treated group (110 mg/kg); HDBM, medium-dose HDB-containing serum treated group (140 mg/kg); HDBH, high-dose HDB-containing serum treated group (180 mg/kg).
DISCUSSION
Frank C. Brosius et al. found that diet has an apparent effect on DN (Brosius 3rd et al., 2009). The rats used for model establishment were fed a HFD 3 weeks after right nephrectomy. The DN rats showed apparent increases in weight gain compared with the SC rats 2 weeks after HFD feeding, whereas in the fourth week of the diet intervention, the rats ate less than normal and became reluctant to consume the HFD, so the HFD was changed to normal chow the following week. It has been reported that nongenetic DN rat models often show different levels of β cell failure induced by STZ injection (Srinivasan and Ramarao, 2007; Almalki, 2019). The American Diabetes Complications Consortium (AMDCC, http://www.amdcc.org) recommended low-dose STZ for DN establishment, so we adopted low-dose STZ (35 mg/kg) injection to induce DN. However, we observed a reduction in weight over the next 3 weeks following STZ injection, so the possibility of acute injury to β cells was not excluded. Notably, by the end of the experiment, the level of FBG in the HDBH, HDBM, and MET groups showed no difference compared with that in the SC group; however, the increase in the AUC compared with that in the SC group indicated that there was still impaired glucose tolerance in these groups.
HDB, as a folk medicine, is widely used for the effective treatment of DM and its complications. Previous studies focused on the basic research about pharmacodynamic substances of HDB, HDB polysaccharides (Wu et al., 2013) and HDB protein (Peng and Li 2010) were found effective on hypoglycemic activity. As we known, HDB has been used by water decocting method in the Mount Emei area of Sichuan Province for generations. In consideration of the integrity of Traditional Chinese medicine and the complexity of the mechanism of action, we followed the local medication regimen, using aqueous extract to study the therapeutic effects of HDB on the treatment of DN. In our experiment, HDB was purchased from its origin in the Mount Emei area in Sichuan Province. We used an aqueous extract and designed the HDBH, HDBM, and HDBL groups according to the original therapeutic reference. Consistent with previous studies, an obvious hypoglycemic effect was observed in DN rats, but beyond that, an antioxidative property of HDB was discovered.The results showed that high-dose HDB was even more effective than MET in reducing proteinuria and antioxidation, and no obvious hepatotoxicity and nephrotoxicity were observed in our previous study, data were not shown; however, a low dose of HDB was not as effective as the higher doses.
Proteinuria caused by podocyte injury and a decreased glomerular filtration rate (GFR) are two important manifestations that occur during the progression of DN into ESRD (Müller-Deile et al., 2018). Studies have shown that there are already different levels of podocyte impairment in the early stage of DN. Therefore, scientists should pay more attention to podocyte damage in DN development (Liu et al., 2018; Toffoli et al., 2018). Podocytes, as visceral epithelial cells attached to the lateral basement membrane of the glomerulus, are involved in forming the final barrier of the glomerular filtration membrane. Nephrin, as the main component of the slit diaphragm, is significantly less expressed in DN patients, and the degree of reduction in expression is positively correlated with proteinuria development (Ma et al., 2018). In this study, we found decreased nephrin expression in both DN rats and HG-induced podocytes, and a significant decrease of podocyte number was observed in the DNM group, which may indicate podocyte loss in the progression of DN. HDBH, HDBM and MET reduced podocyte loss and upregulated nephrin expression. TEM observations confirmed the findings.
As multiple studies have reported, a persistent high-glucose environment may induce oxidative stress and accelerate cell apoptosis by inducing excess ROS production (Diaz-Morales et al., 2016; Rovira-Llopis et al., 2017). The elevated production of ROS plays a key role in the development and progression of DN (Ma et al., 2013; Chen et al., 2015). In this study, we found that HG-induced ROS generation in cultured podocytes, HDB and MET could markedly reduce the level of intracellular ROS. Lipid peroxidation is a well-established marker associated with cellular oxidative injury, and MDA is frequently used as an indicator of oxidative stress. The current results indicated that lipid peroxidation was significantly increased in DN rats, while HDB and MET could markedly reduce the level of MDA in kidney tissue. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox), as the major inducer of oxidative stress in different cell types, has seven subtypes, Nox1-5, Duox1 and Duox2 (Drummond et al., 2011). Nox1, Nox2 and Nox4 have been reported to be mainly expressed in the renal cortex (Bedard and Krause, 2007), and Nox4 is predominantly expressed in the kidney (Sedeek et al., 2010). Studies have shown that glucose can activate Nox4 and then induce cell apoptosis in cultured podocytes and DM rats (Eid et al., 2009, 2010; Jha et al., 2016). To explore the factors associated with podocyte damage, we examined Nox4 expression in the kidneys of DN rats and HG-induced podocytes, and found markedly upregulated Nox4 expression. HDBH, HDBM and MET were associated with significantly downregulated Nox4 expression and protected DN rats from podocyte oxidative damage and proteinuria.
Interestingly, we found obvious mitochondrial cristae rupture under TEM, even vacuolization occurred in DNM. It has been reported that mitochondrial dynamics play an important role in type 2 DM and its complications. An imbalance in mitochondrial dynamics may induce mitochondrial dysfunction, reduce ATP and mitochondrial DNA (mtDNA) synthesis, and cause the loss of the mitochondrial membrane potential (MMP); subsequently, podocyte apoptosis occurs via the mitochondrial apoptotic pathway, which may finally contribute to the development of DN (Rovira-Llopis et al., 2017). Moreover, Nox4 has been reported to mainly localize in mitochondria and is the major source of ROS in podocytes (Das et al., 2014). This strongly suggests that ROS originating from Nox4 may be the initial cause of podocyte oxidative stress, which induces an imbalance in mitochondrial dynamics and finally results in apoptosis. Taken together, these data will provide extremely valuable clues for us to explore the mechanism of HDB in treating DM and its complications.
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Bu-Shen-Huo-Xue Decoction Ameliorates Diabetic Nephropathy by Inhibiting Rac1/PAK1/p38MAPK Signaling Pathway in High-Fat Diet/Streptozotocin-Induced Diabetic Mice
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Diabetic nephropathy (DN), a leading cause of end-stage renal disease, is associated with high morbidity and mortality rates worldwide and the development of new drugs to treat DN is urgently required. Bu-Shen-Huo-Xue (BSHX) decoction is a traditional Chinese herbal formula, made according to traditional Chinese medicine (TCM) theory, and has been used clinically to treat DN. In the present study, we established a high-fat diet/streptozotocin-induced diabetic mouse model and treated the mice with BSHX decoction to verify its therapeutic effects in vivo. Ultraperformance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) was applied to analyze the chemical composition and active compounds of BSHX decoction. Markers of podocyte epithelial-mesenchymal transition and the Rac1/PAK1/p38MAPK signaling pathway were evaluated to investigate the mechanism underlying function of BSHX decoction. BSHX decoction effectively alleviated diabetic symptoms, according to analysis of the renal function indicators, serum creatinine, blood urea nitrogen, serum uric acid, and urinary albumin excretion rate, as well as renal histopathology and ultrastructural pathology of DN mice. We identified 67 compounds, including 20 likely active compounds, in BSHX decoction. The podocyte markers, nephrin and podocin, were down-regulated, while the mesenchymal markers, α-SMA and FSP-1, were up-regulated in DN mouse kidney; however, the changes in these markers were reversed on treatment with BSHX decoction. GTP-Rac1 was markedly overexpressed in DN mice and its levels were significantly decreased in response to BSHX decoction. Similarly, levels of p-PAK1 and p-p38MAPK which indicate Rac1 activation, were reduced on treatment with BSHX decoction. Together, our data demonstrated that BSHX decoction ameliorated renal function and podocyte epithelial-mesenchymal transition via inhibiting Rac1/PAK1/p38MAPK signaling pathway in high-fat diet/streptozotocin-induced diabetic mice. Further, we generated a quality control standard and numerous potential active compounds from BSHX decoction for DN.
Keywords: diabetic nephropathy, Bu-Shen-Huo-Xue decoction, podocyte epithelial-mesenchymal transition, Rac1, PAK1, p38MAPK
INTRODUCTION
Diabetes is a group of metabolic diseases, mainly caused by defects in insulin secretion, insulin activity, or both (American Diabetes Association, 2013). The number of people suffering from diabetes is predicted to rise to 590 million by 2,035 worldwide, while approximately 5.1 million individuals died from diabetes and its complications in 2013 (Sen and Chakraborty, 2015). Diabetic nephropathy (DN) is a common complication of diabetes. Early stage of DN is characterized by microalbuminuria, which can gradually lead to massive proteinuria, a declining glomerular filtration rate, and elevated creatinine, and finally, renal failure (Alicic et al., 2017). Further, DN can not only lead to uremia, but also macrovascular complications, such as heart attacks and strokes, which can be fatal (Forbes and Cooper, 2013). Development of new drugs and treatments is urgently needed to control the progress of DN and reduce associated mortality. Dysfunction or injury of podocyte, key components of the glomerular filtration barrier, has been proposed as the core pathophysiology underlying DN (Torban et al., 2019). Epithelial-mesenchymal transition (EMT) is primary mechanisms of podocyte injury (Dai et al., 2017). During EMT, epithelial cells lose their hallmark epithelial characteristics and gain the features of mesenchymal cells; this process can be regulated by several signaling pathways (Ying and Wu, 2017).
In traditional Chinese medicine (TCM), DN belongs to the category of “Xiaoke,” and the pathogenic features of “deficiency” and “stasis” are considered of great importance in the process of DN. Therapies involving “tonifying deficiency” and “invigorate the circulation of blood” should be adopted in TCM clinical practice (Fang et al., 2016). Bu-Shen-Huo-Xue (BSHX) decoction, from ancient Chinese literature “Shangke Dacheng,” is a traditional Chinese herbal formula composed of 11 individual Chinese herbs, according to TCM theory. Its components can be divided into two groups, one of which is used for “tonifying deficiency,” comprises Psoraleae Fructus, Eucommia Cortex, Lycii Fructus, Cistanches Herba, Rehmanniae Radix Praeparata, Cuscutae Semen, and Corni Fructus; and the other to “invigorate the circulation of blood,” comprising Angelica Sinensis Radix, Angelicae Pubescentis Radix, Carthami Flos, and Myrrh. Many herbs used in BSHX decoction have been demonstrated to relieve the symptoms of DN; for example, extraction of Psoraleae Fructus can significantly reverse increased creatinine clearance, urine volume, urine microalbumin, and mesangial expansion in streptozotocin (STZ)-induced diabetic mice (Seo et al., 2017). Our previous study confirmed that BSHX decoction can alleviate the proliferation inhibition, apoptosis, migration, and occurrence of EMT in podocytes that are induced in response to high glucose in vitro (Hu et al., 2019); however, whether it has a similar effect in vivo and the underlying mechanisms involved remain unclear. As Chinese herbal remedies often comprise multiple components, the main compounds present in BSHX decoction and which of them can be absorbed into the blood and have the potential to exert therapeutic effects, is also of interest.
Traditional Chinese herbal formulae generally contain numerous compounds; consequently, data on their pharmacokinetics properties, mechanisms of action, and safety profiles are frequently limited. Therefore, determination of the constituent compounds of such medicines, understanding the chemical basis of their activities, and establishment of quality control procedures have become a focus of intensive research, raising particular challenges (Zhang et al., 2016). Serum pharmacochemistry of traditional Chinese herbs is a method used to screen for effective substances by identification and analysis of constituents migrating to the blood after oral administration (Ma et al., 2017), since those herbal compounds that are absorbed into the circulation can be considered potential bioactive compounds associated with therapeutic effects. The development of Ultraperformance liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) has provided the technical means to study the multiple components of traditional Chinese herbs and their effective ingredients.
In this study, we comprehensively explore the effects of BSHX decoction in vivo, its chemical constituents and active compounds, and the mechanisms underlying its efficacy in treating DN. First, a high-fat diet (HFD)/STZ-induced DN mouse model was established and administered with BSHX decoction to examine its therapeutic effect. Second, based on the therapeutic effects of BSHX decoction, UPLC-Q-TOF-MS was applied to identify its chemical constituents and analyze its active compounds in medicated serum. Then, the markers of podocyte EMT and Rac1/PAK1/p38MAPK signaling were evaluated, to assess the mechanism underlying the effects of BSHX decoction.
MATERIALS AND METHODS
Compositions and Preparation of Bu-Shen-Huo-Xue Decoction
The Chinese herbs used in BSHX decoction are presented in Table 1. All herbs were provided by The First Hospital of Hunan University of Chinese Medicine and were identified by Professor Shaogui Liu. The authenticated samples were kept at the Experiment Center of Medical Innovation of The First Hospital of Hunan University of Chinese Medicine. First, BSHX decoction herbs were mixed and soaked for 1 h in 10 volumes of water (volume/weight), then extracted by refluxing for 1.5 h. The extracted solution was filtered and the extraction procedure repeated once. Second, the two extracted solutions combined were concentrated to a relative density of 1.70 g/ml. A medium dose of BSHX decoction was administered, corresponding to the clinical dose, which was calculated by conversion, based on the ratio of human to mouse (the human body weight was set as 60 kg).
TABLE 1 | Chinese herbs of BSHX decoction.
[image: Table 1]Reagents
Serum creatinine (SCr) (lot#: C011-1-1), blood urea nitrogen (BUN) (#C013-1-1), serum uric acid (SUA) (#C012-1-1), triglyceride (TG) (#A110-1-1), total cholesterol (TC) (#A111-1-1), and urine protein (#C035-2-1) assay kits were from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Anti-α-smooth muscle actin (αSMA) antibody (#bs-0189R) was purchased from Beijing Biosynthesis Biotechnology Co.,Ltd. (Beijing, China). Anti-Rac1(#ab33186), anti-GTP-Rac1 (#ab33186), anti-p-PAK1 (#ab75599), anti-p38MAPK (#ab195049), anti-p-p38MAPK (#ab47363), anti-β-catenin (#ab32572), anti-Podocin (#ab50339), and anti-nephrin (#ab216341) antibodies were from Abcam (Cambridge, United Kingdom). Anti-β-actin (#66009-1-Ig), anti-fibroblast-specific protein-1 (FSP-1) (#16105-1-AP), anti-PAK1 (#21401-1-AP), anti-snail (#13099-1-AP), HRP goat anti-mouse IgG (#SA00001-1), and HRP goat anti-rabbit IgG (#SA00001-2) antibodies were from Proteintech (Chicago, United States). Trizol (#15596026) was from Thermo Scientific (MA, United States). A Reverse Transcription kit (#CW2569) was purchased from CWBio Co., Ltd. (Beijing, China). STZ (#WXBC8740V) was from Sigma-Aldrich Co. Ltd. (MO, United States). Metformin (#A181224) from Zhejian Yatai Pharmaceutical Co., Ltd. (Shaoxing, China).
Animals
Eight-week-old male C57BL/6 mice were purchased from Beijing Vital River Laboratory Animal Technologies Co. Ltd (Animal license No.: 1100111911001622.) Animals were raised under specific pathogen-free conditions [certification No.: SCXK (Xiang) 2015-0003] at 22°C ± 1°C and humidity of 50 ± 5%, with a 12 h light/dark cycle. All animal experiments were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and use of Laboratory Animals and were approved by the Ethics Committee for Experimental Animals of The First Hospital of Hunan University of Chinese Medicine (Approval No.: ZYFY20181201).
Animal Model and Experimental Groups
Mice (n = 60) were randomly divided into two groups: normal groups (NC, n = 10) and disease model (n = 50). The model group were fed with a HFD (HFD: 20% protein, 35% carbohydrate, and 45% fat; total calorie content, 4.73 kcal/gm) and the NC group were fed with a low-fat control diet (20% protein, 70% carbohydrate, 10% fat; total calorie content, 3.85 kcal/gm) for 4 weeks. In the fifth week, STZ (50 mg/kg) was injected intraperitoneally into model group mice for five consecutive days, whlie those in the NC group were injected with vehicle; mice were fasted for 8 h before injection, and 4 h after injection, return to the previous diet (Furman, 2015; Song et al., 2018). Fasting blood glucose (FBG) levels were measured 72 h after the last injection of STZ and only mice with FBG > 16.7 mM were included in the study, and randomly divided into five groups: 1) DN group; 2) BSHX decoction low dose treated group (DN + BSHX-L; 8.5 g/kg/d); 3) BSHX decoction medium dose treated group (DN + BSHX-M; 17.0 g/kg/d); 4) BSHX decoction high dose treated group (DN + BSHX-H; 34.0 g/kg/d); 5) metformin treated group (DN + MET; 0.1 g/kg/d). The NC and untreated DN groups were treated with the same amount of distilled water.
The body weight and FBG were measured every 2 weeks for 8 weeks in all mice following treatment. Urine samples were collected during the final week of treatment using a metabolic cage, and 24 h food intake, 24 h water intake, and 24 h urine volume measured. Mice were then sacrificed, their blood collected and centrifuged to obtain serum, and their kidneys removed and weighted. Urine and serum samples were rapidly transferred to −80°C for storage until use. Half of the right kidney was stored in 4% paraformaldehyde for hematoxylin/eosin (HE) and periodic acid-Schiff (PAS) staining, and immunohistochemical detection, and the other half in 2.5% glutaraldehyde for observation using a transmission electron microscope. Left kidneys were placed in cryotubes, snap frozen in liquid nitrogen, then stored at −80°C for western blotting and Real time quantitative PCR detection assays.
Serum and Urine Biochemistry Assays
Mouse blood glucose concentration was tested using a Baianjin glucometer and test paper (Ascensia Diabetes Care Holdings AG, Shanghai, China). Scr, BUN, SUA, serum total cholesterol (TC), serum triglyceride (TC), and urinary albumin concentrations were all measured using commercial kits (Nanjing Jiancheng Bioengineering Institute Nanjing, China). All the tests were performed strictly according to the instructions provided by the manufacturers.
Hematoxylin and Eosin and Periodic Acid-Schiff Staining
Kidney tissue specimens were fixed in 10% neutral formalin for 1–2 h, then dehydrated, immersed in wax, and sectioned. Sections were incubated at 60°C for 1–2 h, then placed in xylene for 10 min twice, followed by 100, 100, 95, 85, and 75% ethanol successively for 5 min each, then soaked in distilled water for 5 min.
Hematoxylin and Eosin Staining
Sections were then stained with hematoxylin for 5–10 min, then washed with distilled water, followed by destaining with PBS. Next, sections were stained with eosin for 3–5 min, washed with distilled water, dehydrated with alcohol, placed in xylene twice for 10 min, sealed with neutral gum and observed under a microscope.
Periodic Acid-Schiff staining
For PAS staining, 50 µl of iodate was added to cover the tissue, and allowed to rest for 5 min, washed for 10 min, dyed with Schiff’s solution for 5 min, then hematoxylin for 20 s, before washing with distilled water and destained with PBS, and drying. Subsequent dehydration and observation processes were the same as those used for HE staining.
Immunohistochemistry staining
Paraffin-embedded kidney tissue sections were heated and dewaxed as described for HE staining. Then, sections were soaked in 0.01 M citrate buffer (pH 6.0) and boiled continuously for 20 min, before washing three times for 3 min in 0.01 M PBS (pH 7.2–7.6) following cooling for antigen repair. Diluted (1:200) primary antibodies (against podocin, nephrin, αSMA, or FSP-1) were added and specimens incubated overnight at 4°C, then rinsed three times for 5 min each. Next, samples were incubated with secondary antibody (50–100 L of anti-rabbit, rabbit, rabbit, rabbit-IgG antibody, or HRP polymer was added, followed by incubation at 37°C for 30 min. DAB working solution (50–100 μl) was added, samples incubated at room temperature for 1–5 min, and reaction time controlled by observation under a microscope. Next, samples were dyed using hematoxylin (5–10 min), and washed with distilled water and destained with PBS, followed by dehydration with alcohol, and placing in xylene for 10 min twice, sealing with neutral gum, and observation under a microscope. Yellow or brown-yellow (dark to brown) staining was considered positive.
Observation by Transmission Electron Microscopy
After fixing in 2.5% glutaraldehyde for 6–12 h, renal tissue samples were placed in PBS buffer for 1–6 h, then transferred to osmium acid for 1–2 h. Samples were then dehydrated using a graded alcohol series (30, 50, 70, 80, 95, and 100%) and propylene epoxide, soaked in propylene epoxide and epoxy resin (1:1) for 1–2 h, and then pure epoxy resin for 2–3 h. After embedding in pure epoxy resin, samples were baked in an oven at 40°C for 12 h and sectioned into ultra-thin slices. Following electron staining with lead and uranium, samples were imaged using a transmission electron microscope (HITACHI 7700) and images recorded using a digital camera.
Analysis of Bu-Shen-Huo-Xue Decoction Chemical Ingredients and its Serum Pharmacochemistry Using Ultraperformance Liquid Chromatography Coupled with Quadrupole Time-of-Flight Mass Spectrometry Technology
Reagents
Hydroxysafflor yellow A (CAS No.: 78281-02-4, lot#: 111637-201810), Neobavaisoflavone (41060-15-5, #520052-201401), and Osthole (484-12-8, #110822-201710) were purchased from the National Institutes for Food and Drug Control (Beijing, China). Loganin (18524-94-2, #L2282EA34), Hyperoside (482-36-0, #Q6112C185) were from ACMEC biochemical Co., Ltd (Shanghai, China); Psoralen (66-97-7, #191201-018), Angelicin (523-50-2, #190726-004), Angelol A (19625-17-3, #191211-200), and Angelol G (83199-38-6, #191124-199) were from Beijing Zhongxing Jiaren Biotechnology Co., Ltd (Beijing, China).
Ultraperformance Liquid Chromatography Coupled with Quadrupole Time-of-Flight Mass Spectrometry Assay
First, test BSHX decoction sample, medicated and non-medicated serum, and standard substances were prepared.
Bu-Shen-Huo-Xue Decoction
BSHX decoction extract (2.000 g) was accurately weighed and methanol added to a final volume of 10.00 ml, which was then treated using ultrasonic waves for 30 min and filtered through a microporous membrane (0.22 μm) as the testing sample.
Standard Substances
Nine standard substances were weighed (10.00 mg each) of and methanol added to dissolve and dilute them in a final volume of 25.00 ml. Then, 100 μl aliquots were taken from each of the nine solutions and mixed as test samples.
Medicated and Non-Medicated Serum
Blood was collected from mice 60 min after the last treatment to prepare medicated and non-medicated serum. Then, serum samples were centrifuged at 7,000 × g for 5 min, and 2 ml taken and added to three volumes of methanol. After rotating for 10 min and one more centrifugation, sample supernatants were volatilized until dry, then redissolved in 100 ml methanol and centrifuged at 12000 rpm for 10 min. Next, samples were filtered through microporous membranes (0.22 μm) to obtain medicated and non-medicated serum samples.
Ultraperformance Liquid Chromatography Coupled with Quadrupole Time-of-Flight Mass Spectrometry
UPLC-Q-TOF-MS (1290 UPLC-6540, Agilent Technologies Inc., United States) was used to analyze the prepared samples. Chromatographic conditions were as follows: An Agilent ZORBAX Eclipse Plus C18 (3.0 × 100 mm, 1.8 μm) column was used and the mobile phase system was composed of acetonitrile (A) and water (contained 0.1% formic acid). A gradient elution procedure was used, as follows: 0–10 min, 5–15% A; 10–15 min, 15–20% A; 15–25 min, 25–45% A; 25–40 min, 45–80%; flow velocity, 0.4 ml/min; and the sample volume, 1 μl. Mass spectrometry testing conditions were as follows: ionization mode, electrospray ionization and the accurate mass data correction using electrospray ionization-L Low Concentration Tuning Mix (G1969-85000). Positive and negative ion analysis mode and MRE scan mode were adopted. The range of full-mass scanning was 100–1700 m/z. Sheath gas temperature was 350°C and the capillary voltage of 4.0 KV. The desolventize gas was nitrogen, and the temperature of the dry gas was 325°C, with a flow rate of 6.8 L/min. Secondary mass spectrometry was performed by dependent scanning, and the first three strengths were selected for collision induced dissociation (CID), based on of primary scanning to obtain secondary mass spectrometry data. The secondary fragment scan range was 50–1000 and fragment voltages were 10, 20, and 30 KV.
Compounds Identification
Compounds were identified by extracting ion flow diagrams and comparing retention times with those of relevant reference materials, or by predicting the molecular formulae of compounds from their accurate relative molecular weights, combined with information collected from the literature and databases. Subsequently, compounds that were absorbed into the blood were ascertained by comparing the chemical composition of BSHX decoction, medicated serum, and non-medicated serum. Using the concentration and peak areas of standard substances, some compounds were identified and quantified according to the external standard method. The calculation formula used was:
[image: image]
Where [image: image] is the concentration of a compound to be calculated, [image: image] the peak area of a compounds to be calculated, [image: image] the concentration of a corresponding standard substance, and [image: image] the peak area of a corresponding standard substance.
Western Blot Analysis
The GTP-Rac1 protein extraction and its detection were conducted according to the manufacturer’s instructions for the Active Rac1 Pull-Down and Detection Kit (Thermo Scientific, Massachusetts, United States, lot#: UJ296831). Proteins were extracted by adding RIPA lysis buffer to kidney tissue, followed by repeated grinding, and incubation on ice for 10 min, and centrifugation at 16000 × g for 15 min at 4°C to obtain supernatant. For western blot, 240 μl of protein supernatant was added to 60 μl 5× loading buffer, mixed, boiled for 5 min, then cooled on ice. Tissue lysate samples were resolved by SDS-PAGE, then transferred to nitrocellulose membranes. PBST (1×) was used to prepare 5% defatted milk powder, in which membranes were immersed at room temperature for 90 min. Membranes were then incubated at 4°C overnight with primary antibody diluted in 1× PBST as follows: anti-Rac1, anti-GTP-Rac1, anti-p38MAPK, anti-podocin, anti-nephrin, anti-FSP-1, and anti-α-SMA, 1:1,000; anti-p-PAK1, anti-p-p38MAPK, and anti-snail, 1:750; anti-PAK1, 1:2,500; anti-β-catenin, 1:7,500; β-actin, 1:5,000. The next day, membranes were incubated at room temperature for 30 min in HRP-labeled secondary antibody diluted in 1× PBST as follows: HRP goat anti-mouse IgG, 1:5,000; and HRP goat anti-rabbit IgG, 1:6,000. Membranes were then incubated at room temperature for 90 min, followed by three washes, and addition of ECL chemiluminescent solution for color development. Exposed films were scanned and analyzed using Quantity One software.
Real Time Quantitative PCR
Total RNA was extracted from animal tissues using Trizol reagent and the integrity of RNA confirmed by agarose gel electrophoresis. cDNA was reverse-transcribed from mRNA using a reverse transcription kit. RT-qPCR was performed using SYBR green assays. The sequences of target genes were searched from the NCBI database, and primer5 software was used to design primers. The primer sequences were as follows: Rac1: 5ʹ-CGT​CCC​CTC​TCC​TAC​CCG​CAG​A-3ʹ (forward) and 5ʹ-TGT​CGC​ACT​TCA​GGA​TAC​CAC​T-3ʹ (reverse), product length 164 bp; Pak1: 5ʹ-AAA​CCT​CTG​CCT​CCA​AAC​CC-3ʹ (forward) and 5ʹ-CAC​TGT​TCT​GGC​ATT​CCC​GTA-3ʹ (reverse), product length 194 bp; p38Mapk: 5ʹ-CTC​ATT​AAC​AGG​ATG​CCA​AGC​C-3ʹ (forward) and 5ʹ-AGC​ATC​TTC​TCC​AGT​AGG​TCG-3ʹ (reverse), product length 131 bp; Snail: 5ʹ-TGC​TTT​TGC​TGA​CCG​CTC​CAA​C-3ʹ (forward) and 5ʹ-GCA​CTG​GTA​TCT​CTT​CAC​ATC​CGA​GT-3ʹ (reverse), product length 70 bp; β-Catenin: 5ʹ-CAG​TCC​TTC​ACG​CAA​GAG​C-3ʹ (forward) and 5ʹ-ATG​CCC​TCA​TCT​AGC​GTC​T-3ʹ (reverse), product length 107 bp; actin: 5ʹ-ACA​TCC​GTA​AAG​ACC​TCT​ATG​CC-3ʹ (forward) and 5ʹ-TAC​TCC​TGC​TTG​CTG​ATC​CAC-3ʹ (reverse), product length 223 bp. The 2−ΔΔCt method was used to analyze relative gene expression levels.
Statistical Analysis
Statistical analyses were performed using SPSS25.0 software. All data were presented as mean ± standard error of mean (SEM). One-way ANOVA or two-way repeated-measures ANOVA were used to compare differences among three or more groups, and post-hoc Fisher’s least significant difference (LSD) test or Dunnett’s test for the individual group comparisons. Values of p < 0.05 were considered statistically significant.
RESULTS
Bu-Shen-Huo-Xue Decoction Reduces Diabetic Metabolic Parameters and Urinary Albumin Excretion, and Ameliorates Impaired Kidney Function in Diabetic nephropathy Mice
As shown in Figures 1A, the body weight of DN model mice were gradually decreased compared with that of NC group; however, mice treated with high dose BSHX decoction, maintained a relatively stable body weight, which differed significantly from the DN group at week 4 after treatment. In addition, the other groups were also improved at week 4, but did not differ significantly compare with the DN group until week 8. FBG showed a decreased trend in DN mice; however, it decreased more significantly and more smoothly after treatment with high dose BSHX decoction and metformin (Figures 1B). Using a metabolic cage, 24 h food intake, 24 h water intake, and 24 h urine volume, which were significantly increased in DN group mice, were calculated during the eight week after treatment. As shown in Figures 1C–E 24 h food intake and 24 h urine volume were clearly decreased in response to treatment with high dose BSHX decoction and metformin. Interestingly, there was no significant difference of 24 h water intake, although there was a trend consistent with food intake and urine volume. Further, there were no significant differences of food intake, water intake, or urine volume in mice treated with low or medium dose BSHX decoction. Additionally, we found that treatment with BSHX decoction significantly lowered serum TG and TC levels, which were increased in the DN group, in a dose-dependent manner (Figures 1F,G). Moreover, the kidney weight/body weight reduced after administration of high dose BSHX decoction for 4 weeks; however, there was no significant difference between the metformin-treated and DN model groups, although a decreasing trend was detected (Figures 1H).
[image: Figure 1]FIGURE 1 | BSHX decoction reduces diabetic metabolic parameters, urinary albumin excretion and ameliorates kidney function in DN mice. (A) Changes in body weight. (B) Changes in fasting blood glucose. (C) 24 h food intake. (D) 24 h water intake. (E) 24 h urine volume. (F) Serum triglyceride (TG). (G) Serum total cholesterol (TC). (H) Kidney weight/body weight. (I) Urinary albumin excretion rate (UAER). (J) Serum creatinine (SCr). (K) Blood urea nitrogen (BUN). (L) Serum uric acid (SUA). n = 5–9 mice per group. All data are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the NC group; #p < 0.05, ##p < 0.05, ###p < 0.001 vs. DN model group.
DN is a disease characterized by massive proteinuria and impaired renal function. Our data showed that albuminuria and renal function indicators of DN mice were significantly increased compared with the NC group; however, after 8 weeks treatment with metformin or BSHX decoction, there was not only a significant decrease in urinary albumin excretion rate (UAER) in a relatively dose-dependent manner compared to the DN model group, but SCr, BUN, and SUA as well (Figures 1I–L). The increase in SUA observed in the metformin-treated group was unexpected, and led us to suspect that there was a deviation existed in some process, such as serum sample storage or treating process, or determine process, fortunately, this deviation has not impaired the integrity of the data.
Bu-Shen-Huo-Xue Decoction Alleviates Histopathology and Ultrastructural Pathology of the Kidney
First, we determined kidney size and weighted in the different experimental groups of mice. Figures 2A shows a hypertrophic kidney from a DN model group mouse compared with one from the NC group. Hypertrophy was relieved by administration of BSHX decoction and metformin. Second, we conducted HE and PAS staining of kidney samples. In contrast to the NC group, HE staining showed that glomerular volume was enlarged in DN group mice, and the number of cells was increased, mesangial matrix proliferated, cells around the glomerulus were disordered, and there was edema (Figures 2B). PAS staining showed glomerular hypertrophy, basement membrane thickening, and increased glycogen in the DN model group (Figures 2C). Changes detected by both HE and PAS staining in the DN model group were alleviated by the treatment of BSHX decoction, particularly at a high dose, and metformin. Furthermore, Transmission electron microscopy was used to observe the ultrastructural changes in the basement membrane and podocyte foot processes. This analysis revealed podocyte fusion and glomerular basement membrane thickening in the model group, and these pathological changes were ameliorated by treatment with BSHX decoction and metformin (Figures 2D,E).
[image: Figure 2]FIGURE 2 | BSHX alleviates renal histopathology and ultrastructural pathology of the kidneys. (A) Preliminary observation of the appearance and size of kidneys. (B) Hematoxylin and eosin (HE) staining of the kidney (×400). (C) Periodic acid Schiff (PAS) staining of the kidney (×400). (D) Transmission electron microscopy of the kidney (scale bar, 2 μm). (E) Transmission electron microscopy of the kidney (scale bar, 500 nm). n = 5 mice per group.
Chemical Composition and Serum Pharmacochemistry Analysis of Bu-Shen-Huo-Xue Decoction
Next, we evaluated the chemical composition of BSHX decoction to determine how it exerts its therapeutic effects on diabetic mice using positive and negative ion mode UPLC-Q-TOF-MS. Total ion chromatograms (TIC) of BSHX decoction, medicated serum, non-medicated serum, and standard substances are presented in Figure 3. Through analysis, 67 compounds of BSHX decoction and 20 compounds absorbed into the blood has been identified and its information of retention time, compound name, formula, error and its source were presented at Supplementary Table S2. The 67 BSHX decoction compounds identified included nine organic acids, 22 flavonoids, 15 glycosides, 13 terpenoids, six ester compounds, and two coumarins, most which were derived from the herbs Psoraleae Fructus (16 compounds) Angelicae Pubescentis Radix (15 compounds), and Eucommia Cortex (12 compounds).
[image: Figure 3]FIGURE 3 | Total ion chromatograms (TIC) from BSHX decoction, medicated serum, non-medicated serum, and standard substances. (A) TIC of BSHX decoction in positive mode. (B) TIC of BSHX decoction in negative mode. (C) TIC of medicated serum in positive mode. (D) TIC of non-medicated serum in positive mode. (E) TIC of standard substances. Peak numbers correspond to compound numbers (see Supplementary Table S2).
The chemical structure formulae of the 20 compounds identified in medicated serum, obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) are present in Figure 4. Quantitative analysis of six compounds from BSHX decoction and medicated serum are shown in Table 2 and Figure 5. We found that the 20 compounds detected in medicated serum were from seven herbal constituents of BSHX decoction, as follows: Eucommia Cortex, Carthami Flos, Lycii Fructus, Psoraleae Fructus, Myrrh, Angelicae Pubescentis Radix, and Corni Fructus. Among them, Angelicae Pubescentis Radix and Psoraleae Fructus had the highest number of compounds, at 8 and 5, respectively. Quantitative analysis showed that Hydroxysafflor yellow A and Angelol A, from Carthami Flos and Angelica Sinensis Radix, were present at the lowest concentrations (0.78 × 10−2 mM) in the medicated serum. Conversely, Loganin, from the herb, Corni Fructus, had the highest concentration (0.93 mM).
[image: Figure 4]FIGURE 4 | Chemical structure formulae of 20 compounds absorbed into the blood. Chemical structures and formulae of 20 compounds from PubChem (https://pubchem.ncbi.nlm.nih.gov/), numbered according to the TIC presented in Figure 3 and compounds information in Supplementary Table S2.
TABLE 2 | Quantitative analysis information of six compounds in BSHX decoction and the medicated serum.
[image: Table 2][image: Figure 5]FIGURE 5 | Peak areas information of six compounds determined using standard substances. Standard substance, BSHX decoction, and medicated serum samples peak of six compounds retention time (RT), area, and intensity of ion current, which cohere with the data presented in Table 2.
Bu-Shen-Huo-Xue Decoction up-Regulates Nephrin and Podocin, and Down-Regulates Fibroblast-Specific Protein-1 and α-Smooth Muscle Actin, Expression in Diabetic nephropathy Mouse Kidneys
Subsequent experiments focused on treatment with high dose BSHX (BSHX-H), based on our data demonstrating that it had the most significant effects on DN mice. Podocyte EMT is proposed to participate in podocytes injury, and is characterized by loss of epithelial cell markers, including nephrin and podocin, and gain of fibroblastic, such as markers-α-SMA and FSP-1 (Lv et al., 2013; Ying and Wu, 2017). Immunohistochemistry (IHC) staining showed that nephrin and podocin expression were decreased in DN mice and up-regulated in response to treatment with high dose BSHX decoction. In contrast, FSP-1 and α-SMA levels were increased in DN mice and down-regulated by high dose BSHX decoction (Figures 6A). To further confirm the effect of BSHX decoction on the expression of nephrin, podocin, FSP-1, and α-SMA, we conducted western blots, with results consistent with IHC staining (Figures 6B–F).
[image: Figure 6]FIGURE 6 | Effect of BSHX decoction on nephrin, podocin, FSP-1, and α-SMA levels in DN mouse kidney. (A) IHC staining of the kidney (×400) to analyze the expression levels of nephrin, podocin, FSP-1, and α-SMA. (B) Western blot assays to evaluate the expression levels of nephrin, podocin, FSP-1 and α-SMA. Beta-actin was measured as the loading control. (C) Quantitative analysis of the relative expression levels of nephrin. (D) Quantitative analysis of the relative expression levels of podocin. (E) Quantitative analysis of the relative expression levels of FSP-1. (F) Quantitative analysis of the relative expression levels of α-SMA. n = 5 mice per group. All data are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the NC group; #p < 0.05, ##p < 0.05, ###p < 0.001 vs. the DN model group.
Bu-Shen-Huo-Xue Decoction Inhibits the Rac1/PAK1/p38MAPK Signaling Pathway in Diabetic nephropathy Mouse Kidneys
The Rac1/PAK1 axis is closely related to podocyte EMT, which may participate in deterioration of DN (Lv et al., 2013). Thus, we evaluated whether BSHX decoction influenced Rac1/PAK1/p38MAPK signaling to alleviate EMT of podocytes and exert its therapeutic effects in DN mice. Levels of Rac1, GTP-Rac1, PAK1, p-PAK1, p38MAPK, p-p38MAPK, β-Catenin, and Snail were detected by western blot or RT-qPCR. Western blot data are presented in Figure 7. Levels of GTP-Rac1/Rac1, p-PAK1/PAK1, p-p38MAPK/p38MAPK, β-Catenin/β-actin, and Snail/β-actin were notably up-regulated in DN mice and there was a significant difference following treatment with high dose BSHX decoction for 8 weeks. RT-qPCR data are presented in Figure 8. As it shown, Rac1, Pak1, p38Mapk, β-Catenin and Snail mRNA levels were significantly increased in DN mice and it was down-regulated after treatment with BSHX decoction. There was no significant difference in Pak1 levels in the BSHX-H group compared with the DN model group that showed in Figures 8B, however, there was still a reducing trend of it.
[image: Figure 7]FIGURE 7 | Effect of BSHX decoction on expression of Rac1/PAK1/p38MAPK signaling pathway proteins DN mouse kidney. (A) Representative western blots for Rac1, GTP-Rac1, PAK1, p-PAK1, p38MAPK, β-Catenin, and Snail protein expression in kidney tissue. β-actin was included as a loading control. (B) Quantitative analysis of GTP-Rac1/Rac1. (C) Quantitative analysis of p-PAK1/PAK1. (D) Quantitative analysis of p-p38MAPK/p38MAPK. (E) Quantitative analysis of Snail/β-actin. (F) Quantitative analysis of β-Catenin/β-actin. Band intensities were quantified by using Quantity One software. n = 5 mice per group. All data are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the NC group; #p < 0.05, ##p < 0.05, ###p < 0.001 vs. the DN model group.
[image: Figure 8]FIGURE 8 | Effect of BSHX decoction on Rac1/PAK1/p38MAPK signaling pathway mRNA expression in DN mouse kidney. (A) Relative mRNA expression levels of Rac1. (B) Relative mRNA expression levels of Pak1. (C) Relative mRNA expression levels of p38Mapk. (D) Relative mRNA expression levels of β-Catenin. (E) Relative mRNA expression levels of Snail. The 2−ΔΔCt method was used to analyze relative gene expression. n = 5 mice per group. All data are expressed as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the NC group; #p < 0.05, ##p < 0.05, ###p < 0.001 vs. the DN model group.
[image: Figure 9]FIGURE 9 | Research conducted in this study. This study was divided into three main parts: 1) verification of the therapeutic effects of BSHX decoction in DN mice; 2) ascertainment of the components and potential active compounds in BSHX decoction using UPLC-Q-TOF-MS; and 3) exploration of the mechanism underlying BSHX decoction activity using IHC, western blot, and RT-qPCR to detect podocyte EMT markers and factors involved in Rac1/PAK1/p38MAPK signaling.
DISCUSSION
DN is a diagnosis that refers to specific pathologic structural and functional changes in the kidneys of patients with both type 1 and type 2 diabetes mellitus (T1/T2DM), that results from the effects of DM on the kidney (Umanath and Lewis, 2018), and is a leading causes of end-stage renal disease (Sanajou et al., 2018). At present, the main treatment strategy for DN involves reducing proteinuria, preventing the progressive decline of glomerular filtration, and controlling related cardiovascular risk factors (Dong et al., 2016; Hung et al., 2017). Strictly controlling blood glucose levels and blood pressure, limiting protein intake, correcting lipid metabolic disorder, quitting smoking, and receiveing treatment with angiotensin-converting enzyme inhibitor, statins, antioxidants, and thiazolidinedione can control DN (Haghighatdoost et al., 2015; Pugliese et al., 2019); however, the incidence and disease progression rates remain relatively high in most patients with DN, and simply controlling blood glucose levels does not offer sufficient protection (Bilous, 2008). While the inhibition of the renin-angiotensin-aldosterone system may provide some benefits for patients with DN, many continue to develop end-stage renal disease (Xue et al., 2017). Thus, the challenges of exploring the mechanisms underlying DN and developing effective therapeutic methods or novel drugs to delay or prevent the progression of DN remain enormous for the foreseeable future. Attention casted to complementary and alternative therapies may provide us a more extensive research thought or latent resolvable approaches.
In China, TCM has an extensive history of application and there is a substantial literature on the treatment of DN. Furthermore, a variety of TCM extracts or formulae have been demonstrated have a certain renal protective effect (Wang et al., 2019b; Chen et al., 2019). In the theory of TCM, the location of DN is mainly in the kidney, and the pathogenic feature of “deficiency,” including qi, yin and kidney deficiency, and “stasis,” are considered to contribute to DN progression; hence, “tonifying deficiency” and “invigorating the circulation of blood” are the most crucial therapeutic measures for DN. Consistent with TCM theory, there is also abundant experimental evidence, supporting the clear potential of BSHX decoction for treatment of DN. In BSHX decoction, Rehmanniae Radix Praeparata can nourish the kidney and strengthen the essence, according to TCM theory clinical practice, and is commonly used to treat not only diabetes, but also kidney diseases such as nephrotic syndrome and chronic nephritis as well (Yu, 2019); Rehmanniae Radix Praeparata is also reported to decrease Scr and BUN, ameliorate glomerular sclerosis, and alleviate abnormal collagen distribution and interstitial fibrosis in rat model of renal interstitial fibrosis (Liu et al., 2015). Corni Fructus, a herb used to tonify the liver and kidney, is frequently used to treat internal heat and wasting-thirst, and is reported to reduce blood glucose and blood lipids, improving oxidative stress (Wang et al., 2019a), and protecting the kidney and β-cells (Lin et al., 2011; Gao et al., 2012) in diabetic mice. Similarly, extract of Eucommia Cortex, Fructus Lycii is reported to have significant antihyperglycemic and anti-inflammatory activities (Xie and Du, 2011; Zhang et al., 2015). The herbs in BSHX decoction mentioned above are all used for “tonifying deficiency.” On the other hand, Angelica Sinensis Radix, for tonifying and invigorating blood, exerts hypoglycemic and hypolipidemic benefits, potentially via ameliorating insulin resistance in STZ-induced diabetic BALB/c mice (Wang et al., 2015). Carthami Flos, which activates blood and resolves stasis, can reduce fat mass and glucose levels, as well as improving insulin sensitivity in HFD-induced obese mice (Yan et al., 2020). Myrrh is also reported have a kidney protective effect by up-regulating Nrf2/ARE/HO-1 signaling (Mahmoud et al., 2018). These herbs mentioned above are mainly in allusion to the pathogenic state of “stasis.”
STZ is a highly selective pancreatic islet β-cell-cytotoxic agent. There are two protocols for induction of diabetic mouse models using STZ: repeated low dose STZ and single high dose STZ (Furman, 2015). In this study, we adopted a diabetic model induced using a HFD and repeated low dose STZ, which has been reported previously (Furman, 2015; Song et al., 2018). We found that HFD led to a slight rise in mouse blood glucose. To ensure the success of the model, we adopted an STZ dose of 50 mg/kg, although 40 mg/kg is recommended in the literature (intraperitoneally, for five consecutive days). Our results show that almost all mice injected with STZ (except one) achieved an FBG level around 20 mM. Additionally, only five deaths occurred during or after model generation; however, the high blood glucose acquired slowly decreased over time in model group mice, indicating that the mice may have some ability to self-heal HFD/STZ-induced high blood glucose. After modeling, despite this possible self-healing ability, mice exhibited a series of manifestations of DN, including polydipsia, polyphagia, polyuria and body weight loss, massive proteinuria, and impaired renal function; however, those manifestations could be effectively ameliorated by BSHX decoction, particularly at a high dose. High dose BSHX decoction exerted a more stable and more significant control of blood glucose, compared with low and medium doses. This effect was similar with respect to the other manifestations of DN. Although, metformin has a similar therapeutic effect on DN, it still has a better effect in some aspects such as control of FBG and body weight loss. We speculate that a superior effect may be achieved by using a higher dose of BSHX decoction.
In addition to its therapeutic effect on target organs, Chinese medicine may also have side effects in other organ systems. A study evaluating the safety of Carthami Flos showed that its extract has a teratogenic effect on central nervous system development in mice, as well as a concentration-dependent cytotoxic effect (Nobakht et al., 2000). Studies on Angelicae Pubescentis Radix suggest that the administration of a large dose of its extract may lead to cyanosis, agitated activity, and a quickened respiration in mice and may also have nephrotoxic effects (Lu et al., 2020). Psoralen and isopsoralen are the main toxic constituents of Psoraleae Fructus and both elicit toxic reactions in the rat liver when administered orally (80 and 40 mg/kg, respectively) (Wang et al., 2019c). These results indicate that BSHX decoction can exert cytotoxic effects in different organ systems, especially the respiratory system, liver, and kidney; however, we noticed that these side effects were highly dose-dependent. Although the administration of higher medication doses may elicit better therapeutic effects, it also increases the risk of side effects in other organ systems. However, we adopted a normal BSHX decoction dose in this study, and the associated side effects may be tiny and has no obvious side effect report of BSHX decoction and its herbs at the normal dose. Nevertheless, because higher doses of BSHX decoction may elicit a superior therapeutic effect, identifying an optimal dose that can balance therapeutic effects and side effects merits further investigation.
Traditional Chinese herbs that perform well in experimental and clinical practice characteristically have multiple components; however, the chemical ingredients may not be clear. Using UPLC-Q-TOF-MS, we identified 67 compounds of BSHX decoction, including 20 compounds that were considered to be likely active compounds. The active compounds were as follows: hydroxysafflor yellow A, loganin, methyl linoleate, bakuchicin, eucommiol, commiferin, columbianetin, isopimpinellin, nodakenetin, psoralen, corylin, angelicin, angelol B/D/K, angelol A, angelol C/L, neobavaisoflavone, and isoneobavaisoflavone. In addition to providing a better understanding of the constituents of BSHX decoction, this analysis will also facilitate quality control. Furthermore, these data suggest a direction for exploring the individual components of BSHX decoction. As a main chemical component of Carthami Flos, Hydroxysafflor yellow A has been demonstrated to be able to reduce high glucose-induced pancreatic β-cells apoptosis via PI3K/AKT and JNK/c-Jun signaling pathways (Zhao et al., 2018; Lee et al., 2020a), and exerts a renal protective effect by inhibiting oxidative stress, reducing inflammatory responses, and attenuating renal cell apoptosis in rats with a HFD- and STZ-induced diabetes (Lee et al., 2020b). Loganin, a major chemical component of Corni Fructus, had the highest concentration in the medicated serum in this study, and exerts an early renal protective role in DN by inhibiting connective tissue growth factor (Jiang et al., 2012), and alleviating the loss of podocytes induced by high glucose via targeting AGEs-RAGE and its downstream pathways, p38MAPK and Nox4, in vivo or in vitro (Chen et al., 2020). Further, loganin, morroniside, and ursolic acid from Corni Fructus have synergistic hypoglycemic activity (He et al., 2016). Those studies reveled that there are numerous compounds in BSHX decoction that have an anti-DN role, involving multiple pathological processes and numerous targets. Nevertheless, there are no research data related to various probable active compounds of BSHX decoction, including methyl linoleate, bakuchicin, columbianetin, isopimpinellin, nodakenetin, corylin, angelol, neobavaisoflavone, isoneobavaisoflavone, and further experiments are needed to determine their effects or co-effects and to explore the potential roles of these novel compounds in DN.
Podocyte foot processes attach themselves to the glomerular capillaries at the glomerular basement membrane, forming intercellular junctions as slit diaphragm filtration barriers (Garg, 2018). Microproteinuria is the most prominent clinical manifestation at the early stage of DN; however, podocyte density is considered as the best predictor of proteinuria and disease progression (Meyer et al., 1999; Steffes et al., 2001), and massive proteinuria and glomerulosclerosis, progressing to tubulointerstitial fibrosis and end-stage kidney failure, is closely associated with podocyte loss or dysfunction (Matsusaka et al., 2005; Wharram et al., 2005). As podocytes are terminally differentiated cells that cannot replicate or regenerate in adults, their injury may be the weakest common link leading to glomerulosclerosis and DN (Reidy et al., 2014). The mechanisms of podocyte injury mainly include podocyte hypertrophy, EMT, podocyte detachment, and podocyte apoptosis (Dai et al., 2017). EMT was proposed as a potential explanation for podocyte depletion in DN (Yamaguchi et al., 2009). During EMT, podocytes lose their hallmark epithelial characteristics and gain features of mesenchymal cells (Ying and Wu, 2017). Our study showed that, in the DN model group, the podocyte markers, nephrin and podocin, were down-regulated, while mesenchymal markers, α-SMA and FSP-1, were up-regulated; however, the changes in these markers were reversed following treatment with BSHX decoction. Hence, we conclude that podocyte EMT occurring during DN can be effectively alleviated by treatment with BSHX decoction.
Ras-related C3 botulinum toxin substrate 1 (Rac1) is a small G protein member of the Rho family. Rac1 has a Rho type GTP binding region, which is inactivated by GDP (guanosine diphosphate) bounding and activated in a GTP (guanosine triphosphate)-bound state, which is essential for effective signaling to elicit downstream biological functions (Abdrabou and Wang, 2018). Rac1 is an important mediator of nephrin-induced signaling cascades, and may contribute to podocyte differentiation (Mouawad et al., 2013). In salt-sensitive rodent hypertension models, high-salt loading activates Rac1 in the kidneys, leading to blood pressure elevation and renal injury, presenting as severe proteinuria and extensive podocyte damage (Shibata et al., 2011). Rac1 activation switches podocytes toward a more mesenchymal phenotype, accompanied by loss of WT-1 and nephrin and induction of α-SMA and fibronectin expression (Babelova et al., 2013). In this study, GTP-Rac1 was notably overexpressed in the DN model group, and this was significantly decreased by treatment with BSHX decoction, suggesting a pharmacological effect of BSHX decoction on Rac1 activation; however, which constituent compound of BSHX decoction participates in this activity requires further investigation. p-21 activated kinase 1 (PAK1) and mitogen activated protein kinase (MAPK) are the major downstream effector kinases of Rac1 (Hou et al., 2004; Gonzalez-Villasana et al., 2015). Together with its downstream pathway, Rac1/PAK1 signaling can promote podocyte EMT under high glucose conditions, potentially via triggering β-catenin and Snail nuclear transactivation (Lv et al., 2013). p38MAPK is activated in podocytes upon induction with a constitutively active form of Rac1, while a p38 inhibitor can attenuate proteinuria, podocyte loss, and glomerulosclerosis (Robins et al., 2017). Our data show that PAK1 and p38MAPK phosphorylation are concomitant with Rac1 activation in DN model mice, and this phosphorylation was significantly reduced after treatment with BSHX decoction. The expression levels of β-catenin and Snail in the Rac1 axis were similarly changed, in that they were overexpressed in model mice and decreased in response to BSHX decoction, indicating that podocyte EMT is associated with the activation of Rac1/PAK1/p38MAPK signaling and that BSHX decoction may regulate this process via Rac1 and its downstream signaling, to alleviate renal function deficit and podocyte EMT in DN mice. As BSHX decoction may act on multiple targets, understanding the entire mechanism underlying the activity of BSHX decoction in treating DN requires considerable further experimental work to determine its effects on podocyte autophagy and apoptosis, inflammation, and oxidative stress, among other processes.
Overall, this study demonstrates that BSHX decoction can effectively ameliorate high blood glucose and renal function in DN model mice, and provides an analysis of its therapeutic substances, conducted using UPLC-Q-TOF-MS to determine the main chemical ingredients of BSHX decoction and its active compounds. Furthermore, we showed that BSHX decoction can alleviate podocyte EMT in DN mice, likely through inhibiting Rac1/PAK1/p38MAPK signaling, demonstrating its underlying mechanism. These findings regarding the active compounds and mechanism of BSHX decoction are an important step toward the exploration of the effects of the individual compounds of BSHX decoction on DN, and increase the potential for finding novel compounds in this context. Nevertheless, this study is far from sufficient; more investigations are needed and a series studies are under way in our laboratory.
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Chronic kidney disease (CKD) may be fatal for its victims and is an important long-term public health problem. The complicated medical procedures and diet restrictions to which patients with CKD are subjected alter the gut microbiome in an adverse manner, favoring over-accumulation of proteolytic bacteria that produce ammonia and other toxic substances. The present study aimed to investigate the effect of GA on 1) the composition of the gut microbiome and 2) on plasma levels of short-chain fatty acids. Male Wister rats were divided into four groups (six each) and treated for 4 weeks based on the following: control, dietary adenine (0.75%, w/w) to induce CKD, GA in the drinking water (15%, w/v), and both adenine and GA. At the end of the treatment period, plasma, urine, and fecal samples were collected for determination of several biochemical indicators of renal function and plasma levels of short-chain fatty acids (SCFAs) as well as characterization of the gut microbiome. Dietary adenine induced the typical signs of CKD, i.e., loss of body weight and impairment of renal function, while GA alleviated these effects. The intestine of the rats with CKD contained an elevated abundance of pathogenic Proteobacteria, Actinobacteria, and Verrucomicrobia but lowered proportions of Lactobacillaceae belonging to the Firmicutes phylum. Plasma levels of propionate and butyrate were lowered by dietary adenine and restored by GA. A negative association (Spearman’s p-value ≤ 0.01, r ≤ 0.5) was observed between Firmicutes and plasma creatinine, urea, urine N-acetyl-beta-D-glucosaminidase (NAG) and albumin. Phylum Proteobacteria on the other hand was positively associated with these markers while Phylum Bacteroidetes was positively associated with plasma SCFAs. In conclusion, the adverse changes in the composition of the gut microbiome, plasma levels of SCFAs, and biochemical indicators of renal function observed in the rats with CKD induced by dietary adenine were mitigated by GA. These findings are indicative of a link between uremia and the composition of the microbiome in connection with this disease. Dietary administration of GA to patients with CKD may improve their renal function via modulating the composition of their microbiome—a finding that certainly warrants further investigation.
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INTRODUCTION
Chronic kidney disease (CKD), a long-term public health problem associated with considerable individual and societal burden, is estimated at present to have a global prevalence of 11–13% (Hill et al., 2016). Moreover, due to the increased prevalence of risk factors for CKD, e.g., obesity, diabetes, and hypertension, as well as our aging worldwide population, the prevalence of this disease is likely to continue rising (Mahmood et al., 2017). In addition, CKD increases the risk for cardiovascular disease and uremia and reduces life expectancy (Ali et al., 2018).
Uremia and the retention of other toxins profoundly modify the barrier function and promote inflammation of the gastrointestinal tract in patients with CKD. Furthermore, both uremia and medical treatment of this condition can change the biochemical and microbial milieu in the gut (Vaziri et al., 2013). In addition, restriction of fruit and vegetable intake to prevent hyperkalemia and administration of antibiotics to treat infections can alter the gut microbiome (Lau et al., 2018; Yang and Tarng, 2018). Eventually, the impaired gut function and microbial dysbiosis in combination can elevate intestinal permeability and promote endotoxemia and systemic inflammation, thereby accelerating the progression of CKD to end stage renal disease (ESRD) (Vaziri, 2012; Hobby et al., 2019).
Vaziri and colleagues (Vaziri et al., 2013), for example, observed a difference in the relative abundance of 175 bacterial taxa in the intestine of rats with CKD and healthy controls; more specifically, fewer bacteria belong to the Prevotellaceae and Lactobacillaceae families in the disease model. Furthermore, these same authors showed that the guts of patients with ESRD are markedly over-populated with Enterobacteriaceae, Brachybacterium, and Pseudomonadaceae, which express urease, uricase, and enzymes that biosynthesize indole, whereas the numbers of bacteria that can produce short‐chain fatty acids (SCFA) by fermentation of dietary fiber are significantly lowered (Wong et al., 2014). Normally, these toxic nitrogenous products of bacterial fermentation are absorbed through the gut villi, enter the systemic circulation, and are excreted via the urine. In patients with CKD, however, this process is impaired and these metabolites can promote systemic inflammation, toxemia, edema, and hypertension (Evenepoel et al., 2009; Carrero and Stenvinkel, 2010; Gollapudi et al., 2010).
Although controversial, recent evidence suggests that SCFA can protect against kidney damage (Huang et al., 2017), and limited but convincing data indicate that normalization of the gut microbiome through dietary intervention may help prevent systemic toxemia and improve the clinical outcome for patients with CKD (Takayama et al., 2003; Meijers et al., 2010; Nakabayashi et al., 2011; Vaziri, 2012; Vaziri et al., 2013; Sueyoshi et al., 2019). However, these findings remain to be confirmed in larger study cohorts and/or clinical trials.
Previously, it has been shown that gum acacia (GA), a natural product with prebiotic effects (Calame et al., 2008), can reduce oxidative stress and inflammation in the gut of a rat model of CKD (Ali et al., 2010; Ali et al., 2013a). Here, we explored potential effects of GA on the gut microbiome, particularly the SCFA profile, and verify its beneficial influence on kidney function.
MATERIAL AND METHODS
Chemicals and Other Materials
A fresh solution of gum acacia (15%, w/v) (SUPERGUM™ EM 10, Lot 101008, 1.1.11, Sanwa-Cho, Toyonaka, Osaka, Japan) was prepared daily. The supplement had a median lethal dose (LD50) >16 g/kg for rats. Details about toxicological indexes were published by Ali et al. (2009) (Ali et al., 2009). Adenine (6-Aminopurine, A8626) was purchased from Sigma St. Louis, MO, United States. Kits were used for the determination of: creatinine (Creatinine liquicolor, 10051), albumin (Albumin liquicolor, 10560), urea (Urea liquicolor, 10505) (Human GmbH, Mannheim, Germany), and urinary N-acetyl-β-D-glucosaminidase (NAG; 10875406001) (Sigma St. Louis, MO, United States). The QIAamp DNA Mini Kit 51306 for extraction of genomic DNA (Germantown, MD, United States); and sequencing reagents (Nextera XT Library Prep. Kit, FC-131-1002 and v3 MiSeq kit, MS-102-3003, Illumina, San Diego, CA, United States) were purchased from the sources indicated.
Animal Housing and Feeding
Male Wister rats (9–10 weeks old, 265 ± 10 g) were housed under standard conditions (22 ± 2°C, 60% relative humidity, and 12-h light-dark cycle with lights on at 6:00 AM) for 7 days before treatment. These animals had ad libitum access to tap water and chow containing 25.3% crude protein, 1.12% calcium, 0.85% phosphorus, 0.35% magnesium, and 2.5 IU/g cholecalciferol (Oman Flour Mills, Muscat, Oman). The experimental site was located in Muscat, Oman. The latitude of Muscat, Oman is 23.614328, and the longitude is 58.545284. Muscat, Oman is located at the GPS coordinates of 23° 36′ 51.5808″ N and 58° 32′ 43.0224″ E.
Twenty-four rats were divided randomly into four groups for 4 weeks of treatment as follows:
(1) Group 1, the control group: standard feed and tap water
(2) Group 2, the chronic kidney disease (CKD) group: chow supplemented with adenine (AD) (0.75%, w/w) to induce this condition
(3) Group 3, the gum acacia (GA) group: 15% (w/v) GA in the drinking water
(4) Group 4, the CKD-GA group: administered AD and GA as above
Body weight and intake of both chow and water were monitored once weekly. On the last day of treatment, rats were placed individually in metabolic cages to collect their urine for 24 h.
A total of 24 h after termination of treatment, rats were anesthetized by intraperitoneal injection with ketamine (75 mg/kg) and xylazine (5 mg/kg) and blood (5 mL) and fecal samples were collected. The blood was centrifuged at 900 g at 4°C for 15 min to separate the plasma, which was kept frozen at −80°C until analysis. The fecal samples (collected from three different sites (ileum, cecum, and colon) in each rat were snap-frozen at −80°C and stored until analysis.
This study was approved by the Animal Ethics Committee (Ethical Approval # SQU/AEC/2018-19/01).
Biochemical Tests
Plasma and urine concentration of albumin, creatinine, urea, and NAG were measured using commercially available kits (Ali et al., 2013b; Al Za'abi et al., 2018).
Short-Chain Fatty Acids Analysis
SCFAs in rat plasma were derivatized with 3-nitrophenylhydrazine (3-NPH) followed by quantification with liquid chromatography coupled to a triple-quadrupole mass spectrometer—a modification of the procedure described by Han and colleagues (Nielsen et al., 2016). Standard solutions of commercial SCFAs were prepared in 50% acetonitrile at concentrations spanning the range expected in rat plasma (Nielsen et al., 2016). Since plasma not containing SCFAs was not available, these solutions were prepared by dilution with distilled water. The plasma samples were prepared and processed in an identical manner. In connection with derivatization with the isotopically labeled reagent, both the standards and samples were spiked with the same concentration of an SCFA as an internal standard, which allowed determination of recovery. Standard curves were used to determine the concentration of each SCFA.
Analysis of the Microbiome
DNA was extracted from the fecal samples employing a standard protocol (Ali et al., 2018) and subjected to quality control on the Qubit-4 (Life Technologies, Carlsbad, California, United States) and NanoDrop-2000 (Thermo Fisher Scientific, Waltham Massachusetts, United States) instruments. The V3, V4 hypervariable region of bacterial 16S rRNA gene was amplified by PCR using the broad-spectrum primers (337F/805R) (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG -3′
5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′). The 16S rRNA amplicons were then utilized to prepare a library, as described previously (Sohail et al., 2019b; Sohail and Hume, 2019), and these libraries cleaned, normalized, and pooled for sequencing on the Illumina MiSeq platform (San Diego, CA, United States).
Bioinformatic Analysis
The raw FASTQ data obtained from MiSeq were processed using QIIME2 (Yang and Tarng, 2018), with assessment of the quality of sequencing with the FASTX toolkit. All samples were de-multiplexed and subjected to quality filtration using the DADA2 plug-in. FeatureTable [Frequency] and FeatureData [Sequence] generated from DADA2 were further processed for core matrix analysis and taxonomic annotation (Wajid et al., 2016). The raw FASTQ data has been deposited at NCBI SRA with BioProject accession number PRJNA662560.
Statistical Analyses
The plasma and urinary levels of metabolites and dietary intake are presented as means ± SEM. The values for the different groups were compared by one-way ANOVA, followed by the Bonferroni test, with p values ≤0.05 being considered statistically significant.
The compositions of the microbiomes are presented in terms of the levels of the different phyla and families. Only microbial taxons present at a level of at least 1% in at least one of the four groups were compared statistically. The bacterial compositions are presented as means, and the groups were compared using the non-parametric Kruskal–Wallis test. Furthermore, multiple comparisons of the p-values between the study groups were performed using the Benjamini–Hochberg false discovery rate (FDR), with an adjusted p ≤ 0.05 being considered statistically significant. Alpha diversity was analyzed using the faith_PD index at a sampling depth of 2,066 and the alpha diversities for the different groups and sites compared with the Kruskal-Wallis pairwise test. Beta diversity is presented as weighted unifrac PCoA plots and contrast between the groups and sites performed using pairwise PERMANOVA. Spearman’s correlation analysis was performed to compare plasma/urine biochemistry and SCFAs with the selected microbial taxa at three different gut sites.
RESULTS
Effects of GA on Physiological Parameters
The rats who received adenine in their diet lost approximately 16% of their initial body weight during the experimental period. These rats also consumed more water and urinated more than the controls. Both of these effects were reversed in part by the addition of GA to the adenine-containing diet as well. The relative kidney weight increased approximately three-fold in the CKD than control and GA groups. Fecal output by both the GA and CKD-GA groups was greater than for the other two groups (Table 1).
TABLE 1 | Effect of gum acacia (GA) on physiological parameters of male rats with chronic kidney disease (CKD) induced by dietary adenine (AD).
[image: Table 1]Effect of GA on Renal Function
Administration of adenine in the diet for 4 weeks resulted in significant increases in plasma concentrations of urea and creatinine and urinary NAG (a biomarker of proximal tubular damage), and decreased clearance of creatinine. Proteinuria, an additional indicator of renal injury, was also more pronounced in the rats receiving adenine, an effect that was reduced in part by GA. The values for all the biochemical parameters measured in the GA group were not significantly different from those of control group (Table 2).
TABLE 2 | Effect of gum acacia (GA) on renal function in male rats with chronic kidney disease (CKD) induced by dietary adenine (AD).
[image: Table 2]Effect of GA on the Microbiome
Firmicutes and Proteobacteria were the most abundant phyla present, with statistically different patterns between the groups of animals. Firmicutes were more abundant in the colon than at the other two locations in the gastrointestinal tract examined (Figure 1). Adenine treatment reduced the level of Firmicutes while elevating the proportions of Proteobacteria Actinobacteria and Verrucomicrobia at all locations. However, supplementation with GA, both alone and in combination with AD, also changed the population densities of these phyla to a certain extent (Figure 1).
[image: Figure 1]FIGURE 1 | Effect of gum acacia (GA) on the bacterial phyla in the microbiome of male rats with chronic kidney disease (CKD) induced by dietary adenine (AD). The values presented are means ± SEM (n = 6). Phyla that constituted more than 1% of the microbiome in at least one group of animals were analyzed statistically and are presented in this graph. Asterisk (*) represents significant difference (p < 0.05) of the Control vs. CKD, GA, and CKD-GA groups. Pound (#) presents significant difference (p < 0.05) of the CKD vs. GA and CKD-GA groups.
At the family level, treatment with adenine reduced the Lactobacillaceae count (Table 3; Figure 2), whereas additional supplementation with GA partially reversed this effect at all locations in the intestinal tract. In the ileum, the Turicibacteraceae count was lower, while the numbers of Enterobacteriaceae, Pseudomonadaceae, and Staphylococcaceae were higher in the CKD group than control. In the cecum and colon, the Aerococcaceae, Bifidobacteriaceae, Clostridiaceae, Coriobacteriaceae, Enterobacteriaceae, Pseudomonadaceae, Turicibacteraceae, and Verrucomicrobiaceae counts were highest in the CKD group (Table 3; Figure 2). Dietary administration of GA reduced the abundance of these bacterial families in the CKD-GA group.
TABLE 3 | Effect of gum acacia (GA) on families of bacteria in the microbiome of male rats with chronic kidney disease (CKD) induced by dietary adenine (AD).
[image: Table 3][image: Figure 2]FIGURE 2 | Effect of gum acacia (GA) on bacterial families in the microbiome of male rats with chronic kidney disease (CKD) induced by dietary adenine (AD). The relative abundance of each family at the different locations is represented by the color-coded bar.
At all sites combined, alpha diversity was higher in the CKD than the control and GA groups. However, for the individual locations, this difference was statistically significant in the case of the colon and cecum only. With adenine supplementation, alpha diversity in both the colon and cecum was more pronounced (p < 0.01) than in the GA and control groups. Overall, alpha diversity was higher (p ≤ 0.01) in the colon, followed by the cecum and ileum in that order. Similarly, the PCoA plots analyzing beta diversity revealed a distinct difference in the clustering patterns in the different groups (p = 0.001, Figure 3). Moreover, the pairwise PERMANOVA analysis revealed that clustering at each location and in each group was distinct and differed significantly (p ≤ 0.001).
[image: Figure 3]FIGURE 3 | Effect of gum acacia (GA) on the diversity of the microbiome in male rats with chronic kidney disease (CKD) induced by dietary adenine (AD). The alpha and beta diversities of the microbiome at different locations in the intestine are shown. This analysis was performed at a sampling depth of 2,066. Alpha diversity was analyzed using Faith_PD and statistical comparisons carried out with the Kruskal-Wallis pairwise test. Beta diversity was analyzed using weighted_unifrac indexes, expressed as PCoA plots, and compared statistically with PERMANOVA.
Effect of GA Supplementation on Plasma Levels of Short Chain Fatty Acids
Plasma levels of acetate were the same in all four groups. At the same time, the plasma level of propionate in the rats with CKD was lower than in controls (p ≤ 0.05) and additional supplementation with GA reversed this reduction. Although not statistically significant, a similar trend was observed in the case of butyrate (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of gum acacia (GA) on plasma levels of short-chain fatty acid in male rats with chronic kidney disease (CKD) induced by dietary adenine (AD). The values presented are means ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 as determined by one-way ANOVA with the Dunnett test.
Correlation Analysis
The correlation analysis between renal function biomarkers, plasma SCFAs, and individual taxa abundances supports the results obtained from the comparison of the different treatment groups (Figure 5). Association between biomarkers of renal function and microbiome was observed at all gut sites. However, strength of correlation increased as we move further from the ileum to the colon. Phylum Bacteroidetes was positively associated with SCFAs concentrations, albeit the association was strongest in the ileum (p ≤ 0.01). Plasma urea, creatinine, urine NAG, and albumin were negatively associated with Firmicutes and positively associated with Proteobacteria and Verrucomicrobia. In contrast, urine creatinine was positively associated with Firmicutes while negatively correlated with Proteobacteria, Verrucomicrobia, Pseudomonadaceae, Erysipelotrichaceae, and Staphylococcaceae. In general, at all three gut sites, all biomarkers of renal function were most closely associated with phylum Proteobacteria, Verrucomicrobia, and Firmicutes and at family level with Aerococcaceae, Verrucomicrobia, Erysipelotrichaceae, and Pseudomonadaceae.
[image: Figure 5]FIGURE 5 | Correlation analysis of rat’s kidney function biomarkers, short-chain fatty acids, and microbiome. Spearman’s correlation analysis was performed using R package “corrplot 0.84” (RStudio version 3.5.0). The color intensity and shape of ellipse indicate the strength of the correlation depicted as r-value. Asterisks in each box indicate the corrected p-value; ** ≤ 0.001 and * ≤ 0.01.
DISCUSSION
In the present study, we evaluated the effect of GA supplementation on renal function, the plasma profile of SCFA, and gut microbiome of rats with CKD induced by dietary adenine.
Following oral administration, adenine is metabolized to 2,8-dihydroxyadenine, which precipitates and forms tubular crystals that damage the renal tissues (Diwan et al., 2018). Here, dietary administration of adenine caused a loss in body weight; an increase in relative kidney weight, water intake, and urine output; and changes in plasma and urine biochemistry similar to those associated with CKD (Ali et al., 2013b; Ali et al., 2014; Ali et al., 2018), demonstrating the validity of this model. In addition to the biochemical indicators, previous published work validated this model by the morphological and pathological changes of the kidney upon induction of AD (Ali et al., 2014).
GA is used in folk medicine to treat inflammatory conditions as well as clinically to correct uremia in patients with CKD in Middle Eastern countries (Nasir et al., 2012; Ali et al., 2013b). GA provides a source of soluble fibers for gut microbes and enhances fecal nitrogen excretion (Alla and Sadeek, 2018). These effects may explain its anti-inflammatory and anti-oxidative benefits and prebiotic characteristics (Alla and Sadeek, 2018).
In rats with CKD, excessive accumulation of ammonia, derived from the hydrolysis of urea by microbes, promotes the growth of bacteria that express urease (Wong et al., 2014; Vaziri et al., 2016). Our present findings indicate that dietary administration of GA to rats with CKD can improve both their gut microbiome and biochemical parameters.
Here, we observed significant differences in the relative abundances of 62 bacterial clades, in both the alpha and beta indices of diversity, and in the level of two SCFAs between the different study groups. The relative abundance of Firmicutes, for which the main metabolic end-product is butyrate (Macfarlane and Macfarlane, 2003), was lower in the rats with CKD. In addition, many beneficial microbes, such as Lactobacillus, Coprococcus, and Ruminococcaceae, were depleted in these rats and the plasma levels of their metabolic products propionate and butyrate lowered (Zhang et al., 2010; El Hage et al., 2019). In particular, the proportions of bacterial families belonging to the phyla Firmicutes, Proteobacteria, and Bacteroidetes differed between the groups. Adenine treatment decreased the relative abundances of Firmicutes and increased those of Proteobacteria and Actinobacteria. GA supplementation, alone or in combination with adenine, elevated the relative abundance of Firmicutes and reduced the levels of Proteobacteria.
Proteobacteria is a diverse phylum with a sullied reputation including several well‐known opportunistic pathogens, such as Enterobacteriaceae, Helicobacteraceae, Pasteurellaceae, and Pseudomonadaceae (Sohail et al., 2019a). Vaziri and co-workers (Vaziri et al., 2013) demonstrated elevated numbers of these microbes both in patients with ESDR and the rat model of CKD. This is in line with our observations that a positive association exists between markers of renal function and population densities of Enterobacteriaceae, Pseudomonadaceae, Aerococcaceae, and Verrucomicrobiaceae, which were also significantly more abundant at all intestinal locations in the CKD group—an indication of microbiomal dysbiosis (Sohail et al., 2017; Anwar et al., 2019). Ramezani and colleagues suggested that the uremia associated with CKD promotes rapid influx of undigested proteins into the colon, thereby favoring the proliferation of proteolytic bacteria, microbes that produce phenolic or indolic compounds, and enhance the concentrations of these uremic toxins in the blood (Evenepoel et al., 2009; Mishima et al., 2017). Furthermore, Gryp et al. (Gryp et al., 2020) propose that in rats with CKD Enterobacteriaceae and Verrucomicrobiaceae express tryptophanase, which is essential for the conversion of tryptophan into indole. A positive correlation in the count of plasma creatinine and urea and gut Proteobacteria may thus explain weak markers of renal function in CKD rats. In contrast, SCFAs, such as propionate and butyrate, produced in connection with the fermentation of fibers, improve renal function by attenuating inflammation, oxidative stress, and apoptosis (Li et al., 2017).
Lactobacillaceae of the Firmicutes phylum are well-known for their role in digesting carbohydrates, as well as their probiotic properties (Rossi et al., 2016). Here, the Lactobacillaceae counts at the different intestinal locations were significantly reduced in the CKD rats, whereas additional supplementation with GA partially or entirely reversed this change. Numerous studies demonstrated the beneficial effects of dietary supplementation in CKD patients with Lactobacilli alone or in combination with prebiotics. (Nakabayashi et al., 2011; Guida et al., 2014; Rossi et al., 2016). These microbes produce butyrate, which enhances the mechanical barrier of the gut and reduces its outflow of uremic toxins (Ramezani and Raj, 2014). Accordingly, the lower abundance of Lactobacillaceae CKD rats can explain their higher blood levels of urea and creatinine. Alternatively, these beneficial microbes and GA may act as synbiotics, which are known to improve the composition of the microbiome and, most likely, renal function as well (Alla and Sadeek, 2018).
SCFAs exert multiple beneficial effects on host homeostasis and aid in recovery from disease through their anti-inflammatory, immune-modulatory, and anti-oxidative properties (Puddu et al., 2014; Li et al., 2017; Li et al., 2019). The three major SCFAs acetate, propionate, and butyrate perform important physiological functions: butyrate is the preferential energy source for the gut mucosa; propionate contributes to gluconeogenesis by the liver; and acetate is used in the biosynthesis of cholesterol and fatty acids by the host (Louis and Flint, 2017). In addition, SCFAs have recently been shown to influence multiple aspects of renal physiology and pathology, including inflammation and immunity, fibrosis, blood pressure, and energy metabolism. SCFAs have also been reported to ameliorate kidney injury due to oxidative stress and enhance mitochondrial biogenesis in renal tubular cells (Andrade-Oliveira et al., 2015).
Plasma levels of SCFAs are reduced in patients with CKD (Lustgarten, 2020; Wang et al., 2019) and this reduction may be related to microbial dysbiosis, characterized by drop in Firmicutes and Bacteroidetes, and impairment of the intestinal barrier (Vaziri, 2012; Esgalhado et al., 2017). In the current investigation, the plasma levels of both propionate and butyrate were decreased in rats with CKD induced by adenine. However, supplementation of GA increased propionate concentrations. Similarly, SCFAs concentrations were positively correlated with Bacteroidetes and Firmicutes count, albeit significant association was only observed for Bacteroidetes.
Clearly, SCFAs exert numerous beneficial effects on health. For example, administration of propionate to patients undergoing hemodialysis alleviated their levels of pro-inflammatory parameters, improved insulin resistance and iron metabolism, and was associated with a better quality of life (Marzocco et al., 2018). Butyrate administration to juvenile diabetic rats lowered plasma levels of glucose, creatinine, and urea and attenuated adverse histological alterations (including fibrosis and collagen deposition) in the kidney (Khan and Jena, 2014).
Notably, both animal (Vaziri et al., 2014; Yang et al., 2018) and clinical studies (Krishnamurthy et al., 2012) have highlighted the benefits of a high-fiber diet in improving renal function and reducing inflammation and oxidative stress. In fact, GA supplementation may ameliorate CKD by reducing oxidative stress and inflammation, changing microbiome composition or by inducing an interaction effect of both. However, consumption of a fiber-rich diet increases the risk for hyperkalemia, and patients with CKD are therefore advised to consume lower amounts of fruits and vegetables (Furuland et al., 2018). GA could thus be a good alternative addition to their diet for improving renal function and microbiome composition.
The extrapolation of the findings of this study may be limited to male gender only. Methods used in the current study did not allow for testing impact on microbiome in a mechanistic work. For example, changes in levels of cytokines could have been measured to investigate the link between SCFAs and inflammation.
In conclusion, the observations documented here indicate clearly the importance of the gut microbiome and its metabolites in connection with CKD as well as the ability of supplemental GA to enhance both the growth of beneficial bacteria in the gut and the release of SCFAs that may improve renal function. Several bacterial taxa are associated with renal function and plasma SCFAs. Dietary manipulation of the microbiome in this fashion might provide a novel therapeutic approach to inhibiting the progression of CKD, and further examination of this possibility is certainly warranted. Further work is needed to investigate gut wall integrity, intestinal epithelial barrier function, and quantitative/qualitative alterations of the gut microbiota and their products that associate with the uremia and kidney failure.
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Objectives: The interaction between the components of traditional Chinese medicine (TCM) is an important basis for their synergy. Rhein and curcumin exert various pharmacological activities, including anti-tumour, anti-inflammatory, antioxidant, anti-fibrosis and renoprotective effects. However, no investigation has reported the synergistic anti-fibrosis effect yet. This study aims at determine the pharmacokinetics and pharmacodynamics of the combination of rhein and curcumin in the treatment for chronic kidney disease in rats.
Design: Fifty two male Sprague-Dawley (SD) rats were randomly divided into rhein group, curcumin group and their combination group for pharmacodynamics studies. HE and Masson staining was conducted to observe the changes of renal morphology. Kits were used to detect the level of urea nitrogen (BUN) and creatinine (Scr). For pharmacokinetic study, 36 SD rats were randomly divided into rhein group, curcumin group and a combination group, the content of rhein and curcumin in plasma and renal tissue was determined by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). In additon, molecular docking method and cell experiments was used to disclose the interaction mechanism between curcumin and rhein.
Results: The pharmacodynamic results showed that the degree of renal fibrosis was improved obviously by co-administration rhein and curcumin. Meanwhile, compared to single administration, the Cmax and AUC of rhein and curcumin in plasma and renal tissue were enhanced significantly after co-administration. Moreover, the result of molecular docking and cell experiments showed that both two compounds could interact with P-gp, CYP2C9 and CYP2C19.
Conclusion: Together, these findings demonstrated that rhein and curcumin had a synergistic effect in ameliorateing chonic kidney disease, providing an important explanation on the synergistic mechanism of curcumin and rhein from a pharmacokinetic viewpoint.
Keywords: pharmacodynamics, Pharmacokinetics, chronic kidney disease, molecular docking, curcumin, rhein
INTRODUCTION
According to epidemiological survey, the total prevalence of chronic kidney disease (CKD) in the world is 11% (Gansevoort et al., 2013; Xie et al., 2018). However, there are no drugs for the treatment of renal fibrosis in the clinic at present. Traditional Chinese medicine (TCM) has a long history and unique curative effect on the treatment of CKD (Chen et al., 2019a). The previous study showed that TCM including Uremic Clearance granule, Dahuang huichong pill, Kangxianling formula and Shenkang Injection have unique efficacy in the treatment of CKD (Cao et al., 2017). Rhein, derived from Rheum palmatum L. (Li et al., 2015), is considered as the major active ingredient of these Chinese medicinal formulas. It possesses various pharmacological activities such as anti-tumour, anti-inflammatory, antibacterial, antioxidant, antifibrosis and renoprotective activity (Martin et al., 2003; Wang et al., 2012). Curcumin, mainly derived from dried rhizome of Curcuma longa L, possesses multiple pharmacological abilities, including anticancer, anti-inflammatory, antioxidation, antifibrotic, anti-arthritis (Hatcher et al., 2008; Azhdari et al., 2019), as well as a neuroprotective effect (Sun et al., 2017). Both rhein and curcumin have antifibrotic activity and have showed good efficacy to prevent the progress of renal fibrosis (Kuwabara et al., 2006; He et al., 2011; Soetikno et al., 2013; Zhou et al., 2014; Ho et al., 2016; Hu et al., 2016; Zhang et al., 2016; Chen et al., 2019b). Therefore, further investigation of the antifibrosis effect of rhein and curcumin was of great significance for the development of new antifibrosis drugs.
Several studies have been reported on the herb-drug interactions of rhein and curcumin. It was demonstrated that curcumin could change the pharmacokinetic profile of peroral celiprolol, losartan, loratadine tamoxifen (Bahramsoltani et al., 2017). Also, rhein showed a strong synergistic effect with known drugs such as doxorubicin (Tang et al., 2009), methotrexate (Yuan et al., 2017). Our previous studies demonstrated that Bu-shen-Huo-xue formula (BSHX) could effectively alleviate renal interstitial fibrosis (Shi et al., 2014; Xiang et al., 2015; Sun et al., 2016). Rhein and curcumin were considered as the main effective ingredients of BSHX (Shi et al., 2014). Therefore, it is necessary to study the efficacy and mechanism of their coadministration. In this study, we focused on the pharmacokinetics and pharmacodynamics of co-administration of rhein and curcumin for the treatment of CKD in rats, and examined the synergistic compatibility between these compounds from a pharmacokinetic viewpoint.
METHODS
Chemical and Reagents
Chemical reference substances with purity >98%, including rhein, curcumin and neosperidin dihydrochalcone (NHDC), were purchased by Chengdu Mansite (Sichuan, China). HPLC grade formic acid, methanol and acetonitrile were provided from Merck (Merck, Darmstadt, Germany). The kits for Creatinine (Cre), urea nitrogen (BUN) were obtained by Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China). Masson and HE staining solution kits were purchased by Beijing Solable Technology Co., Ltd (Beijing, China). Other reagents used in the experiment were all analytical purity.
Animal Experiments
Sprague-Dawley (SD) rats (200 ± 20 g) were purchased from Laboratory Animal Center of Wenzhou Medical University (Wenzhou, China). The rats were kept in an air-conditioned house with the temperature of 24 ± 2°C, an appropriate humidity of 40–60% and a 12 h dark/light cycle. All animal had access to food and water during the experimental period and were adapted for one week. All animal care and experimental procedures were complied with the “Principles of Laboratory Animal Care” and approved by the Animal Ethics Committee in Wenzhou Medical University (July 25, 2018, no: WMU-2018–0024). The animal experiments were carried out according to the European Community guidelines for the use of experimental animals.
For the pharmacodynamics study, 52 SD rats were randomly divided into thirteen groups (n = 4 each group): sham group; Unilateral Ureteral Obstruct (UUO) model group (7th, 14th, 21st day); rhein treatment group (7th, 14th, 21st day); curcumin treatment group (7th, 14th, 21st day); co-administration of rhein and curcumin treatment group (7th, 14th, 21st day). For UUO operation, rats were deeply anesthetized using 10% chloral hydrate (0.3 ml/100 g body weight). A midline incision was made to expose the abdominal cavity, and the right ureter was separated for ligation. In sham-operated group, right ureter were only separated but not ligated. The rats were administrated with rhein (100 mg/kg), curcumin (100 mg/kg) or rhein (100 mg/kg) plus curcumin (100 mg/kg) every day after UUO operation, while the sham-operated and UUO model group were given the same volume of saline every day.
For the pharmacokinetic study, 36 SD rats were randomly divided into six groups (n = 6 per group), and were administrated with rhein (100 mg/kg), curcumin (100 mg/kg), or rhein (100 mg/kg) plus curcumin (100 mg/kg), via gavage. Before the pharmacokinetic experiments, all rats were placed into metabolic cages and fasted overnight. The plasma of 250 µL was obtained in tubes with 10 μL heparin from the rat tail vein at 0.167, 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h after gavage administration. Then, the collected blood samples were centrifuged at 4°C for 15 min at 4,000 rpm, and were stored at −20°C in refrigerator until further analysis. In addition, tissue collection was conducted at 0.5, 1 and 2 h after oral gavage, respectively. Colleced tissues were washed with normal saline, dried, and placed on filter paper, and weighted. Homogenate was prepared according to the proportion of tissue weight and normal saline volume (1:2) and stored at −80°C in refrigerator until further analysis. At the end of the experiment, all rats were sacrificed by cervical dislocation.
Sample Preparation
For the pharmacodynamic study, rats were sacrificed after the 7th, 14th and 21st day after administration. Before sacrifice, plasma was collected from rats’ tail vein for detecting the content of creatinine and urea nitrogen. Then, rats were deeply anesthetized with 10% chloral hydrate (0.3 ml per 100 g body weight). The right kidney was taken out after cardiac perfusion and fixed in paraformaldehyde for subsequent pathomorphological examination.
For the pharmacokinetic study, 100 μL plasma sample was mixed with 10 μL IS, and 290 µL acetonitrile was added for protein sedimentation. The mixture was centrifuged at 12,000 g at 4°C for 10 min after vortex. Next, 2 μL of the supernatant was injected into UPLC-MS/MS system.
Pharmacodynamic Study
The content of Cre and BUN was determined using kits. Collected renal tissue was fixed using neutral buffered formalin for 24 h, and then dehydrated through a graded ethanol series. The renal tissue was then embedded in paraffin and transverse sections were made on a microtome at 3 μm thickness in order to HE and Masson examination. Light microscope was used to observe pathological-morphological changes in the kidney tissue.
Pharmacokinetic Study
According to the latest Food and Drug Administration (FDA) guidelines Food and Drug Administration (2018), the method validation was accomplished in term of selectivity, linearity, precision, accuracy, matrix effect, recovery rate and stability to prove the reliability and reproducibility of the established method. The detailed method were provided in Supplementary Material.
The pharmacokinetic parameters were calculated by Drug and Statistics (DAS 3.0) software (Shanghai, China). The following pharmacokinetic parameters were listed: area under the curve from time (AUC0-t); elimination half-life (T1/2); total clearance (Cl); maximal plasma concentration (Cmax); volume of distribution (Vd); time to reach maximal plasma concentration (Tmax). All pharmacokinetic parameters were expressed as mean ± standard deviation (SD). The SPSS software version 18 (SPSS, Inc.) was used to perform statistical analysis. Nonparametric method was selected for comparisons of the pharmacokinetic difference among rhein, curcumin and their combination. p-value below 0.05 was considered indicative of statistical significance.
Docking Studies
Rhein and curcumin were docked with P-gp, CYP2C9 or CYP2C19, respectively. At first, the crystal structure of P-gp, CYP2C9 and CYP2C19 were downloaded from the Protein Data Bank, and were pre-processed with PYMOL software to remove water molecules and heteroatoms, add hydrogen atoms and fix non-hydrogen atoms. Then, the ligand position in P-gp, CYP2C9 and CYP2C19 were used to define the active site. Finally, the prepared files of molecular coordinate and lattice parameter were imported into the AUTODOCK 4.2.6 docking program. The docking score between the natural ligand and P-gp, CYP2C9 and CYP2C19 proteins was used as the cut-off value in this protocol. If the docking score between curcumin or rhein, and P-gp, CYP2C9 or CYP2C19 was less than the corresponding cut-off value of natural ligands, and less than -5.0 kcaL/mol, they were considered to be effective docking.
Interaction Between Rhein and Curcumin in vitro
Recombinant human cytochrome P450 enzymes (CYP2C9) were provided from Reid Ltd, Research Institute for Liver Diseases (Shanghai, China). To explore the interaction between rhein and curcumin, curcumin (20 μM) was chosen as substrates and rhein was used as the inhibition. Incubation mixtures were prepared in a total volume of 200 μL containing 0.25 mg/ml recombinant human cytochrome P450 enzymes, potassium phosphate buffer (pH 7.4), an NADPH generating system [5 mM glucose 6-phosphate, 1 mM NADP+, 1 U/mL glucose 6-phosphate dehydrogenase]. A series concentration of rhein (final concentrations were 1, 10, and 50 μM) were incubated with curcumin for 60 min at 37°C. The quality control samples were incubated without rhein. The reactions were stopped by adding 2-fold volume (200 μL) of cold acetonitrile. The assay was performed in triplicate for all test specimens. Then, the samples were vortexed and centrifuged at 13, 000 rpm for 10 min to precipitate protein. The supernatant was analyzed by UPLC- MS/MS, and the inhibitory effect of rhein was assessed by the difference in the residual amount curcumin between samples and the corresponding quality control samples.
RESULTS
Pharmacodynamic Study
HE and Masson Staining
The result of the HE and Masson staining is shown in Figure 1 and Figure 2, respectively. The morphology of renal sections in sham group was good: the structures of glomeruli and renal tubules were normal, and the tubules interstitial space was narrow. No inflammatory cell infiltration was observed. But in the UUO group, there was an expansion of the renal interstitial space, an increase in interstitial cells, a deposition of collagen components, the appearance of vacuoles, lesions of tubular and the fibrosis of renal interstitial was observed from the 7th day after surgery operation. On the 14th day, in the UUO group, there was tubular atrophy, renal parenchyma was replaced by fibrous tissue, vacuoles were further increased, and collagen deposition and inflammatory cell infiltration were observed. On the 21st day, the UUO group had pathological changes of renal tissue that were more significant and the severity of the renal tissue injury was further exacerbated. Compared to the UUO groups, the treatment groups including rhein, curcumin and co-administration group had an obviously reduced degree of renal damage at the corresponding time points. The number of vacuoles were decreased. Collagen deposition and inflammatory cell infiltration was improved significantly and the degree of renal fibrosis was alleviated. In addition, in coadministration group, the degree of renal fibrosis was improved more than that of rhein or curcumin groups, which suggested that the combination of rhein and curcumin could treat renal interstitial fibrosis and improve the degree of renal tissue damage more effectively. As shown in Figure 2N, the degree of renal fibrosis was reduced obviously in the treatment groups, including rhein, curcumin and rhein plus curcumin groups at the corresponding time points, consistent with the result of HE and Masson staining.
[image: Figure 1]FIGURE 1 | Renal pathological changes under different conditions (HE staining): (A): sham; (B): UUO on 7th day; (C): UUO on 14th day; (D): UUO on 21st day; (E): rhein on 7th day; (F): rhein on 14th day; (G): rhein on 21st day; (H): curcumin on 7th day; (I): curcumin on 14th day; (J): curcumin on 21st day; (K): rhein plus curcumin on7th day; (L): rhein plus curcumin on 14th day; (M): rhein plus curcumin on 21st day.
[image: Figure 2]FIGURE 2 | Renal pathological changes under different conditions (Masson staining): (A): sham; (B): UUO on 7th day; (C): UUO on 14th day; (D): UUO on 21st day; (E): rhein on 7th day; (F): rhein on 14th day; (G): rhein on 21st day; (H): curcumin on 7th day; (I): curcumin on 14th day; (J): curcumin on 21st day; (K): rhein plus curcumin on 7th day; (L): rhein plus curcumin on 14th day; (M): rhein plus curcumin on 21st day. (N): The degree of renal fibrosis in co-administration group and single rhein or curcumin group (*p < 0.05; **p < 0.01; ***p < 0.001).
The Levels of Serum Scr and BUN
The content of Scr and BUN in different groups was shown in Table 1. The average level of Scr and BUN was within the normal range in the sham-operated group. In UUO group, the level of Scr and BUN increased with time and was higher than that of the sham-operated group. In the 21st day UUO group, the level of Scr and BUN was 62.50 ± 11.11 and, 11.67 ± 2.50, respectively, which were significantly higher than those in the 7th day UUO group (55.96 ± 7.24 and 9.10 ± 0.09, respectively). Compared to the UUO model group, the level of BUN was decreased in rhein, curcumin, and rhein plus curcumin treatment groups at the corresponding days. Moreover, the level of BUN in co-administration group was lower than those in the single-adminstration rhein or curcumin treatment group. The level of Scr in treatment groups and UUO group was significantly higher than sham-operated group (p < 0.05). Compared to the UUO group at the corresponding time points, the level of Scr in administrated groups was slightly lower, but was not significant.
TABLE 1 | The levels of serum Scr and BUN.
[image: Table 1]Method Validation
No obvious endogenous interference at the retention time of IS and rhein or curcumin (Supplementary Figure S2) indicated that the selectivity of the established method were satisfactory. As shown in Supplementary Table S1 and Supplementary Table S2, the matrix effects and recovery rate of rhein and curcumin in plasma and tissue were in the range of 90.3%–96.3% and 81.9%–89.3%, respectively. The calibration curve showed good linearity in the range of 1–2000 ng/ml for rhein, 1–200 ng/ml for curcumin. The lower limit of quantification (LLOQ) of both rhein and curcumin was determined at 1 ng/ml. Supplementary Table S3 showed that the intra-/inter-day precisions (RSD) of rhein and curcumin was less than 4.8% and 5.1%, respectively. The intra-/inter-day accuracies of rhein and curcumin were ranged from 81.7% to 93.5% and from 83.4% to 93.1%, respectively. As shown in Supplementary Table S4 and Supplementary Table S5, the stability of rhein and curcumin storage in different conditions was less than 7.3%. All detailed information was described in supporting information.
Pharmacokinetics Study
The established UPLC-MS/MS method was successfully applied to pharmacokinetic and renal tissue distribution studies of rhein and curcumin in biological samples. Figure 3 showed the mean plasma concentration-time profiles for rhein, curcumin and their combination. In general, rhein and curcumin had a higher concentration in plasma after co-administration. The corresponding pharmacokinetic parameters of rhein fitted by non-compartmental model were represented in Table 2. For single administration, the apparent volume of distribution (Vd) was 44.21 ± 27.16 L/kg. The apparent volume of distribution (Vd) of rhein after co-administration was 27.96 ± 18.78 L/kg, indicating that the rhein concentration in rat plasma was elevated. The AUC and Cmax of rhein in co-administration was 27,497.71 ± 12,297.14 μg/L*h and 8,254.74 ± 2,438.31 μg/L, respectively, which was significantly higher than that of single-administration (AUC = 18,964.28 ± 2,261.96 μg/L*h, Cmax = 4,815.48 ± 699.91 μg/L). However, the half-life (T1/2) of rhein was 6.83 ± 5.43 h in single-adminstration and 4.40 ± 1.80 h after co-administration, indicating that the elimination process of rhein in vivo was slightly affected by curcumin. Similarly, there was no evident difference between the clearance rate (Cl) for single administration (4.91 ± 0.94 L/h/kg) and co-administration (4.10 ± 1.51 L/h/kg).
[image: Figure 3]FIGURE 3 | Plasma concentration-time profile: (A): Plasma concentration-time changes of rhein administrated alone and in combination in rats after intragastric administrations (n = 6); (B): Plasma concentration-time changes of curcumin administrated alone and in combination in rats after intragastric administrations (n = 6).
TABLE 2 | Changes on main pharmacokinetic parameters of rhein and curcumin in rat plasma after their combination (n = 6).
[image: Table 2]As shown in Table 2, the apparent volume of distribution (Vd) of curcumin was 31,715.21 ± 24,232.87 L/kg and reduced to 9,519.99 ± 7,430.36 L/kg after co-administration. Although the Vd decreased approximately 3-fold after co-administration, curcumin was mostly distributed in specific tissues or organs. The AUC and Cmax of curcumin were significantly increased from 19.19 ± 10.84 μg/L*h to 87.98 ± 28.73 μg/L*h and from 6.56 ± 4.18 μg/L to 27.67 ± 18.68 μg/L for Cmax, respectively. This was an approximately 4-fold increase in AUC and Cmax after co-administration, which showed there was an increase in the absorption of curcumin. In the contrary, the clearance rate (Cl) was reduced by about 75%, indicating that the elimination of curcumin slowed down after co-administration.
We also detected the content of rhein and curcumin in renal tissue after oral administration. The results are summarized in Figure 4. As shown in Figure 4, co-administration contributed to higher levels of rhein and curcumin in renal tissue, especially at 30 min post-administration. It has been proved that rhein is mainly distributed in the liver, spleen, kidney, heart, lung and other tissues with rich blood supply after oral administration, suggesting that the distribution of rhein depends on the blood flow or perfusion rate of organs. The distribution of rhein in the liver is the most, followed by that in the spleen and kidney (Sun et al., 2012). The concentration of rhein in renal tissue was increased more than 2-fold after co-administration (2.62 ± 0.70 μg/ml vs. 7.00 ± 0.65 μg/ml), indicating that combination with curcumin promoted the affinity of rhein with renal tissue. A previous study on the tissue distribution of curcumin showed that the concentration of curcumin in the heart, liver and kidney was extremely low (Gutierres et al., 2015; Arozal et al., 2019). In this study, the concentration of curcumin in renal tissue was determined at three different periods including 30 min, 1 h, 2 h after administration. The measured concentration of curcumin in renal tissue was very low when administrated on its own, which was consistent with the literatures (Gutierres et al., 2015; Arozal et al., 2019). However, after combination with rhein, the level of curcumin in renal tissue was nearly doubled in 30 min after administration. In brief, the distribution of rhein and curcumin in renal tissue was increased significantly after co-administration, which was quite different from that in single-administration.
[image: Figure 4]FIGURE 4 | Tissue concentration profile: (A): rhein alone and in combination with curcumin in renal tissue after co-administration 30 min, 1 and 2 h; (B): curcumin alone and in combination with rhein in renal tissue after co-administration 30 min, 1 and 2 h.
Docking Studies
In order to explore the interaction of rhein and curcumin, they are docked with P-gp, CYP2C9, and CYP2C19, respectively. The results of docking studies are shown in Figure 5. The results showed that both rhein and curcumin could bind to P-gp, CYP2C9, and CYP2C19. The binding energy for rhein to P-gp, CYP2C9, and CYP2C19 was −9.04, −7.40 and −6.23 kcal/mol, respectively, while the binding energy for curcumin to P-gp, CYP2C9, and CYP2C19 was 9.56, −7.84, −8.44 kcal/mol, respectively. All the values were less than -5 kcal/mol, indicating that two compounds could interact with P-gp and CYP2C19, consistent with the results reported in the literatures (Tang et al., 2009; Bahramsoltani et al., 2017). Moreover, both rhein and curcumin were bound to the GLY-296 binding sites of CYP2C19, as well as GLN-438 and ARG-404 binding sites of P-gp. Therefore, we speculated that there was interation between curcumin and rhein in vivo.
[image: Figure 5]FIGURE 5 | 3D docking conformation of rhein and curcumin: (A): 3D docking conformation of curcumin with CYP2C9; (B): 3D docking conformation of curcumin with CYP2C19; (C): 3D docking conformation of curcumin with P-gp; (D): 3D docking conformation of rhein with CYP2C9; (E): 3D docking conformation of rhein with CYP2C19; (F): 3D docking conformation of rhein with P-gp.
Interaction Between Rhein and Curcumin in vitro
The metabolic interaction between rhein and curcumin through CYP2C9 was shown in Figure 6. Rhein exhibited the potential inhibition against curcumin by reducing the metabolism of curcumin. As shown in Figure 6, when a lower concentration of rhein (10 μM) was used, the metabolism of curcumin was inhibited by 22.9% (p = 0.026). When a higher concentration of rhein (50 μM) was used, the metabolism of curcumin was inhibited by 75.8% (p = 0.0001). Thus, rhein had an inhibitory effect on the metabolism of curcumin by inhibiting CYP2C9.
[image: Figure 6]FIGURE 6 | Relatively metabolic amount of curcumin after incubation with different concentrations of rhein. *p < 0.05, ***p < 0.01, compared to control group.
DISCUSSION
Inflammation factor including TGF-β, MCP-1, IL-1β, and IL-6 colud promote the occurrence and progression of CKD. Rhein and curcumin, the effective ingredients of BSHX, demonstrated anti-inflammatory effect. It has reported that rhein could exert anti-inflammatory and antifibrotic effects through down-regulation NF-κB related pathway and inhibition of TGF-β/Smad3 pathway (Guan et al., 2015). Similarly, the anti-inflammatory and antifibrotic effect of curcumin has also been confirmed. The curcumin properties on anti-inflammatory were mediated via suppressing the key inflammatory factors such as cyclooxygenase-2, 5-lipoxygenase and inducible nitric oxide synthase (Jurenka, 2009; Mirzaei et al., 2017). However, because of the low oral bioavailability of curcumin, its widespread use in the treatment of CKD has been limited for decades (Anand et al., 2007; Mirzaei et al., 2017). The goal of this study was to investigate whether there is a synergistic antifibosis effect between rhein and curcumin when administrated to rat in combination, and to provide an interaction mechanism between rhein and curcumin.
The renal pathological changes including interstitial fibrosis and tubular atrophy were obviously improved by co-administrated rhein and curcumin, the BUN level had reduced significantly as well, suggesting that they had a synergistic effect on treatment of CKD. In addition, as evidenced by the plasma concentration-time profiles, the AUC and Cmax of rhein and curcumin was significantly increased after coadministration, but the Cl was reduced, indicating that the exposure of rhein and curcumin in plasma was higher, and their elimination was slowed down. We also compared the concentration of rhein, curcumin and their combination in renal tissue after oral administration. The higher level of rhein and curcumin in renal tissue after their combination was observed, especially at 30 min after administration. Meanwhile, we found that the clearance of curcumin was significantly reduced after the co-administration, with an approximately 25% reduction. Such changes not only improved the bioavailability of the rhein and curcumin, but also suggested that there was a synergistic anti-fibrosis effect between two compounds.
A majority of reported clinically relevant drug-drug interaction mechanism include CYPs inhibition. According to the previous studies, the major metabolic enzyme of rhein is CYP2C19 (He et al., 2015). Meanwhile, curcumin inhibits CYP2C9 and CYP2C19, while rhein inhibis CYP2C9 (Tang et al., 2009; Bahramsoltani et al., 2017), which may be the main reason for the reduced elimination rate, leading to the increase in AUC and Cmax of rhein. Molecular docking studies on CYP2C19 inhibition revealed that inhibition by rhein and curcumin occurred via GLY-296. The previous studies showed that rhein could activate the efflux transport mediated by P-gp (Yang et al., 2017), while curcumin could inhibit P-gp (Ampasavate et al., 2010). Thus, rhein and curcumin have opposite effects on P-gp activity.
CONCLUSION
In this study, the pharmacokinetics and pharmacodynamics of rhein and curcumin by single and combined administration were explored. Compared with single component administration, co-administration of rhein and curcumin significantly increasesd their concentration in plasma and tissue, showing better efficacy in delaying the progression of CKD. The increased level in plasma and renal tissue distribution through inhibiting metabolic enzymes may be the potential mechanism for this. In conclusion, this study demonstrated that there was a synergistic antifibrosis effect of rhein and curcumin in ameliorateing chonic kidney disease, and provided an important explanation on the mechanism of their synergy from a pharmacokinetic viewpoint.
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Tacrolimus-induced chronic nephrotoxicity (TIN) hinders its long-term use in patients. However, there are no drugs available in the clinic to relieve it at present. Astragaloside IV (AS-IV) is a saponin extract of the Astragalus which is widely used in the treatment of kidney disease. This study aimed to investigate the effect of AS-IV on TIN and its underlying mechanism. Herein, C57BL/6 mice were treated with tacrolimus and/or AS-IV for 4 weeks, and then the renal function, fibrosis, oxidative stress and p62-Keap1-Nrf2 pathway were evaluated to ascertain the contribution of AS-IV and p62-Keap1-Nrf2 pathway to TIN. Our results demonstrated that AS-IV significantly improved renal function and alleviated tubulointerstitial fibrosis compared with the model group. The expression of fibrosis-related proteins, including TGF-β1, Collagen I and α-SMA, were also decreased by AS-IV. Furthermore, AS-IV relieved the inhibition of tacrolimus on antioxidant enzymes. The data in HK-2 cells also proved that AS-IV reduced tacrolimus-induced cell death and oxidative stress. Mechanistically, AS-IV markedly promoted the nuclear translocation of Nrf2 and the renal protective effects of AS-IV were abolished by Nrf2 inhibitor. Further researches showed that phosphorylated p62 was significantly increased after AS-IV pretreatment. Moreover, AS-IV failed to increase nuclear translocation of Nrf2 and subsequent anti-oxidative stress in HK-2 cells transfected with p62 siRNA. Collectively, these findings indicate that AS-IV relieve TIN by enhancing p62 phosphorylation, thereby increasing Nrf2 nuclear translocation, and then alleviating ROS accumulation and renal fibrosis.
Keywords: astragaloside IV, tacrolimus, chronic nephrotoxicity, p62-Keap1-Nrf2 pathway, oxidative stress
INTRODUCTION
Tacrolimus is an immunosuppressant drug which is extensively used in organ transplantation and other autoimmune diseases (Hart et al., 2019; Gao et al., 2020). However, tacrolimus therapy is often associated with irreversible nephrotoxicity that eventually progresses to chronic kidney disease (CKD) (Ojo et al., 2003). It is estimated that 16.5% of patients develop tacrolimus-induced chronic nephrotoxicity (TIN) (Chapman, 2011). Despite years of study, there are no drugs available in the clinic to relieve TIN. The most commonly used risk mitigation strategies like monitoring levels to guide dosing and tacrolimus dose limitation were usually associated with increased rejection risk (Sawinski et al., 2016). Hence, it is necessary to discover a drug that can alleviate TIN and is safe for long-term use.
Oxidative stress plays a crucial role in TIN. Tacrolimus can induce renal vasoconstriction, and hence lead to renal hypoperfusion and hypoxia-reoxygenation injury and subsequently to the formation of reactive oxygen species (ROS) or free radicals. Meanwhile, tacrolimus owns a direct effect in the generation of ROS, although the underlying mechanism remains to be elucidated (Naesens et al., 2009). Consequently, the excessive ROS causes irreversible damage of the renal architecture, which is mainly manifested as striped interstitial fibrosis (Lusco et al., 2017). Therefore, anti-oxidative stress therapy may be a potential candidate for TIN (Lim et al., 2017; Luo et al., 2019).
Astragalus membranaceus, also known as Huangqi, is a traditional Chinese medicine widely used in the treatment of kidney disease (Zhang et al., 2019). A large number of clinical observations have demonstrated that Astragalus is safe for long-term use (Lin et al., 2019). Astragaloside IV (AS-IV), a saponin extract of the Astragalus root, is one of the main active ingredients of Astragalus. In recent years, some evidence indicated that AS-IV had significant renal protective effect and can attenuate renal fibrosis (Guo et al., 2016; Wang et al., 2020). In addition, AS-IV has been reported to attenuate cisplatin-induced acute kidney injury (Yan et al., 2017; Qu et al., 2020), but its effect on drug-associated chronic nephropathy has rarely been studied.
Anti-oxidative stress is one of the main mechanisms for the renoprotection activity of AS-IV (Zhang et al., 2020). Nuclear factor erythroid-related factor 2 (Nrf2) is the primary defense mechanism against oxidative stress, driving transcription of >300 antioxidant response element-regulated genes (Zhang and Chapman, 2020). Previous researches have suggested that AS-IV could protect renal cells from oxidative stress-induced injury by activating Nrf2 (Chen et al., 2018; Wang et al., 2019a). However, the mechanism by which AS-IV activates Nrf2 remains to be elucidated. Nrf2 is negatively regulated by Kelch-like ECH-associated protein 1 (Keap1) under normal conditions. When the cell is insulted by oxidative stress, Nrf2 dissociates from Keap1, translocates into the nucleus and promotes the transcription of antioxidant genes. Notably, SQSTM1/p62 (referred to as p62 hereafter) has been recently identified as a pivotal regulator of the Keap1-Nrf2 pathway through Keap1 binding (Deng et al., 2020). Whether AS-IV activates Nrf2 through the p62-Keap1-Nrf2 pathway remains to be studied.
Therefore, the objective of our study was to evaluate whether AS-IV can alleviate TIN, and then to investigate the role of p62-Keap1-Nrf2 pathway in the renoprotective activity of AS-IV.
METHODS
In Vivo Experiments
Animal studies were performed in accordance with ethical guidelines for animal studies. All protocols received approval from the Puai Hospital Animal Care and Use Committee (KY2016-006-01). Eight-week old C57BL/6 male mice (SPF Biotechnology Co.,Ltd., Beijing) were housed with a 12-h light/dark cycle with water ad libitum. All mice were placed on a low sodium diet (0.01% sodium diet) for 7 days prior to treatment and continued on this diet throughout the treatment period.
After acclimation for one week, weight-matched mice were randomized into five groups (n = 8): control, model, AS-IV low-, middle- and high-dose groups. Mice in control group were subcutaneously given 10 ml/kg/d vehicle (olive oil; Sinopharm Chemical Reagent Co., Ltd., China). Mice in model group were subcutaneously injected with 1.5 mg/kg/d tacrolimus (Aladdin Reagent Co., Ltd., Shanghai, China) for 4 weeks. In addition to tacrolimus, mice in AS-IV groups were simultaneously given AS-IV at 10, 20 or 40 mg/kg/d (KT201901, purity ≥98%, Jintaihe Pharmaceutical Chemical Technology Co. Ltd., Chengdu, China) by oral gavage for 4 weeks. The dosage of AS-IV was determined according to previous researches (Zhou et al., 2017; Cao et al., 2019) and pre-experimental results. At the end of the treatment period, the mice were weighed and then placed in metabolic cages for the measurement of urine volume over 24 h. On the following day, the mice were sacrificed, and blood and the kidney were obtained for further use.
Kidney Histology
After rinsing with PBS solution, kidney tissue samples were fixed in 10% buffered formaldehyde and embedded in paraffin. Renal histological changes were assessed using hematoxylin-eosin and Masson trichrome staining to analyze renal pathology and fibrosis. Tubulointerstitial fibrosis was defined as a matrix-rich expansion of the interstitium with tubular dilatation, tubular atrophy, tubular cast formation, sloughing of tubular epithelial cells, or thickening of the tubular basement membrane in Masson trichrome-stained tissue sections (Lim et al., 2015). The extent of fibrosis was estimated in minimum of 10 fields per section by counting the percentage of injured area per field using the Image Pro plus software (Media Cybernetics, SilverSpring, United States). Histopathological analysis was performed in randomly selected cortical fields of sections by a pathologist blinded to the identity of the treatment groups.
Biochemical Assay
The levels of serum creatinine (Scr) and blood urea nitrogen (BUN) were measured with assay kits (Jiancheng bioengineering institute, Nanjing, China). The assay for malondialdehyde (MDA) content was performed according to the protocols of the MDA kit (A003-1-2, Jiancheng bioengineering institute, Nanjing, China). And the enzyme activity of superoxidase dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) were examined by the test kits (A001-3-2, A007-2-1, A005-1-2, Jiancheng bioengineering institute, Nanjing, China). The detailed experimental protocols were provided in supplementary materials.
Western Blotting
The tissue was pelleted by brief centrifugation, resuspended in ice-cold lysis buffer containing 50 mM Tris-HCl, 100 mM NaCl, 1% Nonidet P-40, 10 mM EDTA, 20 mM NaF, 1 mM PMSF, 3 mM Na3VO4 and protease inhibitor mixture, homogenized thoroughly, and centrifuged (12,000 g for 15 min at 4°C). The supernatant fraction was aliquoted and stored at −80 °C before using for Western blot. Western blot analysis procedures were processed according to our previous protocols (Zhang et al., 2018). Images were captured with Micro Chemi (DNR Bio-imaging systems, Israel) and NIH ImageJ software was used to quantify the detected bands. β-actin was used as loading control and all assays were performed at least three times.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Total RNA in kidney tissues of mice was isolated with TransZol reagent (TransGen, Beijing, China). Total RNA (1 μg) in each sample was reversely transcribed into cDNA using a PrimeScript RT Master Mix (Takara Shuzo, Shiga, Japan) according to the manufacturer’s instructions. One μl of the resulting cDNA was used in polymerase chain reaction (PCR). The following primers were employed: Nrf2 primers (forward: 5′-CTC​GCT​GGA​AAA​AGA​AGT​G-3′; reverse: 5′-CCG​TCC​AGG​AGT​TCA​GAG​G-3′), heme oxygenase-1 (HO-1) primers (forward: CAG​GGT​GAC​AGA​AGA​GGC​TAA​GAC, reverse: TTG​TGT​TCC​TCT​GTC​AGC​ATC​AC), NAD(P)H:quinone oxidoreductase 1 (NQO1) primers (forward: 5′-GGA​AGC​TGC​AGA​CCT​GGT​GA-3′; reverse: 5′-CCT​TTC​AGA​ATG​GCT​GGC​A-3′), glutamate-cysteine ligase catalytic subunit (GCLC) primers (forward: 5′-CAC​TGC​CAG​AAC​ACA​GAC​CC-3′; reverse: 5′-ATG​GTC​TGG​CTG​AGA​AGC​C T-3′), Keap1 primers (forward:5′-AAGGACCTTGTGGAAGACCA-3′; reverse: 5′-CCC​TGT​CCA​CTG​GAA​TTG​AT-3′), p62 primers (forward: 5′-ATG​GGA​CGC​TGA​CTC​ACT​GC-3′; reverse: 5′-GAA​GCA​CAG​AAG​AGG​GAG​TCT-3′) and GAPDH primers (forward: 5′-CAA​GGT​CAT​CCA​TGA​CAA​CTT​TG-3′; reverse: 5′- GTC​CAC​CAC​CCT​GTT​GCT​GTA​G-3′). RT-PCR assays were performed on a QuantStudio™ 7 Flex Real-Time PCR system (Applied Biosystems) using SYBR Green MasterMix (ABI). For accurate normalization of quantitative data, quantification was carried out using GAPDH mRNA as an internal standard.
Cell Culture and Treatment
The human renal tubular epithelial cells (HK-2) were purchased from the American Type Culture Collection (Wuhan Academy of Life Sciences, Wuhan, China). The cells were maintained in DMEM consisting of 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were grown in a humidified atmosphere at 37°C with 5% CO2 and 95% O2. After 3–5 passages, the cells were trypsin-dissociated and seeded onto collagen-coated 96-well plates at a density of 0.5–1 × 105. The cell viability was measured using Cell Counting Kit-8 assay and normalized as the percentage of control.
Measurement of Intracellular ROS Level
The total intracellular ROS were determined by the 2′, 7′-dichlorodihydrofluorescein diacetate (H2DCFDA) assay. In brief, HK-2 cells were seeded in a 96-well plate and followed by pretreatment with AS-IV (25, 50 and 100 μM) (Wang et al., 2019a; Wang et al., 2019b) for 30 min, and then co-treatment with tacrolimus (15 μM) at 37°C for 24 h. The cells were loaded with H2DCFDA. The fluorescence images were taken using a fluorescence microscope (System Microscopy IX70; Olympus, Tokyo, Japan) 30 min after. Fluorescent signals intensities of cells were counted using Image-Pro Plus (IPP) software.
Small Interfering (siRNA) Transfection
For silencing the p62 proteins, HK-2 cells were transfected with 10 pmol of siRNAs for p62 (Invitrogen) using Lipofectamine RNAiMAX (Invitrogen) following the manufacturer’s instructions. And unconjugated control siRNA (Invitrogen) was used for control experiments. The detailed experimental protocols were provided in supplementary materials.
Statistical Analysis
All data are presented as mean ± SD. The results were statistically evaluated using two tailed Student’s t test, one-way analysis of variance (ANOVA) followed by least significant difference (LSD) post hoc test. Statistical significance was set at p < 0.05.
RESULTS
Effects of AS-IV on Tacrolimus-Induced Mice Renal Dysfunction
To evaluate the effects of AS-IV on TIN, mice were given AS-IV at the dose of 10, 20 and 40 mg/kg, respectively. Although treatment with tacrolimus for 28 days did not impact animal weight gain or the urine volume, it remarkably increased the levels of SCr and BUN (p < 0.01) (Table 1). Whereas, AS-IV at 20 or 40 mg/kg/d restored the levels of SCr and BUN (p < 0.01), and no significant difference was found between the two groups. AS-IV at 10 mg/kg/d failed to attenuate tacrolimus-induced renal dysfunction.
TABLE 1 | Effect of Astragaloside IV on tacrolimus-induced chronic nephrotoxicity in mice (n = 8).
[image: Table 1]Effects of AS-IV on Tacrolimus-Induced Mice Tubulointerstitial Fibrosis
HE and Masson trichrome staining of paraffin-embedded kidney tissue indicated that neither inflammation nor tubulointerstitial fibrosis was observed in the control group (Figure 1A). However, treatment with tacrolimus resulted in vacuolar and granular degeneration of tubular epithelial cells, tubular atrophy, tubular cast formation, extensive inflammatory cell infiltration and tubulointerstitial fibrosis. AS-IV at 10 mg/kg/d mildly improved the above-mentioned pathological changes of renal tubules and interstitium, and AS-IV at 20 and 40 mg/kg/d obviously ameliorated it. Further quantitative analysis of Masson trichrome-stained tissues suggested that AS-IV (20 and 40 mg/kg/d) significantly reduced the proportion of tacrolimus-induced tubulointerstitial fibrosis (p < 0.01) (Figure 1B). Notably, the renal-protection activity of AS-IV 20 mg/kg/d was not significantly different from that of 40 mg/kg/d (p > 0.05). In addition, the biomarkers for TIN were quantified to verify the effects of AS-IV. As shown in Figures 1C–E, tacrolimus significantly increased the expression of TGF-β1, collagen I and α-SMA in the kidney compared to the control group (p < 0.01). In line with the pathological findings, AS-IV co-treatment (20 and 40 mg/kg/d) remarkably prevented the upregulation of these biomarkers (p < 0.05).
[image: Figure 1]FIGURE 1 | The protective effects of Astragaloside IV from tacrolimus-induced chronic nephrotoxicity in vivo (n = 8) (A) Representative images of HE and Masson staining of renal tissues in mice treated with tacrolimus ± Astragaloside IV for 4 weeks (B) Quantitative analysis of the ratio of tubulointerstitial fibrosis in Masson-stained tissues (C)–(E) Representative immunoblot image and its quantification of transforming growth factor β1 (TGF-β1), Collagen I and α-smooth muscle actin (α-SMA) in the kidney. **p < 0.01 vs. the Control group; #p < 0.05 and ##p < 0.01 vs. the Tac group.
AS-IV Attenuated Tacrolimus-Induced Oxidative Stress in Mice
Tacrolimus caused a significant increased level of MDA as compared to the control group (p < 0.01), which was remarkably reduced by the treatment of AS-IV at all three doses (Figure 2A). Besides, tacrolimus administration caused prominent decrease in activity of antioxidant enzymes (SOD, CAT and GSH-Px) in kindey tissue, which was remarkably enhanced by AS-IV treatment at 20 and 40 mg/kg/d (Figures 2B–D). The above in vivo data indicated that AS-IV could significantly improve TIN at a dose of 20 mg/kg, so this dose was used for subsequent mechanism studies.
[image: Figure 2]FIGURE 2 | Astragaloside IV attenuates oxidative stress induced by tacrolimus in vivo (n = 8). Mice were treated with tacrolimus ± Astragaloside IV for 4 weeks, and then renal tissues were taken to evaluate the effects of Astragaloside IV on malondialdehyde (MDA) (A), superoxidase dismutase (SOD) (B), catalase (CAT) (C) and glutathione peroxidase (GSH-Px) (D) levels. **p < 0.01 vs. the Control group; #p < 0.05 and ##p < 0.01 vs. the Tac group.
AS-IV Reduced Tacrolimus-Induced Cell Death and Oxidative Stress in HK-2 Cells
To confirm the protective effect of AS-IV, we evaluated the impact of AS-IV on TIN in HK-2 cells. First, the AS-IV (25, 50 and 100 μM) did not decrease the cell viability (Figure 3A). Compared with the control group, the viability of HK-2 cells treated with 15 μM tacrolimus for 24 h was decreased to 67.3 ± 4.5% (Figure 3B). Whereas, AS-IV at the concentrations of 50 and 100 μM protected cells against tacrolimus-induced injury in a dose-dependent manner. The potential involvement of ROS in the cytoprotective effect of AS-IV against tacrolimus-induced renal injury was subsequently examined. As shown in Figures 3C,D, tacrolimus increased the intracellular ROS levels by 1.67 fold compared with the control group, while AS-IV, especially at 50 and 100 μM, significantly reduced the up-regulation of ROS levels caused by tacrolimus (p < 0.01).
[image: Figure 3]FIGURE 3 | The cell protective and ROS scavenge effect of Astragaloside IV in HK-2 cells (A–B) HK-2 cells were treated with Astragaloside IV (25, 50 or 100 μM) ± tacrolimus (15 μM) for 24h, and then the cell viability was measured using Cell Counting Kit-8 assay. The results were calculated from three independent experiments (C–D) The levels of intracellular ROS were detected with 2′, 7′-dichlorodihydrofluorescein diacetate (H2DCFDA) assay. Results were calculated by the intensity of eight fields from three independent experiments. **p < 0.01 vs. the Control group; #p < 0.05 and ##p < 0.01 vs. the Tac group.
AS-IV Protected TIN via Increasing Nuclear Nrf2 Accumulation in vivo
Since Nrf2 is crucial in regulating the transcription of plenty of antioxidant genes, we next examined whether the Nrf2 pathway was activated by AS-IV. RT-PCR assays showed that neither tacrolimus nor AS-IV significantly affected the mRNA levels of Nrf2 (p > 0.05) (Figure 4A). Tacrolimus hardly affected the protein levels of Nrf2 (p > 0.05), while AS-IV significantly raised it (p < 0.05) (Figures 4B,C). Moreover, the mRNA expression of HO-1, NQO1 and GCLC, the downstream targets of Nrf2, were significantly upregulated by AS-IV treatment (Figures 4D–F). Considering that Nrf2 activates its target gene expression as a transcriptional factor only in the nucleus, we therefore determine the nuclear translocation of Nrf2 in renal tissue. As shown in Figures 4B,C, the protein levels of Nrf2 in the nucleus was decreased by treatment with tacrolimus (p < 0.05), but dramatically elevated by the co-administration of AS-IV (p < 0.01). These results indicate that AS-IV abrogates tacrolimus-induced oxidative stress injury may by promoting Nrf2 transfer into the nucleus.
[image: Figure 4]FIGURE 4 | Astragaloside IV induced Nrf2 nuclear translocation and down-stream genes transcription in vivo. The mice were treated with tacrolimus ± Astragaloside IV for 4 weeks, and then renal tissues were taken to evaluate the effects of Astragaloside IV on the Nrf2 mRNA levels (n = 8) (A), the nuclear and total Nrf2 protein levels (n = 6) (B)–(C), the mRNA levels of NQO1 (D), GCLC (E) and HO-1 (F) (n = 8). *p < 0.05 vs. the Control group; #p < 0.05 and ##p < 0.01 vs. the Tac group.
Nrf2 Was Required for AS-IV to Protect HK-2 Cells From TIN
To verify whether Nrf2 was dominantly involved in the anti-oxidative stress activity of AS-IV, HK-2 cells were treated with or without Nrf2 inhibitor ML385. Consistent with the in vivo data, AS-IV (50 μM) markedly induced nuclear Nrf2 accumulation instead of increasing its mRNA levels in HK-2 cells (Figures 5A–C). The downstream antioxidant genes of Nrf2, such as HO-1, NQO1, and GCLC, were also increased by AS-IV (Figures 5D–F). Whereas, these effects were significantly abrogated by ML385 in the HK-2 cells (Figures 5A–F). Hence, Nrf2 played a critical role in the prevention against TIN by AS-IV.
[image: Figure 5]FIGURE 5 | ML385 inhibited Astragaloside IV-induced Nrf2 nuclear translocation and down-stream genes transcription in HK-2 cells. The HK-2 cell were pretreated with AS-IV (50 µM) with or without ML385 (3 µM) for 30 min. Then tacrolimus was added into the cells for 24 h (A) The Nrf2 mRNA in HK-2 cells were tested by RT-qPCR assay (n = 8) (B–C) The nuclear Nrf2 and total Nrf2 protein of HK-2 cell were detected by Western blotting (n = 6). The mRNA levels of NQO1 (D), GCLC (E) and HO-1 (F) were evaluated by RT-qPCR (n = 8). ##p < 0.01 vs. the Tac group; $$p < 0.01 vs. the Tac + AS-IV group.
AS-IV Increased p62 Phosphorylation and Its Interaction With Keap1, Leading to Nrf2 Activation
AS-IV increased the protein level of Nrf2 without impacting its mRNA, which indicating that AS-IV may function by reducing the degradation of Nrf2. Since Keap1 is the most critical protein that regulates Nrf2 degradation (Cuadrado et al., 2019), the expression of Keap1 was examined. As shown in Figure 6A, mRNA levels of Keap1 were unchanged in both tacrolimus and AS-IV-treated renal tissues. However, the protein levels of Keap1 were obviously decreased after AS-IV treatment compared with that in the model group (p < 0.01) (Figures 6B,C).
[image: Figure 6]FIGURE 6 | Astragaloside IV increased Keap1 degradation and p62 phosphorylation in vivo. Mice were treated with tacrolimus ± Astragaloside IV for 4 weeks, and then renal tissues were taken to evaluate the effects of Astragaloside IV on the Keap1 mRNA levels (n = 8) (A), the Keap1 protein levels (n = 6) (B)–(C), the p62 mRNA levels (n = 8) (D) and the p62 as well as phosphorylated p62 protein levels (n = 6) (E–F). **p < 0.01 vs. the Control group; #p < 0.05 and ##p < 0.01 vs. the Tac group.
p62 is well characterized for its ability to recruit and sequester Keap1 to autophagosomes for degradation (Lee et al., 2020). Therefore, the levels of p62 in kidney were subsequently determined. The mRNA levels of p62 were marginally affected by tacrolimus (p > 0.05), but significantly induced by AS-IV (p < 0.05) (Figure 6D). Unexpectedly, the protein levels of p62 were increased by tacrolimus (p < 0.01), but hardly affected by AS-IV (Figures 6E,F). Therefore, we sought an additional mechanism for the decreased Keap1 by AS-IV. Binding affinity between Keap1 and p62 is known to be modulated by phosphorylation of p62 at a specific amino-acid residue, serine 351 (S351) in mice (S349 in humans) (Ichimura et al., 2013; Deng et al., 2020; Lee et al., 2020). Given that, AS-IV may mediate S351 phosphorylation of p62. Thus, we measured the levels of p62 phosphorylation. As shown in Figures 6E,F, tacrolimus didn’t affect the levels of p62 phosphorylation, while AS-IV dramatically increased the phosphorylation of p62 (p < 0.01). These results indicated that AS-IV increased the binding between Keap1 and p62 by facilitating p62 phosphorylation.
Genetic Knockdown of p62 Abrogated the Activity of AS-IV on Nrf2 Nuclear Translocation
To verify the role of p62, HK-2 cells were transfected with p62 siRNA. After p62 was abrogated, AS-IV failed to decrease the protein level of Keap1, and accordingly Nrf2 nuclear accumulation was cancelled (Figures 7A–C). p62 siRNA also weakened the AS-IV induced up-regulation of antioxidant genes including HO-1, NQO1, and GCLC (Figures 7D–F). Taken together, these gain- and loss-of-function data suggest that p62 is essential for AS-IV-mediated protective effects against oxidative stress-related TIN.
[image: Figure 7]FIGURE 7 | p62 siRNA inhibited Astragaloside IV-induced Nrf2 nuclear translocation and down-stream genes transcription in HK-2 cells via p62-Keap1-Nrf2 pathway. The HK-2 cells were transfected with unconjugated control siRNA or p62 siRNA, and then the protein levels of p62 (n = 4) (A), Keap1 (n = 6) (B), and the nuclear Nrf2 as well as total Nrf2 (n = 6) (C) were detected. The mRNA levels of NQO1 (D), GCLC (E) and HO-1 (F), were evaluated by RT-qPCR (n = 8). **p < 0.01 vs. the Control group; ##p < 0.01 vs. the Tac group; $$p < 0.01 vs. the Tac + AS-IV group.
DISCUSSION
The chronic tacrolimus exposure is associated with an increased risk of CKD, which hinders its long-term use in transplant recipients (Ojo et al., 2003). Despite years of research, no specific treatment for TIN is available. In the present study, we found AS-IV significantly attenuated TIN via minimizing tacrolimus-induced oxidative stress. The anti-oxidative property of AS-IV was causally associated with the activation of p62-Keap1-Nrf2 pathway. These findings suggested that AS-IV was a promising prophylactic or therapeutic option for TIN.
As one of the main active components of Astragalus, AS-IV possesses various pharmacological activities, such as neuroprotection, liver and kidney protection (Zhang et al., 2020). Although its oral bioavailability is relatively low (7.4% in beagle dogs and 3.7% in rats) and is mainly eliminated by liver (0.004 1/kg/min), AS-IV owns the highest concentration in liver and kidney (Zhang et al., 2006; Chang et al., 2012). At present, a few studies have explored its role in drug-associated acute nephrotoxicity (Yan et al., 2017; Qu et al., 2020). Nevertheless, the pathogenesis of acute and chronic nephrotoxicity is known to vary considerably (Mehta et al., 2015), so its role in drug-induced chronic nephrotoxicity remains unknown. In this study, AS-IV at 20 and 40 mg/kg/d remarkably reduced the ratio of tubulointerstitial fibrosis (p < 0.01) which is a well-recognized marker for TIN (Yu et al., 2019). In addition, tacrolimus-induced increase in SCr (p < 0.01), BUN (p < 0.01) and fibrosis-related proteins (p < 0.05), including TGF-β1, Collagen I and α-SMA, were significantly restored by AS-IV. Unfortunately, there has not been a well-recognized effective positive drug used in the researches on TIN until now. Therefore, like most studies (Lee et al., 2018; Lim et al., 2019b; Yu et al., 2019), these markers can only be compared between the treatment group and model group. Despite this limitation, these results can at least indicate that AS-IV was effective for TIN.
AS-IV has been proved to act as a reactive oxygen species (ROS) scavenger to relieve kidney injury in diabetic nephropathy (Du et al., 2018; Wang et al., 2020). Meanwhile, oxidative stress is believed to play a critical role in TIN (Lim et al., 2017; Yu et al., 2019). Hence, we investigated the role of oxidative stress in the renal protection of AS-IV. Our findings indicated that tacrolimus significantly increased the level of MDA (p < 0.01) which was a product of phospholipids peroxidation and caused oxidative stress in cells (Lim et al., 2015). And tacrolimus markedly inhibited the activities of antioxidant stress enzymes such as SOD, CAT and GSH-Px (p < 0.01). Whereas the MDA level and the antioxidant enzyme activity were obviously restored by AS-IV at 20 and 40 mg/kg/d (p < 0.05). The results in HK-2 cells confirmed that tacrolimus significantly increased intercellular ROS levels (p < 0.01), while AS-IV significantly reduced it (p < 0.05). The in vivo and in vitro studies suggested that the protective effect of AS-IV against TIN may be associated with antioxidant stress.
It is well documented that the transcriptional activation of antioxidant proteins is dominantly regulated by the redox-sensitive transcription factor Nrf2. Although antioxidant stress has been proved to be effective in ameliorating TIN (Lim et al., 2017; Lim et al., 2019a; Luo et al., 2019), the role of Nrf2 in TIN has rarely been researched. However, we failed to observed that tacrolimus impacted the expression of Nrf2 (p > 0.05). Since Nrf2 remains inactive in the cytoplasm under basal conditions and only functions after translocating into the nucleus (Cuadrado et al., 2019), we tested the distribution of Nrf2 in the nucleus. And then we found tacrolimus significantly decreased the protein levels of Nrf2 in the nucleus (p < 0.05). AS-IV significantly induced Nrf2 nuclear translocation (p < 0.01) and its downstream target genes such as HO-1, NQO1 and GCLC (p < 0.01) both in kidney tissues and in HK-2 cells. To further investigate the causal relationship between Nrf2 and AS-IV’s protection against TIN, ML385, an identified chemical compound that specifically binds to the Neh1 domain of Nrf2 and inhibits its downstream target gene expression (Singh et al., 2016), was used. After the pretreatment of ML385, the promotion of AS-IV on Nrf2 nuclear translocation (p < 0.01) and its target genes transcription (p < 0.01) were abolished. These results confirmed that Nrf2 activation is the key to relieving TIN by AS-IV.
AS-IV increased the protein level of Nrf2 instead of its mRNA level, implying that AS-IV may function by weakening the degradation of Nrf2. It is well-established that Nrf2 is degraded by the Keap1-Cul3 E3 ubiquitin ligase complex through polyubiquitination (Cuadrado et al., 2019). Therefore, we determined the expression of Keap1, and then found that AS-IV remarkably reduced its protein level both in vivo and in vitro (p < 0.01). p62, a critical autophagy-adaptor protein, has a Keap1-interacting region (KIR) domain, which allows p62 to sequester Keap1 into the autophagosomes and promote its degradation via autophagy (Lee et al., 2020). However, the binding affinity of nonphosphorylated p62 for Keap1 was two orders of magnitude weaker than that of Nrf2. Phosphorylation of p62 at Ser351 could enhance p62 affinity for Keap1 binding to a comparable level to that of Nrf2 (Ichimura et al., 2013; Deng et al., 2020). Hence, we detected the levels of p62 and phosphorylated p62, and found that AS-IV markedly raised the latter (p < 0.01). Subsequently, siRNA-mediated silencing of p62 was performed to verify the role of p62. In HK-2 cells, p62 siRNA knockdown resulted in a sharply decline of AS-IV-induced Nrf2 nuclear accumulation, which indicated that AS-IV activated Nrf2 in a p62 dependent manner. Interestingly, tacrolimus led to an increase of p62 protein levels, whereas AS-IV marginally decreased its expression. This result cannot be explained by the positive feedback p62-Keap1-Nrf2 loop in which Nrf2 facilitates p62 expression (Lee et al., 2020). Previous research has found tacrolimus could inhibit autophagic flow and resulted in accumulation of p62 (Lim et al., 2019b). Accordingly, we speculate that AS-IV may reduce p62 content by activating autophagic flow, which needs to be confirmed by further research in the future.
In summary, the present study confirms the protective effects of AS-IV against TIN in mice for the first time. This renal protective activity is at least partially attributable to AS-IV-mediated induction of p62 phosphorylation, thereby increasing its competition with Nrf2 for Keap1 binding, and then facilitating Nrf2 nucleus translocation, alleviating ROS accumulation and renal fibrosis. Given the superior therapeutic efficacy of AS-IV in TIN, AS-IV may be developed as a promising candidate drug for the prevention and treatment of TIN.
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Aristolactam I (ALI) is an active component derived from some Traditional Chinese medicines (TCMs), and also the important metabolite of aristolochic acid. Long-term administration of medicine-containing ALI was reported to be related to aristolochic acid nephropathy (AAN), which was attributed to ALI-induced nephrotoxicity. However, the toxic mechanism of action involved is still unclear. Recently, pathogenic ferroptosis mediated lipid peroxidation was demonstrated to cause kidney injury. Therefore, this study explored the role of ferroptosis induced by mitochondrial iron overload in ALI-induced nephrotoxicity, aiming to identify the possible toxic mechanism of ALI-induced chronic nephropathy. Our results showed that ALI inhibited HK-2 cell activity in a dose-dependent manner and significantly suppressed glutathione (GSH) levels, accompanying by significant increases in intracellular 4-hydroxynonenal (4-HNE) and intracellular iron ions. Moreover, the ALI-mediated cytotoxicity could be reversed by deferoxamine mesylate (DFO). Compared with other inhibitors, Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, obviously alleviated ALI-induced cytotoxicity. Furthermore, we have shown that ALI could remarkably increase the levels of superoxide anion and ferrous ions in mitochondria, and induce mitochondrial damage and condensed mitochondrial membrane density, the morphological characteristics of ferroptosis, all of which could be reversed by DFO. Interestingly, ALI dose-dependently inhibited these protein contents of nuclear factor erythroid 2-related factor 2 (Nrf2), heme oxygenase-1 (HO-1), and glutathione peroxidase 4 (GPX4), which could be partly rescued by Tin-protoporphyrin IX (SnPP) and mitoTEMPO co-treatment. In conclusion, our results demonstrated that mitochondrial iron overload-mediated antioxidant system inhibition would assist ALI-induced ferroptosis in renal tubular epithelial cells, and Nrf2-HO-1/GPX4 antioxidative system could be an important intervention target to prevent medicine containing ALI-induced nephropathy.
Keywords: aristolactam I, nephrotoxicity, ferroptosis, mitochondrial iron overload, Nrf2-HO-1/GPX4
INTRODUCTION
Traditional Chinese medicine (TCM) has excellent advantages in prevention and treatment of complex and chronic diseases, for instance, chronic kidney disease (CKD) (Wang K-X et al., 2020). For people who suffered from CKD, TCM has been widely used as an effective alternative therapy in China and many Asian countries. In the clinical practice, the classical Chinese herbal formulas, such as Zhenwu Decoction (La et al., 2018) and Dahuang Fuzi Decoction (Tu et al., 2014), have been widely applicated in the treatment of CKD and exerted good efficacy in alleviating symptoms, improving renal function, preventing and treating complications, and delaying the development of renal failure. However, some herbal medicines containing toxic compounds have been confirmed to exist in these formulas, for instance, Xixin, a kind of TCM which contains aristolochic acid analogs (AAAs) and is known for its nephrotoxicity (Gökmen and Lord, 2012; Michl et al., 2017).
Aristolactam I (ALI) is one of the potential nephrotoxic AAAs in Asarum species, also the major reductive metabolite of aristolochic acid I (AAI), which is considered to be the most important constituent causing aristolochic acid nephropathy (AAN) (Bastek et al., 2019). Interestingly, it had been reported that the nephrocytotoxicity of ALI might be stronger than that of AAI in vivo (Li et al., 2016). Li et al. found that IC50 of ALI for HK-2, the human proximal tubular epithelial cell line, was 25 μM, and was less than that of aristolochic acid I (45 μM) (Li et al., 2010), which mean that long-term use of TCM containing ALI would produce potential risk of kidney injury. A number of studies had assessed the toxicity and carcinogenicity of AAI, but little is known about the nephrotoxicity of ALI and related toxic mechanisms. Previous studies have demonstrated that the most implicated mechanisms of AA-induced nephrotoxicity include apoptosis, oxidative stress, and inflammation (Gökmen and Lord, 2012), all of which might be involved in ALI-induced nephrotoxicity.
Ferroptosis, a new form of regulated cell death identified in recent years, is characterized by the iron-dependent overwhelming accumulation of lipid hydroperoxides (Dixon et al., 2012; Stockwell et al., 2017). It is morphologically, biochemically and genetically distinct from other types of known regulated cell death, such as apoptosis, autophagy, and necrosis, pyroptosis. Ferroptosis is mainly characterized by increased ferrous ion, lipid oxidation, as well as increased mitochondrial membrane density (Dixon et al., 2012). Numerous studies have demonstrated ferroptosis played a critical role in brain, kidney, and heart pathology (Wang et al., 2017) and recently has been verified to be implicated in diverse kidney diseases, such as acute kidney injury, polycystic kidney disease and renal cell carcinoma (Tang and Xiao, 2020). However, there is no studies having reported the role of ferroptosis in ALI-induced nephrotoxicity for now.
In general, the most recognized trigger of ferroptosis is the intracellular iron imbalance which is always induced by oxidative reaction. Mitochondrion is considered to play a pivotal role in the execution of ferroptosis, for it is the major organelle of iron metabolism and ROS generation (Wang H et al., 2020). The latest research demonstrated that increased intracellular iron uptake and accumulation could contribute to excessive cytoplasmic iron influx into mitochondria to participate in the synthesis of Fe-S clusters (Wang H et al., 2020), implying that mitochondrial iron overload could accelerate the process of ferroptosis. Nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) are well documented as critical antioxidative enzymes, both of which could be inducible and participate in the metabolism of intracellular iron, the synthesis of glutathione peroxidase 4 (GPX4), and the regulation of intracellular iron concentration, to protect from oxidative damage induced by ferroptosis (Song and Long, 2020). However, metabolomics analysis revealed that Nrf2 dysfunction was found in AAN (Zhao et al., 2015), indicating a possible inhibition of Nrf2-HO1 signaling pathway in ALI-induced kidney injury.
In this study, we assumed that ALI induced ferroptosis by increasing intracellular Fe2+ accumulation and lipid hydroperoxide, meanwhile promoted the overload of mitochondrial labile iron, which inevitably led to the generation of excessive superoxide anion and in turn inhibited Nrf2-HO-1/GPX4 antioxidative enzyme system and enhanced labile iron release to assist ALI-induced ferroptosis. This vicious cycle would be the key toxic mechanism underlying ALI-caused chronic nephropathy.
METHODS AND MATERIALS
Cell Culture and Treatments
Human proximal tubular epithelial cell line (HK-2) was obtained from the National Infrastructure of Cell Line Resource (Beijing, China). HK-2 cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, United States) with 10% fetal bovine serum and penicillin-streptomycin (0.1 kU·ml−1-0.1 mg ml−1, FG101–01, Transgene, China), and placed in a humidified incubator at 37°C containing 5% CO2. Aristolactam I (ALI) was purchased from Solaribo (SA9650, Solaribo life science). Z-VAD-FMK (Z-VAD) and Necrostatin-1 (Nec-1) were obtained from Beyotime Biotechnology (C1202 and SC4359, Shanghai, China). 3-Methylamine (3-MA) and Tin-protoporphyrin IX (SnPP) were purchased from MedChemExpress (HY-19312 and HY-101194, USA). Deferoxamine mesylate (DFO) was from Solarbio Life Science (D5760, China). (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl) triphenylphosphonium chloride (mitoTEMPO or MT) (SML0737, ≥98% (HPLC)) and Ferrostatin-1 (Fer-1) (SML0583, ≥95% (HPLC)) were acquired from Sigma-Aldrich (China).
Cell Viability Assay
Cell viability was detected using Cell Counting kit-8 assay (CCK-8, Dojindo, Japan) according to the manufacturer’s instruction. 6,000 cells were seeded in a 96-well plate per well. After growing for 24 h, cells were treated with gradient concentrations of ALI (0–50 μM), cell death inhibitors—Fer-1 (2 μM, pretreated for 2 h), Nec-1 (1 μM, cotreated), Z-VAD (2 μM, cotreated), 3-MA (5 mM, cotreated) and DFO (50 μM, pretreated for 2 h) and their combination with ALI for 24 h. After treatment, cells were washed with PBS buffer gently and incubated with DMEM medium containing 10% CCK-8 solution for 2 h in an incubator with 5% CO2 at 37°C. Then, the absorbance of each well was determined with a microplate reader at 450 nm (Multiskan MK3, Thermo Fisher Scientific, United States). The cell viability of the treatment group was expressed as a percentage relative to that of the control group.
Determination of Glutathione (GSH)
Monobromobimane (MBB, MedChemExpress, United States), an essentially nonfluorescent substance, but convertible to fluorescent products when reacts with small thiol, which GSH owns, was used to detect GSH. HK-2 cells (5 × 104 cells/ml) were seeded in 35-mm plates and grew for 24 h. Then, cells were exposed to 3.125, 6.25, 12.5, 25, 50 μM of ALI, pretreated with 50 μM DFO for 2 h at first or not for 24 h. Controls were cultured with complete medium. After treatment, medium DMEM was removed and cells were washed three times with HBSS (Thermo Fisher Scientific, Waltham, MA, United States). Thereafter, 2 ml of MBB solution (100 μM) was added. After 15 min in the dark at 37°C, the fluorescence intensity of the MBB-GSH conjugate was recorded by an inverted fluorescence microscope (Ti2, Nikon, Japan). Processing of the pictures was achieved with ImageJ.
Transmission Electron Microscopy
After ALI treatment with or without DFO, cells were collected and centrifuged at 1,000 rpm for 10 min, supernatant discarded. Then, the pre-cooled 2.5% glutaraldehyde was added to fix overnight at 4°C. The next day, cells were washed with ice-cold PBS, and fixed with 1% osmium tetroxide at 4°C for 30 min. At room temperature, the cell samples were dehydrated using gradient ethanol. Sequentially, the sample was embedded with epoxy resin and cut into 1 μm ultrathin sections. Having been processed, cell samples were subject to a transmission electron microscope (H-7650, Hitachi, Tokyo, Japan) to observe the ultrastructure of cells, mainly focusing on the mitochondria.
Intracellular Iron Determination
The extranuclear iron concentration was detected by the iron ion colorimetric detection kit (E1042, Applygen Technologies, China). The HK-2 cells were seeded in 6-well plates at a density of 1 × 105/ml. Then the cells were treated with ALI for 24 h. After treatment, the cells were collected and lyzed with RIPA buffer (C1053+, Applygen Technologies, China). According to the manufacture’s instruction, a standard stock solution was prepared immediately using the dilute solution. Mixture A was prepared by mixing the buffer solution with 4.5% potassium permanganate solution at the ratio of 1:1. Next, thoroughly mix the sample with the detection working solution, and incubate at 60°C for 1 h. At the end of the incubation, the iron ion detection reagent was added and incubated at room temperature for 30 min 200 μL of the final solution was added to a 96-well plate per well, and the concentration of iron ions in the cells was detected at 550 nm using a microplate reader (Multiskan MK3, Thermo Fisher Scientific, United States).
Western Blot Analysis
The concentrations of whole-cell proteins were qualified by a bicinchoninic acid (BCA) protein assay kit (Applygen Technologies, Beijing, China). The separation of proteins was completed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were then transferred to PVDF membranes (IPVH00010, Millipore, Germany), blocked in blocking buffer for 2 h. After that, the membranes were incubated with the following primary antibodies: Rabbit Anti-Nrf2 (phospho S40) Monoclonal antibody (ab76026, Abcam), 4-Hydroxynonenal Mouse Monoclonal antibody (MAB3249, R&D systems), HO-1/HMOX1 Rabbit Polyclonal antibody (10701-1-AP, proteintech), GPX4 Rabbit Polyclonal antibody (14432-1-AP, proteintech) and beta Actin Mouse Monoclonal antibody (66,009-1-lg, proteintech). Then, the membranes were washed and incubated with secondary antibodies (Goat Anti-Rabbit IgG H&L (HRP) (ab6721, Abcam) and Goat Anti-Mouse IgG H&L (HRP) (ab6789, Abcam)). Following the manufacture’s instruction, the expression of proteins was detected by an enhanced chemiluminescence system (Millipore, Germany). ImageJ software was used for each band’s intensity detection.
Detection of Mitochondrial Ferrous Iron (Fe2+) Using Mito-FerroGreen
HK-2 cells were seeded on 20 mm glass-bottomed culture dishes at a density of 2.5 × 104/ml. After 24 h, cells were subject to different groups, control, ALI (25 μM), ALI + DFO (50 μM, pretreated for 2 h), ALI + SnPP (20 μM, cotreated), ALI + MT (0.5 μM, cotreated) for 24 h, then the medium was discarded and cells were washed with HBSS for three times. Then, 5 μM Mito-FerroGreen (Dojindo, Japan) working fluid was added to the cells. The system was then incubated for 30 min at 37°C in a 5% CO2 incubator to combine probes with mitochondrial Fe2+. After discarding the supernatant, 10 mM deferoxamine mesylate salt prepared with HBSS was added to the cells. After another 30 min’ incubation under the same condition, the liquid was discarded and the cells were washed with HBSS three times. At last, the cells were observed by a confocal fluorescence microscope (Leica TCS-SP2 confocal microscope) at (Ex/Em) 488 nm/510–550 nm.
Mitochondrial Superoxide Determination
HK-2 cells were seeded and cultured as described for detection of mitochondrial Fe2+, and control, ALI, ALI + DFO, ALI + MT groups were set. Mitochondrial ROS (mtROS) was detected by MitoSOX™ Red mitochondrial superoxide indicator (M36008, Thermo Fisher Scientific, United States). According to the manufacture’s instruction, cells were loaded by adding the 5 μM MitoSOX™ reagent working solution prepared and then incubated for 20 min at 37°C, protected from light. After that, cells were washed and stained with PBS for imaging. Pictures were captured by a confocal microscope above at (Ex/Em) 510/580 nm. The level of mtROS was expressed as fluorescence intensity.
Statistical Analysis
All results were presented as mean ± standard deviation (SD) and generated from at least three independent experiments. One-way ANOVA followed by LSD post hoc test for multiple comparisons was performed for statistical analysis. Only at p < 0.05 was considered significant.
RESULTS
ALI-Induced Cytotoxicity on HK-2 Cells Was Associated With Ferroptosis
To determine the cytotoxicity of ALI on renal tubular epithelial cells, HK-2 cells were exposed to various concentrations of ALI (0–50 μM, Figure 1A) for 24 h. The CCK-8 result showed that the toxicity of ALI to HK-2 cells was dose-dependent (Figure 1B). As shown in Figures 1C and 1D, the fluorescence intensity of MBB-GSH conjugate also dose-dependently decreased, suggesting the decreases of GSH content in cells. In addition, the ferrous ions obviously accumulated in cells along with ALI concentration increased (Figure 1E), indicating that ALI could induce intracellular iron overload. Additionally, Western blot results showed that the expression of lipid peroxidation product, 4-HNE, a classic indicator of ferroptosis-induced lipid hydroperoxides, gradually enhanced as the increase of ALI concentration (Figures 1F and 1G). All results indicated that ferroptosis might participate in ALI-induced cytotoxicity on HK-2 cells.
[image: Figure 1]FIGURE 1 | ALI-induced cytotoxicity on HK-2 cells was associated with ferroptosis. (A) Chemical structure of ALI. (B) Cell viability of HK-2 cells after 24 h ALI treatment was detected using CCK-8 assay. (C), (D) Intracellular GSH content in HK-2 (X200). (E) Intracellular Fe2+ levels in HK-2 cells treated with ALI. (F), (G) The protein levels of 4-HNE were measured by Western blot. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group.
ALI-Induced Cytotoxicity Could Be Alleviated by Iron Chelator DFO
To further assure the role of ferroptosis in ALI-induced HK-2 cell death, DFO, a well-known agent that can inhibit ferroptosis by chelating ferrous ions, was used to prevent ALI-induced ferroptosis. As shown in Figure 2A, pretreatment with DFO (50 μM) for 2 h significantly improved the cell viability, which was decreased by ALI treatment. DFO efficiently ameliorated the overload of Fe2+ (Figure 2B) and the decreased GSH content caused by ALI (Figures 2C and 2D). Moreover, compared to the ALI group, Western blot results showed that the level of 4-HNE was significantly reduced after 2 h of DFO pretreatment (Figures 2E and 2F). These results demonstrated that ferroptotic cell death caused by ALI could be attenuated by DFO, suggesting that ALI-induced cell death was associated with ferroptosis.
[image: Figure 2]FIGURE 2 | ALI-induced cytotoxicity could be alleviated by iron chelator DFO. (A) Cell viability of HK-2 cells was detected using CCK-8 assay. (B) Intracellular Fe2+ levels in HK-2 cells treated by ALI and DFO. (C), (D) Intracellular GSH content in HK-2 (X200). (E), (F) The protein levels of 4-HNE were measured by Western blot. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the ALI group.
Ferroptosis Was the Predominant Pattern of HK-2 Cell Death Induced by ALI
Next, different inhibitors of cell death, Fer-1, 3-MA, and Z-VAD, Nec-1, which specifically inhibit ferroptosis, autophagy, and apoptosis, necrosis, respectively, were used to verify the predominant cell death pattern induced by ALI. As shown in Figure 3, all the inhibitors alone had no significant effect on cell survival. Fer-1, Z-VAD, and Nec-1 could significantly reverse the decrease of cell viability caused by ALI, among which pretreatment of Fer-1 significantly improved the cell viability by 11% (Figure 3A) but Z-VAD and Nec-1 both only elevated the cell viability by about 6% (Figures 3B and 3C). And 3-MA exerted no effects on HK-2 cell viability (Figure 3D), indicating that autophagy might not be involved in cell death caused by ALI. These results indicated that ferroptosis was the main pattern of HK-2 cell death induced by ALI.
[image: Figure 3]FIGURE 3 | Ferroptosis was the predominant pattern of HK-2 cell death induced by ALI. (A) HK-2 cells were pretreated with 2 μM Ferrostatin-1 for 2 h and then exposed to 25 μM of ALI or not for 24 h. Cell viability of HK-2 cells was detected using CCK-8 assay. (B) Use CCK-8 assay to detect the cell viability of HK-2 cells after 24 h of co-treatment with ALI and Necrostatin-1. (C) CCK-8 assay was used to detect the effect of ALI and Z-VAD on HK-2 cell viability. (D) CCK-8 assay was used to detect the effect of ALI and 3-MA on the cell viability of HK-2 cells. ns, no significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the ALI group.
Mitochondrial Iron Overload and mtROS Were Involved in ALI-Induced Cytotoxicity
Mitochondria, as the core of redox homeostasis, play a critical role in ferroptosis. As shown in Figure 4A, the morphology of mitochondria in the control group was normal, characterizing by complete membrane structure and normal mitochondrial cristae. However, in the ALI group, smaller and rounder mitochondria appeared accompanying with denser membrane and cavitation, which was a typical feature of ferroptosis. But with DFO pretreatment, the mitochondrial damage was obviously reversed. The results of Mito-FerroGreen staining (Figures 4B and 4C) showed that the fluorescence intensity of the ALI group was significantly higher than that of the control group, indicating that ALI induced a significant increase in free iron ions in mitochondria. At the same time, levels of mtROS in HK-2 cells were elevated significantly by ALI (Figures 4D and 4E). To figure out the relationship between mitochondrial Fe2+ overload and mitochondrial ROS increase, we performed the co-treatment of iron chelator DFO or mtROS scavenger MT with ALI. As Figures 4C and 4E showed, the Mito-FerroGreen and MitoSOX fluorescence intensity of the DFO + ALI group and MT + ALI group were lower than that of the ALI group. These results indicated that mtROS generation was involved in the balance of iron ion homeostasis in mitochondria, and the renal cytotoxicity of ALI might be related to mitochondrial iron overload-induced by mitochondrial oxidative stress.
[image: Figure 4]FIGURE 4 | Mitochondrial iron overload and mtROS were involved in ALI-induced cytotoxicity. (A) Electron micrograph images of HK-2 cells treated by ALI pretreated with or without DFO to display mitochondrial microstructure. (B), (C) Mitochondrial Fe2+ levels in HK-2 cells were detected using Mito-FerroGreen probe. (D), (E) The mitochondrial superoxide anion levels in HK-2 cells were assessed using MitoSOX. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the ALI group.
Ferroptosis Induced by ALI Was Related to the Inhibition of Nrf2-HO-1/GPX4 Pathway
To evaluate the role of the antioxidant system in the ALI-induced ferroptosis, Western blot was performed to detect the levels of antioxidant/ferroptosis-related proteins. As shown in Figures 5A and 5B, compared with the control group, the expression of Nrf-2, HO-1, and GPX-4 markedly decreased in the ALI groups in a dose-dependent manner. Fer-1, as a ferroptosis inhibitor by scavenging lipid peroxide, elevated the expression of GPX4 compared with that in the ALI group, but did not affect the levels of Nrf2 and HO-1 (Figures 5C and 5D). SnPP, an HO-1 antagonist, as shown in Figures 5E and 5F, alone could distinctly induce the overexpression of HO-1, and also the co-treatment of ALI and SnPP significantly elevated ALI-downregulated HO-1. But the levels of GPX4 and Nrf2 were both reduced by SnPP co-treatment (Figures 5E and 5F). While as shown in Figures 4B and 4C, SnPP significantly reduced the mitochondrial Fe2+ overload induced by ALI. In Figures 5G and 5H, the decreased levels of Nrf2, HO-1, and GPX4 caused by ALI were partly restored in MT and ALI co-treatment group. Therefore, our results suggested that ALI could induce ferroptosis of HK-2 by inhibiting Nrf2-HO-1/GPX4 signaling pathway.
[image: Figure 5]FIGURE 5 | Ferroptosis induced by ALI was related to the inhibition of Nrf2-HO-1/GPX4 pathway. (A), (B) The effect of ALI on the protein of Nrf-2, HO-1, and GPX-4 was evaluated by Western blot. (C), (D) Western blot was used to detect the effect of ALI on protein Nrf-2, HO-1, and GPX-4 after Ferrostatin-1 pretreatment. (E), (F) Protein levels of Nrf-2, HO-1, and GPX-4 in HK-2 cells were detected by Western blot after co-treatment of ALI and SNPP. (G), (H) Western blot was used to detect the effects of ALI combined with MT on the protein levels of Nrf-2, HO-1 and GPX-4 in HK-2 cells. ns, no significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. the ALI group.
DISCUSSION
AAN, a kind of renal tubulointerstitial disease associated with aristolochic acid or AAAs, has attracted worldwide attention (Debelle et al., 2008). Over the last 2 decades, although herbal medicines containing aristolochic acid have been banned in many countries, AAN cases remain regularly reported all around the world, and the pathogenic mechanisms involved in AAN are largely unclear (Jadot et al., 2017). ALI, as the major component of AAAs and the principal detoxication metabolite of AAI (Priestap et al., 2012), has been reported to be more nephrotoxic than AAI, but the underlying toxic mechanisms of nephrotoxicity remain poorly understood. In the present study, we firstly showed that ALI could cause ferroptosis in the human proximal tubular epithelial cell, which could be enhanced by induced mitochondrial iron overload via suppressing Nrf2-HO-1/GPX4 mediated anti-lipid hydroperoxidation system, indicating a new toxic mechanism of action of ALI-induced nephrotoxicity.
It has been demonstrated that renal tubular epithelial cell is the main target of AAAs, and AAN is characterized by excessive death of renal tubular epithelial cells (Zhou et al., 2010; Huang et al., 2013). For the past few years, several cell death modes, including apoptosis, necrosis, and autophagy, have been proved to be responsible for AA-induced cell death (Zhou et al., 2010; Baudoux et al., 2012; Zeng et al., 2014; Xie et al., 2017; Yang et al., 2019). While ferroptosis, a new form of regulated cell death, has been reported to be related to various diseases, including kidney injury. However, the role of ferroptosis in AAN is still a virgin ground. Free iron overload, accumulation of lipid peroxides, and mitochondrial morphological characteristics are the three key features that distinguish ferroptosis from other programmed cell death modes (Dixon et al., 2012). In this present study, ALI treatment significantly caused the inhibition of cell viability, being consistent with the previous studies (Li et al., 2010). Moreover, our study showed that the intracellular free iron and 4-HNE, the end-product of lipid peroxidation, both dramatically increased in a dose-dependent manner. Intriguingly, we found that ALI-induced cell death could be more effectively attenuated by DFO and Fer-1, suggesting that compared to apoptosis, necrosis, and autophagy, ferroptosis played a predominant role in ALI-induced renal tubular epithelial death. Apart from increased mitochondrial membrane density, the special morphological changes of ferroptosis, mitochondrial damage characterized by mitochondria swelling, cristae disruption, and vacuolization were also observed in cells treated with ALI, implying ALI-induced excessive oxidative injury of mitochondria accompanying with elevated oxidative stress in mitochondria. We further identified mitochondrial Fe2+ overload, which participated in superoxide anion generation in HK-2 cells. As reported, increased mitochondrial labile Fe2+ induced excessive ROS possibly through Fenton and Haber–Weiss reaction (Kajarabille and Latunde-Dada, 2019; Nakamura et al., 2019). Taken together, these results revealed that ferroptosis and following mitochondrial iron overload were the principal toxic mechanisms of action in ALI-induced cell death.
Mechanistically, it is generally accepted that direct inhibition of GPX4 and GSH depletion are two key initiators of ferroptosis (Cao and Dixon, 2016). GSH, a simple tripeptide, consists of glutamate, cysteine, and glycine, with the reactive thiol group on cysteine, and GPX4, a glutathione peroxidase, is widely known as an essential anti-ferroptotic mediator (Seibt et al., 2019). Both of them are the most important components of the cellular antioxidant defenses. GPX4 can catalyze GSH to GSSG via the oxidative reaction, during which lipid peroxides are reduced into their less-reactive alcohol form (Yang et al., 2014). In other words, GPX4 could terminate the ferroptotic cascade by using GSH as the substrate. As expected, compared with that in the control group, the expressions of GSH and GPX4 in ALI-treated cells were both dose-dependently declined, supporting that overwhelming ferroptosis-induced lipid peroxidation could not be reversed by cellular GSH antioxidant system.
Aside from GSH and GPX4, the role of the Nrf2-HO-1 signaling pathway is the common inducible antioxidant defense system. The transcription factor Nrf2, a master regulator of the antioxidant system, also plays a critical role in mediating iron/metal metabolism, lipid metabolism, and glutathione synthesis, all of which involve in preventing the initiation of ferroptosis (Dodson et al., 2019; Anandhan et al., 2020). HO-1 is considered as a cytoprotective, anti-inflammatory, and anti-oxidant enzyme, while its role in ferroptosis is debatable (Lever et al., 2016). Of note, GSH, GPX4, and HO-1, all of them could be regulated by the common upstream factor, Nrf2, to exert antioxidant effects (Dodson et al., 2019). Herein, with the dose-dependent decrease of Nrf2 level, the expression of GSH, GPX4, and HO-1 were also significantly reduced, indicating that ALI could inhibit Nrf2-HO-1/GPX4 related antioxidative system. Interestingly, compared with that in the control group, the expression of HO-1 was dramatically increased after co-treatment with ALI and SnPP, but the decreased GPX4 was not alleviated, suggesting that overexpression of HO-1 has a dual effect on ALI-induced ferroptosis. On the one hand, HO-1 could inhibit oxidative damage and mitochondrial iron accumulation induced by ALI. On the other hand, a dramatic increase in HO-1 might also increase iron release from mitochondria or other labile iron pools. Taken together, the inhibition of Nrf2-HO-1/GPX4 axis could be associated with ALI-induced ferroptosis.
Besides, after co-treatment with mitoTEMPO, mitochondrial superoxide anion was decreased, the downregulated expressions of Nrf2, HO-1, and GPX4 were reversed, indicating that ALI caused the inhibition of this cellular antioxidant system mainly by enhancing mitochondrial ROS generation. De facto, the kidney is rich in mitochondrial content (Bhargava and Schnellmann, 2017). Excessive mitochondrial ROS-mediated mitochondrial dysfunction is a common and early toxic event in many kidney diseases (Bhargava and Schnellmann, 2017; Galvan et al., 2017). Besides, co-treatment with DFO and ALI obviously inhibited ALI-induced superoxide anion, suggesting that mitochondrial ferrous iron would promote mitochondrial ROS generation. Mitochondria contain iron-containing proteins, such as sulfur-iron clusters, which could be attacked by increased ROS and in turn enhance the free iron release and the Fenton reaction in mitochondria. Hence, our data showed that ALI might cause a vicious cycle of mitochondrial ferrous ion increase and mitochondrial ROS generation, eventually resulted in Nrf2-HO-1/GPX4 antioxidant system inhibition and ferroptosis.
CONCLUSION
In conclusion, as presented in Figure 6, we firstly demonstrated that ALI caused obvious ferroptosis in HK-2 cells, which was associated with the activation of lipid peroxidation and suppression of the antioxidant system. During this progress, Fe2+ overload-mediated mitochondrial ROS over-release would activate lipid peroxidation and inhibit the antioxidant system by inhibiting Nrf2-HO-1/GPX4 pathway, which enhanced ALI-induced ferroptosis. Altogether, our findings provide new insight into toxic mechanisms underlying ALI-triggered nephrotoxicity, and have implications that mitochondrial iron overload mediated-ferroptosis could be an alternative target for the treatment of kidney injury induced by medicine-food homologous varieties containing ALI.
[image: Figure 6]FIGURE 6 | Schematic representation of the potential toxic mechanism involved in ALI-induced nephrotoxicity.
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Nanoparticle-Mediated Delivery of Emodin via Colonic Irrigation Attenuates Renal Injury in 5/6 Nephrectomized Rats
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Our previous study showed that emodin enema modulates gut microbiota and delays CKD progression. However, the poor solubility, limited colonic irrigation retention time, and inadequate colon adhesion of emodin hinder its clinical application. Based on the deficiencies of emodin, we prepared monomethoxy-poly (ethylene glycol)-poly (lactic acid)-chitosan-2-mercaptobenzimidazole nanoparticles with incorporated emodin (emodin-NP) and studied their efficacy in delaying CKD progression. 5/6 nephrectomized Male Sprague Dawley rats were administered via colonic irrigation with emodin-NP every two days for eight weeks. We found that treatment with emodin-NP improved the kidney function of the rats and limited the expansion of tubulointerstitial fibrosis. Treatment with emodin-NP once every two days is comparable to emodin treatment once a day. Furthermore, emodin-NP via colonic irrigation remarkably reduced IL-1β, IL-6, and LPS levels in serum, improved intestinal barrier functions, and downregulated the key proteins (TLR4, MyD88, and NF-κB) expression in intestinal TLR4 signaling pathway. 16S rDNA analyses showed that emodin-NP can regulate microbiota disturbance in CKD. Taken together, these results suggest that emodin-NP alleviates kidney dysfunction and tubulointerstitial fibrosis by mediation through the modification of gut microbiota disorders. Emodin-NP may be a new method to treat CKD.
Keywords: nanoparticles, chronic kidney disease, emodin, gut microbiota, irrigation
INTRODUCTION
Chronic kidney disease (CKD) seriously affect human health worldwide. It would be beneficial for patients, the economy, and health care systems to delaying the progression of CKD into end-stage renal disease (Ojo, 2014; Glassock et al., 2017). Many studies have indicated that CKD is associated with intestinal flora disorders and intestinal barrier injury. Damage to the intestinal barrier in CKD causes enterogenic uremia toxins to enter into circulation, inducing systemic inflammation and kidney injury (Ramezani and Raj, 2014; Ramezani et al., 2016).
In Chinese medicine (CM) theory, the elimination of uremic toxins is key to the treatment of CKD (Guo and Rao, 2018). Rhubarb has been widely employed since ancient times to reduce uremic toxins (Wang et al., 2012; Zhong et al., 2013), and colonic irrigation with rhubarb-based decoctions has been used by CM practitioners for half a century as a CKD treatment. Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is the most important component of rhubarb (Dong et al., 2016). Our foregone study showed that irrigation with emodin modulates gut microbiota and uremic toxin levels through the gut-kidney axis to treat CKD (Zeng et al., 2016). However, the poor solubility, limited colonic irrigation time, and inadequate colon adhesion of emodin hinder its effects on the intestinal microecology. Currently, there is a lack of studies to improve these problems.
In this study, we prepared a colon-targeting drug delivery system consisting of polymer nanoparticles. The system is a new core-shell bi-block copolymer conjugate comprising monomethoxy-poly (ethylene glycol)-poly (lactic acid)-chitosan-2-mercaptobenzimidazole (mPEG-PLA-CS-MBI) nanoparticles. PEG, CS, PLA, and MBI have been approved for medical applications by the Food and Drug Administration (Muxika et al., 2017). Next, we combined emodin with the nanoparticles to prepare an emodin-nanoparticle system (emodin-NP). We hypothesized that the colon-targeted emodin-NP would have a higher stability and better colon adhesion and persistence effects than emodin alone. This could improve the emodin colonic irrigation treatment in terms of regulating gut microbiota disorders, improving intestinal mucosal barrier functions, and thus having a better therapeutic effect on CKD.
MATERIALS AND METHODS
Materials
Anti-TLR4 was purchased from Santa Cruz (Dallas, TX, United States), anti-NF-κB and β-actin were purchased from Cell Signaling Technologies (Darmstadt, Germany), anti-MyD88 and anti-collagen Ⅰ were obtained from Abcam (Cambridge, MA, United States). HRP-conjugated anti-mouse IgG and rabbit IgG were purchased from Cell Signaling Technologies. The enhanced chemiluminescence reagent and Image Lab System were obtained from Bio-Rad (Hercules, CA, United States), and the BCA protein detection kit was procured from Thermo Fisher Scientific (Waltham, MA, United States). IL-1β and IL-6 assay kits were purchased from Abcam, TNF-α, IFN-γ assay kits were obtained from Raybiotech (Georgia, United States), and the LPS assay kit was obtained from Aviva Systems Biology (CA, United States). The hematoxylin and eosin (HE) staining kit was obtained from BOSTER (Wuhan, China), and the Masson staining kit was purchased from Nanjing Jiancheng Bioengineering Institute (Jiangsu, China).
Emodin was purchased from Shanghai Winherb Medical Technology Company (Shanghai, China). PLA was purchased from Jinan Daigang Biomaterial Company, Shandong, China, and mPEG was purchased from Xian Ruixi Biomaterial Company, Shanxi, China.
Synthesis of mPEG-PLA-OH
mPEG-PLA-OH was obtained by dissolving 14.4 g L-lactide, 7.6 g mPEG together with 0.2 g stannous octanoic acid in 20 ml dichloromethane and reacting at 130°C for 18 h. The product was then precipitated in ice ether 3 times and vacuum dried at 40°C for 3 days.
Synthesis of mPEG-PLA-CS
10 g mPEG-PLA-OH, 2 g succinic anhydride, and 1.2 g 4-dimethylaminopyridine were dissolved in 100 ml chloroform, then triethylamine was added uniformly. The reaction was conducted at room temperature (RT) for 3 days, ether was precipitated three times. mPEG-PLA-COOH was obtained after filtration and vacuum drying at 40°C for 3 days. Then, PEG-PLA-COOH was dissolved in methylene chloride, reacted with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride and N-hydroxysuccinimide at room temperature for 24 h, then solubilized in DMSO after steaming. Subsequently, the product was added to a chitosan/DMSO solvent mixture, reacted for 24 h, subjected to dialysis for 3 days, and freeze-dried to obtain the mPEG-PLA-CS product.
Synthesis of mPEG-PLA-CS-MBI
0.5 g mPEG-PLA-CS was dissolved in 140 ml ultrapure water, 0.3 g sodium iodate (NaIO4) solution was added and incubated at RT for 2 h. After that, 300 μL ethylene glycol was added, and the mixture was reacted at RT for 2 h mPEG-PLA-CS-CHO was obtained after dialysis for 3 days, freeze-dried, and preserved at 4°C. 0.5 g 5-Amino-2-mercaptobenzimidazole together with 0.2 g mPEG-PLA-CS-CHO were mixed evenly in DMSO/H2O (1:1) and incubated at RT for 2 h, 0.2 g NaCNBH3 was added, the mixture was reacted at RT for 2 days. After dialysis for 3 days, the final product (mPEG-PLA-CS-MBI) was collected.
Preparation of Emodin-NP
Briefly, a mixture of mPEG-PLA-CS-MBI and emodin was dissolved in ethyl alcohol, the mixed solution was evaporated by rotary vacuum. The resulting film was freeze-dried overnight at 40°C, rehydrated in phosphate buffer, then bathed (60°C) for 30 min. The unencapsulated domain crystals were filtered and removed using a 0.22 μm filter membrane to obtain the emodin-NP-loaded mixed polymer nanoparticles (emodin-NP).
Measurement of mPEG-PLA-CS-MBI
The 1H NMR spectra were recorded using a 400 MHz superconducting Fourier transform nuclear magnetic resonance spectrometer (Bruker, Billerica, MA) with deuterium oxide (D2O) as the solvent. The infrared spectrum was obtained using an infrared spectrometer (FTIR-650, Tianjin, China). The microspheres were analyzed in the wavenumber range of 500–4000 cm−1 and were crushed into KBr pellets under 600 kg/cm2 of hydraulic pressure. The zeta potential and mean particle size distribution were measured using a Zetasizer Nano ZSP system (NanoZS90) using dynamic light scattering (DLS). The scattering angle was fixed at 90°, and the samples were measured at a constant temperature of 25°C. The data presented are the mean values of three measurements.
Determination of Entrapment Efficiency and in vitro Drug Release
To determine the content of emodin in emodin-NP, the drug-loaded copolymer was dissolved in an aqueous ethanol solution, and the drug encapsulation rate and drug loading rate were calculated using the standard curve method. The in vitro release of emodin-NP was studied in pH 7.4 PBS. After weighing and lyophilization, emodin-NP was suspended in 2.0 ml of releasing medium and loaded into dialysis bags (MWCO 8000 Da). At the beginning of the release test, the dialysis bag sealed at the end was placed in 50.0 ml of release medium at 37°C and continuously vibrated at 100 rpm. At a predetermined time, 2.0 ml of external release medium was removed, and the same volume of fresh release medium was added to the dialysis system. The amount of emodin released was determined by UV spectrophotometry using the standard curve method.
Animal and Experimental Design
Male Sprague Dawley rats weighing approximately 200 g were purchased from the Guangdong Experimental Animal Center (Guangzhou, China). The rats were housed in our animal facility under pathogen-free conditions and fed a standard laboratory diet with free access to water. The temperature was maintained at 18–22°C with a 12 h light/dark cycle. This study was approved by the institutional ethics review board of the Second Affiliated Hospital of Guangzhou University of Chinese Medicine.
The animals were randomly assigned to a sham-operated control group (normal) and CKD model groups. The CKD model was induced by 5/6 nephrectomy (5/6 Nx). Briefly, the rats were anesthetized by intraperitoneal injection of pentobarbital sodium (30 mg/kg), and the upper and lower two-thirds of the left kidney were removed. The right kidney nephrectomy was performed 7 days later. Rats in the sham group were only stripped of the fat sac without nephrectomy.
Eight weeks after the 5/6 nephrectomy, the rats in the CKD model group were randomly assigned to four groups: the model group, low-dose emodin-NP (1.15 mg/kg emodin) colonic irrigation group, high-dose emodin-NP (4.6 mg/kg emodin) colonic irrigation group, and emodin (4.6 mg/kg) colonic irrigation group. For the animals in the emodin-NP groups, 5 ml of the drug was administered via colonic irrigation using a lavage needle (8 cm) through the anus once every two days, while those in the emodin group were given emodin via colonic irrigation every day. Eight weeks after colonic irrigation, fecal samples were collected, all rats were sacrificed, and blood samples were collected. The kidneys were removed and preserved for further analysis.
Biochemical Detection, Blood Pressure and Histopathological Studies
Serum creatinine was detected using a biochemical analyzer. Blood pressure is measured by blood pressure detector. The kidney and colon tissues were dehydrated and embedded to prepare paraffin specimens. The paraffin specimens were sliced and stained with HE, and the histological images were observed under a microscope.
Systematic and Renal Inflammation Measurement
The levels of IL-6 (Abcam, Cambridge, United Kingdom), IL1β (Abcam, Cambridge, United Kingdom), TNF-α (Raybiotech, Georgia, United States), IFN-γ (Raybiotech, Georgia, United States) and lipopolysaccharide (LPS, Aviva, California, United States) in the serum and renal tissue were detected by an enzyme-linked immunosorbent assay (ELISA) in accordance with the manufacturer’s instructions.
Western Blot Analysis
The colon and kidney tissues were lysed in RIPA buffer containing protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Massachusetts, United States). The protein concentration was determined using a BCA detection kit (Thermo Fisher Scientific). The samples (50 μg) were separated using 10% SDS–PAGE and then transferred to polyvinylidene difluoride membranes (EMD Millipore, Burlington, VT, United States). The membranes were blocked with 5% nonfat milk for 1 h, then incubated with primary antibodies against TLR4 (1:500, Santa Cruz Biotechnology, California, United States), MyD88 (1:1000, Abcam, Cambridge, United Kingdom), NF-κB (1:1000, Cell Signaling Technologies, Boston, United States), CollagenⅠ(1:1000, Abcam, Cambridge, United Kingdom), or β-actin (1:5000, Sigma-Aldrich, Missouri, United States) overnight at 4°C. The membranes were washed three times and then incubated with an HRP-linked anti-rabbit or anti-mouse IgG (1:3000, Cell Signaling Technologies, Boston, United States) at RT. The membranes were then washed, and their immunoreactivity was measured using an enhanced chemiluminescence reagent (Bio-RAD, Bio-Rad Universal Hood II, California, United States). The signals were captured and analyzed using the Image Lab System (Bio-RAD 5.2.1).
Changes in Gut Microbiota After Emodin-NP Colonic Irrigation Treatment
The DNA samples of gut microbiota were quantified using a NucleoSpin Soil Kit (Macherey Nagel, Biocompare, Germany) and then transferred to a PacBio sequel system for V4 region gene sequencing of the 16S rDNA gene with Hiseq 2500 (Illumina, California, United States). The PCR primers used for 16S rDNA amplicon libraries were 27F and 1492R.
PacBio circular consensus sequencing (CSS) was obtained and filtered using the CSS protocol with a predicted accuracy of >99%, corresponding to Q20. Dereplication, clustering, and chimera detection were performed using a set of USEARCH (version 11.0.667) tools (fastx_uniques, cluster_otus, and uchime2_ref using SILVA Gold as the reference database). Taxonomic ranks were predicted by nbc_tax, an implementation of the RDP naive Bayesian classifier algorithm, using rdp_16s_v16 as a reference database with a confidence value of 0.6. All statistical analyses were performed using version 3.6.0 R. Vegetarian packages were used to calculate the alpha diversity (Shannon index) and principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity matrices at the genus level of 16S rDNA gene sequencing. The comparison of alpha diversity between groups was performed using the Kruskal Wallis test. Dissimilarity matrices were calculated using permutational multivariate analysis of variance to assess the effects of the groups. The significant differences between the groups and their effect sizes were identified by linear discriminant analysis of effect size (LEfSe).
Statistical Methods
SPSS statistical software (version 19.0, IBM, Armonk, NY, United States) was used to analyze and evaluate the measurement data. An independent samples t-test was used to compare the normal distribution data and mean square error between the two groups. Single-factor analysis of variance for multiple sets of data. The nonparametric the Mann–Whitney U test was used to compare two groups between heterogeneous variance of non-normal distribution data. For nonparametric rank and rank of data between tests used to compare groups, p < 0.05 was considered statistically significant.
RESULTS
Characterization of Emodin-NP
The synthesis process of mPEG-PLA-CS-MBI copolymer is shown in Supplementary Figure S1. The structure of the mPEG-PLA-CS-MBI chemical conjugate was confirmed by infrared and 1H NMR spectroscopy. The infrared peaks corresponding to amide bands I and II of the copolymer appeared at 1757 and 3443 cm-1, respectively (Figure 1A). The 1H NMR spectrum showed characteristic proton peaks of PEG and PLA at 3.65 and 5.2 ppm, respectively (Figure 1B).
[image: Figure 1]FIGURE 1 | Characterization of emodin-NP (A) FTIR spectra showing amide bands I and II of the copolymer at 1757 and 3443 cm−1, respectively (B)1H NMR spectrum with characteristic proton peaks of PEG and PLA at 3.65 and 5.2 ppm, respectively (C) size distribution spectrum (D) zeta potential of mPEG-PLA-CS-MBI determined by laser diffraction (E) morphology of mPEG-PLA-CS-MBI nanoparticles determined by TEM (F)in vitro release of MBI from mPEG-PLA-CS-MBI in pH 7.2 PBS at 37°C.
The average particle sizes of emodin-NP were between 100 and 200 nm, and the polydispersity index (PDI <0.25) was acceptable (Figure 1C). The zeta potential was −12.83 ± 0.11 mV (Figure 1D). TEM images showed that emodin-NP had uniform cotton-like shapes, and the average diameter was consistent with the DLS measurement results. Emodin-NP was composed of many small nanoparticles (Figure 1E). In vitro release data showed that emodin-NP displayed a release pattern in deionized water of ∼65% emodin (Supplementary Figure S2) during 96 h of incubation (Figure 1F). In addition, the mPEG-PLA-CS-MBI nanoparticles did not affect the cell viability in vitro (Supplementary Figure S3).
Emodin-NP Colonic Irrigation Improved Renal Function and Inhibited Tubulointerstitial Injury
The colonic irrigation data are summarized in Figures 2, 3 and Figure 4. Compared with the normal group, the CKD model, emodin-NP, and emodin groups showed a significant increase in serum creatinine concentrations, serum urea and 24 h urine protein. Renal tissue HE and Masson staining showed that the renal tubular lumen was enlarged, as well as mononuclear lymphocyte infiltration, renal tubular atrophy, and interstitial fibrosis. Compared with the CKD model group, low-dose and high-dose emodin-NP colonic irrigation significantly lowered the creatinine concentrations, and the histopathological changes were improved. The CKD groups with emodin-NP, emodin, and control colonic irrigation had no difference in body weight, urea, 24 h urine protein, as well as blood pressure (SBP, systolic blood pressure, DBP, diastolic pressure, MBP, mean arterial pressure), compared with the sham group (Figure 2). The collagen Ⅰ expression in renal tissues was significantly lower in the sham group than in the 5/6 Nx model group (p < 0.05), while significantly higher in the 5/6 Nx model group than in the 5/6 Nx + emodin-NP or emodin group (p < 0.05; Figure 4). The therapeutic effect of high-dose emodin-NP after two days was slightly better than that of emodin treatment every day.
[image: Figure 2]FIGURE 2 | Serum creatinine, 24 h Urine protein, urea, blood pressure, systemic and renal inflammation between groups. The level of serum creatinine in emodin-NP and emodin-treated rats notably decreased. *p < 0.05 vs. normal group. #p < 0.05 vs. model group.
[image: Figure 3]FIGURE 3 | Renal tissue HE/Masson staining. Renal histopathological changes in sham rats and model rats treated with or without emodin-NP/emodin (hematoxylin and eosin, ×100, Masson stain, ×200).
[image: Figure 4]FIGURE 4 | Expressions of TLR4, MyD88, and NF-κB in colon tissues, collagen Ⅰ in renal tissues (A) Western blot analysis of TLR4, MyD88, and NF-κB in colon tissues (B) Relative activity of protein expression. Data were expressed vs. β-actin and compared by analysis of variance (C) Western blot analysis of collagen Ⅰ in renal tissues. Relative activity of protein expression. Data were expressed vs. β-actin and compared by analysis of variance. *p < 0.05 vs. normal group. #p < 0.05 vs. model group.
Emodin-NP Colonic Irrigation Significantly Reduced Systemic Inflammation
After 8 weeks of treatment, IL-1β, IL-6, TNF-α, IFN-γ, and LPS in the serum or renal tissues samples were analyzed by ELISA, as shown in Figure 2. Compared with the normal group, the model groups with emodin-NP, emodin, and control colonic irrigation exhibited a significant increase in IL-1β, IL-6, TNF-α, IFN-γ, and LPS levels. Compared with the CKD model group and emodin group, emodin-NP colonic irrigation significantly reduced the IL-1β, IL-6, TNF-α, IFN-γ, and LPS levels.
Emodin-NP Colonic Irrigation Improved Inflammation and Intestinal Barrier
In the model group, colon tissue HE staining showed obvious edema in the mucosal layer of the colon and lamina propria compared with the normal group. Moreover, infiltration of lymphocyte monocytes was observed in the mucosal layer of the 5/6 Nx model group. After colonic irrigation with either emodin-NP or emodin, the infiltration of inflammatory cells in the mucosal layer was reduced, and the edema in the mucosal layer and lamina propria was significantly improved (Figure 5).
[image: Figure 5]FIGURE 5 | Colon renal tissue HE staining. Colon histopathological changes in normal rats and model rats treated with or without emodin-NP/emodin (hematoxylin and eosin stain, ×100).
The expression of key indicators of intestinal inflammation (TLR4, MyD88, and NF-κB) in the colon tissues was significantly lower in the sham group than in the 5/6 Nx model group (p < 0.05). This expression was significantly higher in the 5/6 Nx model group than in the 5/6 Nx + emodin-NP or emodin group (p < 0.05, Figure 4).
Changes in Gut Microbiota After Enema Treatment
The Shannon index was the highest in the emodin group and lowest in the model group at the genus level; the Shannon index of the normal group and emodin-NP treatment groups was intermediate. The index and species count differed significantly between the five groups (Kruskal–Wallis test). The PCoA results showed differences in intestinal microbial diversity between the five groups; the heatmap based on cluster analysis showed that different groups of samples were clustered together, and intestinal microbial diversity differed between the groups (Figure 6).
[image: Figure 6]FIGURE 6 | Diversity of gut microbiota (A) Shannon index and (B) species count of the five groups (C) PCoA based on Bray–Curtis distance of the genus levels for 16S rDNA gene sequencing (D) Heatmap of key bacterial genera responding to the emodin-NP/emodin treatment. Gut microbiota difference analysis at the (E) genus level and (F) multiple levels between the five groups.
LEfSe was further used to analyze the differences between the five groups, with LDA scores >2 regarded as reflecting significant differences. Genus-level results of the differences analysis between groups showed that the bacteria enriched in the sham group were Clostridium and Barnesiella. Butyricicoccus and Romboutsia were enriched in the emodin-NP treatment groups (low-dose and high-dose), while Parabacteroides and Anaerostipes were enriched in the emodin group. Multilevel multi-group difference analysis showed that Barnesiella was enriched in the normal group. The bacteria enriched in the emodin-NP treatment groups were Romboutsia, Butyricicoccus, Parabacteroides, and Clostridium. Pairwise comparisons showed that compared with the normal group, Saccharibacteria, Clostridium, Lachnospiraceae, and Firmicutes were reduced in the model group. Clostridium, Romboutsia, and Blautia were higher in the emodin treatment group than in the model group. Emodin-NP treatment increased Saccharibacteria, Clostridiales, Butyricicoccus, and Lachnospiraceae in the low-dose group and Clostridium, Aloprevotella, Romboutsia, Oscillibacter, Ruminococcus, and Turicibacter in the high-dose group. The difference between the emodin-NP and emodin treatments was that Saccharibacteria was increased in the emodin-NP treatment group, while Streptococcus increased in the emodin treatment group. The difference between the emodin-NP low-dose and high-dose treatment was that Bacteroides, Phascolarctos bacterium, and Ruminococcus were increased in the emodin-NP low-dose treatment group, while Akkermansia increased in the emodin-NP high-dose treatment group (Figure 7).
[image: Figure 7]FIGURE 7 | Pairwise comparison difference analysis of gut microbiota between groups. No special bacteria were screened in the normal group compared with the emodin treatment group, and no special bacteria were screened in the emodin treatment group compared with the emodin-NP-H group.
RDA results showed that intestinal microbes were significantly correlated with systemic inflammation and LPS in the serum samples, and body weight was positively correlated with Clostridium. IL-1β was positively correlated with Bacteroides, Butyricicoccus, and Faecalibacter; IL-6 was negatively correlated with Alloprevotella, Eubacterium, and Fusicatenibacter; and serum LPS was negatively correlated with Bacteroides, Faecalibacter, and Streptococcus (Figure 8).
[image: Figure 8]FIGURE 8 | Correlation analysis between gut microbiota and systemic inflammation. Blue represents a positive correlation between gut microbiota and systemic inflammation, and yellow represents a negative correlation.
DISCUSSION
In the current study, we intended to investigate the mechanisms of emodin-NP colonic irrigation attenuates renal injury by focusing on the change of intestinal flora and systemic inflammation. We found that emodin-NP colonic irrigation lowered the levels of LPS, IL-1β, and IL-6 markedly, and modulated the gut microbiota.
In recent years, more and more studies have indicated that in CKD patients, the accumulation of uremic toxins and systemic inflammation is related to the bacterial load and endotoxins produced by gastrointestinal dysfunction, which increases the permeability of the intestine and leads to the development of CKD (Sabatino et al., 2015; Chen et al., 2019). Therefore, the gut-kidney axis, an intimate connection between the gut and kidney has been proposed (Meijers and Evenepoel, 2011).
The gut microbiome is also known as the “second human genome”, and it plays an important role in maintaining health and disease pathogenesis. The proliferation of undesirable biological bacteria in CKD patients interferes with the symbiotic relationship between the host and the microbiome. The fermentation of proteins and amino acids by intestinal bacteria produces excessive amounts of potentially toxic compounds, such as ammonia, phenols and indole, but reduces the production of short-chain fatty acids. The impaired intestinal barrier function of patients with CKD will cause the transfer of intestinal uremic toxins to the systemic circulation, resulting in CKD, cardiovascular disease and protein energy waste (Ramezani et al., 2016).
Among the potential applications of the human gut microbiome, it has been proposed to use it as a disease biomarker and to change the composition of the microbiome to treat diseases (Zou et al., 2013). The microbiome is a therapeutic target for the management of patients with CKD. In CM theory, eliminating toxins is the key treatment for CKD (Guo and Rao, 2018). Chinese herbs enemas as a colon-targeted therapy have been used to cure CKD for half a century. Its representative method is to use the rhubarb-based compound enema through the intestine. In the past half century, numerous clinical studies have demonstrated that rhubarb-based decoction colonic irrigation treatment not only ameliorates uremia symptoms but also reduces uremic toxins in blood (Kavianinia et al., 2016).
Our previous studies have demonstrated that colonic irrigation with emodin, the most important active ingredient of rhubarb, modulates the multiple goals of intestinal microbiota and its metabolic toxins through the gut-kidney axis to improve the renal function (Zeng et al., 2016). However, the poor solubility, limited colonic irrigation time, and inadequate colon adhesion of emodin hinder its effects on the intestinal microecology.
Chitosan, a polymer of 2-amino-2-deoxy-β-d-glucose, is the most widely used compound in colonic adhesion nanomaterials. Chitosan has excellent biocompatibility, can form hydrogen bonds and electrostatic interactions with intestinal mucosal proteins, and has good bioadhesive properties (Bernkop-Schnürch, 2005; Iglesias et al., 2019). However, this non-covalent bond-based adhesion does not guarantee the sustained release of drugs at specified sites. The application of chitosan is limited, whereas after its thiolation, the adhesion performance is significantly improved because the vulcanized polymer can form disulfide bonds with the mucosa layer and cysteine-rich subregions in mucin, allowing for specific binding (Hauptstein et al., 2014a).
The application of thiolated polymers as drug carriers is not ideal because they have weak interactions with hydrophobic drug molecules such as emodin, which often results in fast drug release and poor encapsulation efficiency. To solve the problems of the low water solubility of chitosan and the weak effect of thiolated polymers and poorly soluble drugs, we introduced hydrophilic mPEG and PLA to form an mPEG-PLA-CS polymer. Based on this, the polymer was thiolated by MBI to form a mercapto polymer (mPEG-PLA-CS-MBI). The thiol polymer forms disulfide bonds and adheres to the mucosal surface through thiol oxidation, thereby extending the residence time of the drug on the mucosa, affording the prepared particles with a surface stabilizing effect, and resulting in nanoparticles with stronger adhesion properties (Rahmat et al., 2011; Hauptstein et al., 2014b; Kongsong et al., 2014; Jiang et al., 2016).
Finally, we developed a nanoparticle-mediated drug delivery system using a novel conjugate of a diblock copolymer with a core-shell structure, mPEG-PLA-CS-MBI nanoparticles. We found that the nanoparticle-mediated targeting of emodin (emodin-NP) has a higher stability, better colon adhesion, and more persistent effects than emodin alone. Emodin-NP has good intestinal adhesion up to 48 h via colonic irrigation.
We investigated the mechanisms by which emodin-NP colonic irrigation attenuates renal injury by focusing on the changes in intestinal microbiota and systemic inflammation (Ramezani and Raj, 2014; Guo and Rao, 2018). We found that treatment with emodin-NP improved the kidney function and limited the expansion of tubulointerstitial fibrosis. Treatment with emodin-NP once every two days is comparable to emodin treatment once a day. Furthermore, emodin-NP via colonic irrigation markedly reduced the serum IL-6, IL-1β, and LPS levels and improved the intestinal barrier function.
Our research results indicated that the flora microbiota significantly changed in the CKD groups. Emodin-NP treatment significantly regulated the intestinal microbiota of CKD patients. CKD is often accompanied by changes in intestinal flora (Feng et al., 2019). According to a previous research, renal failure is always accompanied by a decrease in flora microbiota diversity (Bor et al., 2019), which is consistent with our results.
Our study results showed that Saccharibacteria, Clostridium, Lachnospiraceae, and Firmicutes were reduced in the CKD rats. The progression of CKD may be due to the reduction of these probiotics and their products. Recent studies have indicated that Saccharibacteria may be beneficial to host bacteria by promoting biofilm formation, which evades the immune system and reduces inflammation (Meehan and Beiko, 2014; Bedree et al., 2018). Lachnospiraceae is a family of Clostridia, which contains the main component of mammalian gastrointestinal microbiota. Some members of it can produce butyrate (Sakamoto et al., 2009). Barnesiella is a member of Porphyromonadaceae within the phylum Bacteroidetes (Wylie et al., 2012). A recent study showed that the most abundant novel classification in healthy humans are Barnesiella (Weiss et al., 2014) and it might can reduce systematic inflammatory in mice (Boesmans et al., 2018).
According to our findings, emodin-NP treatment could increase probiotics, especially butyrate-producing bacteria. The Clostridium cluster IV genus Butyricicoccus is a Gram-positive, which can produce high levels of butyrate. Butyrate has been shown to reduce intestinal inflammation in inflammatory bowel disease (IBD) patients (Eeckhaut et al., 2013). Butyricicoccus bacteria were reduced in patients with IBD. The administration of B. pullicaecorum can alleviate TNBS-induced colitis in rats, and the supernatant of the culture of it can enhance the epithelial barrier function (Milani et al., 2016). Romboutsia is a recently described bacterial genus which commonly identified in the human intestine and often connected with a healthy status (Ricaboni et al., 2016; Wang et al., 2019). Romboutsia reduction in mucosa were associated with polyps which may be a potential microbial indicator. Parabacteria have reduced weight gain, hyperglycemia and hepatic steatosis in ob/ob and high-fat diet mice. In addition, Parabacteroides greatly changed the distribution of bile acids, increasing gallstone acid and ursine. The content of oxycholic acid, and increased the content of succinic acid in the intestines of mice on a high-fat diet. (Chelakkot et al., 2018). Akkermansia is an anaerobic probiotic that stably colonizes the intestinal mucus layer and is associated with varieties of diseases, such as obesity, diabetes, and IBD. One study showed that rhubarb extract can increase Akkermansia in mice with acute alcoholism and reduce liver inflammation damage and oxidative stress (Chelakkot et al., 2018). The study also found that Akkermansia outer vesicles can increase intestinal barrier integrity and metabolic function in diabetic mice. Supplementation with Akkermansia can also improve insulin levels, insulin resistance, and total cholesterol levels in obese patients (Depommier et al., 2019). Ottman et al. (2017) also found that Akkermansia can activate TLR2 and TLR4 to increase the production of IL-10, thereby regulating the immune response and intestinal barrier function. Therefore, Akkermansia affect host health by preventing inflammatory damage caused by the translocation of bacteria and its products derived from the intestinal tract.
16S rDNA analyses revealed that emodin-NP returned the microbial balance of CKD. Together, these results showed that emodin-NP attenuated adverse kidney tubulointerstitial fibrosis and dysfunction by the modification of gut microbiota disorders. Emodin-NP is a novel approach to treating CKD.
CONCLUSION
Emodin colonic irrigation modulates gut microbiota and delays CKD progression. However, the poor solubility and limited colonic irrigation time of emodin hinder its clinical application. In order to improve it, we prepared monomethoxy-poly (ethylene glycol)-poly (lactic acid)-chitosan-2-mercaptobenzimidazole nanoparticles with incorporated emodin (emodin-NP) and studied their efficacy in delaying CKD progression. Our results demonstrate that emodin-NP colonic irrigation attenuates kidney tubulointerstitial fibrosis and dysfunction by modifying gut microbiota disorders and inflammation. Treatment with emodin-NP once every two days is comparable to emodin treatment once a day. Emodin-NP is a novel approach to treating CKD.
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Immunoglobulin A nephropathy (IgAN), an autoimmune renal disease with complicated pathogenesis, is one of the principal reasons for end-stage renal disease in the clinic. Evidence has linked apparent alterations in the components of the microbiome and metabolome to renal disease in rats. However, thus far, there is insufficient evidence that supports the potential relationship between gut microbiome, circulating metabolites, and IgAN. This study was designed to probe the effects of IgAN on intestinal microecology and metabolic phenotypes and to understand the possible underlying mechanisms. Fecal and serum samples were collected from IgAN rats. Composition of the gut microbiota and biochemical changes in the metabolites was analyzed using 16S rDNA sequencing and untargeted metabolomics. The IgAN rats exhibited renal insufficiency and increased concentration of 24-h urine protein, in addition to deposition of IgA and IgG immune complexes in the kidney tissues. There was a disturbance in the balance of gut microbiota in IgAN rats, which was remarkably associated with renal damage. Marked changes in microbial structure and function were accompanied by apparent alterations in 1,403 serum metabolites, associated with the disorder of energy, carbohydrate, and nucleotide metabolisms. Administration of Zhen Wu Tang ameliorated microbial dysbiosis and attenuated the renal damage. Besides, treatment with Zhen Wu Tang modulated the metabolic phenotype perturbation in case of gut microbiota dysbiosis in IgAN rats. In conclusion, these findings provided a comprehensive understanding of the potential relationship between the intestinal microbiota and metabolic phenotypes in rats with IgAN. Elucidation of the intestinal microbiota composition and metabolic signature alterations could identify predictive biomarkers for disease diagnosis and progression, which might contribute to providing therapeutic strategies for IgAN.
Keywords: kidney injury, immune inflammation, metabolism, gut microbiota, Zhen Wu Tang, immunoglobulin A nephropathy
INTRODUCTION
Immunoglobulin A nephropathy (IgAN), first proposed by Berger in 1968, is an autoimmune renal disease with multifactorial pathogenesis that has emerged as a crucial element in progression to end-stage renal disease (ESRD) (Berger and Hinglais, 1968; Lai et al., 2016). As the most common type of glomerulonephritis, the diagnosis of IgAN hinges upon an important pathological manifestation characterized by excessive accumulation and deposition of IgA immune complexes in the mesangial zone, mesangial cell proliferation, and mesangial matrix dilation (Floege and Daha, 2018; Taylor et al., 2019). In addition, urinary protein, caused by excessive deposition of IgA immune complexes, accompanied by macroscopic hematuria and hypertension, is the paramount manifestation of IgAN in the clinic. In addition, long-term studies have shown that 10–30% of IgAN patients develop kidney insufficiency and ultimately resulting in kidney failure within 20 years (Barbour et al., 2019; Jarrick et al., 2019). However, the precise pathogenesis underlying IgAN is still poorly understood. Therefore, it is of great importance to find novel and safe prevention strategies to retard the progression of IgAN.
Zhen Wu Tang (ZWT), a classic herbal prescription from China, has been widely used in the treatment of chronic kidney disease (CKD), including IgA nephropathy (Liu et al., 2018), adriamycin-induced nephropathy (Liang et al., 2019), and chronic glomerulonephritis (Wu et al., 2016). Previous studies on advantages of ZWT administration in CKD can mainly be documented into two sections: 1) ZWT has been widely used in the clinic in China for more than 1,000 years as a remedy for various kidney diseases as it displays efficacy in relieving symptoms manifested in the form of edema, dysuria, and oliguria (Liu et al., 2017b; La et al., 2018) and 2) fundamental studies indicate that ZWT possesses a range of bioactivities, including renoprotective, anti-inflammatory, diuretic, and antihyperlipidemic (Cai et al., 2010; Liang et al., 2014; Liu et al., 2019).
Interaction between the gut flora and the host is essential for maintenance of health and prevention of disease pathogenesis (Mahmoodpoor et al., 2017). The regular microbial composition, a natural defense barrier, plays pivotal roles in affecting acquisition of nutrients, modulating the immune system, and conferring metabolic capacity on the host (Claus et al., 2011). Studies reveal that ordinary intestinal flora prevent against pathogens and chronic inflammation by protecting the gut epithelial barrier structure and function (Visconti et al., 2019; Yang et al., 2019; Ho Do et al., 2020). However, changes in the intestinal mucosa epithelial barrier and gut microbes can result in the imbalance of gut microecology and further exert an influence on the surrounding apparatus (including the kidney) through multiple biological mechanisms (Schroeder and Backhed, 2016). Recent studies have recognized abnormality of intestinal flora as a new triggering element for the progression of chronic inflammatory and immune diseases (Zheng et al., 2019; Lee and Kim, 2017). Immune inflammation response has been regarded as a principal factor in the pathogenesis and progression of IgAN. Furthermore, dysfunction of the immune system results in excessive production of IgA in the circulation, further stimulating the gastrointestinal mucosa, which plays a central role in the pathogenesis of IgAN. Notably, IgAN causes dysbiosis of gut microbiota and intestinal epithelial barrier disruption leading to overproduction of various uremic toxins, which accelerate the progression of IgAN to ESRD. Increasing number of clinical observations, either directly or indirectly, has suggested that the gut–kidney axis exerts a major effect on the pathogenesis and progression of IgAN (Cao et al., 2018; Hu et al., 2020). Pioneering research has indicated that IgAN patients display aberrant gut histopathological patterns and symptoms of gut inflammation (Wang et al., 2004; Chemouny et al., 2019). In addition, based on the theory of the gut–kidney axis, regulation of the intestinal microecology has been found to be beneficial in preventing and controlling the development of kidney diseases. Therefore, it is of great importance to explore the microbiota that plays a critical role in the development and evolution of a disease. Precise manipulation of the microbiota may serve as a promising therapeutic objective in the future.
The gut microbiota plays a pivotal part in the metabolic activities of the host, including digestion of complex polysaccharides, modulation of the immune system, synthesis of certain endogenous vitamins and amino acids, and metabolism of bile acids (Nicholson et al., 2012; Oliphant and Allen-Vercoe, 2019). Dysbiosis of the composition of the gut microbiota can profoundly affect the levels of derived metabolites, including short-chain fatty acids (SCFAs), uremic toxins p-cresol sulfate and indoxyl sulfate, displays either pro-inflammatory or anti-inflammatory activities, and exerts critical roles in the evolution of AKI and CKD (Tang et al., 2015; Yacoub and Wyatt, 2017). A few recent studies have demonstrated that an increase in intestinal permeability facilitates the translocation of endotoxins into systemic circulation, leading to the activation of innate immunity systemic inflammation, which plays a central role in CKD (Xu et al., 2017; Feng et al., 2019). Available evidence illustrated the bidirectional effects between gut flora and hosts with CKD. SCFAs, as metabolites of beneficial bacteria, can prevent ischemia reperfusion kidney injury by diminishing the inflammatory response and promoting apoptosis (Felizardo et al., 2019). However, other potentially toxic metabolites from bacteria, including p-cresol sulfate and indoxyl sulfate, can promote the release of pro-inflammatory cytokines, and thereby, accelerate kidney injury. Hitherto, few research studies have been performed to explore the causal connection between intestinal microbiota and related metabolites in IgAN pathogenesis.
Above all, the aims of the present study were designed to dissect the direct relationship between gut microbiome and metabolome as well as their effects on IgAN rats, using a combination of 16S rDNA sequencing and untargeted metabolomics analysis. Due to the complicated pathogenesis of IgAN and the inconclusive relationship between gut microbiota, serum metabolites, and IgAN, it is rather necessary to establish a relevant biological association between the gut–kidney axis and IgAN using the gut microbiomics and metabolomics in future studies. Emerging proof from clinical, genetic, and immunological research supports the finding that intestinal flora dysbiosis plays an important role in the development and evolution of kidney disease (Wang et al., 2020). Moreover, preliminary studies have illustrated that immune-sensing inflammation is regarded as a principal factor in the development of IgAN prior to ESRD (Coppo, 2017; Xie et al., 2018). Based on the findings on the potential effect of gut flora on modulating immunity and suppressing inflammation, exploring gut microorganisms and related metabolic biomarkers is of great significance for the early diagnosis and treatment of IgAN.
MATERIALS AND METHODS
Experimental Animals
A total of 24 healthy male special pathogen-free (SPF) Sprague–Dawley rats (weighing between 180 and 220 g) obtained from the Medical Science Experimental Animal Center of Guangdong Province in China (license no SCXK 2018–0002) were used in this study. The animals were housed under SPF conditions at 25 ± 2 C and 65% humidity, with a 12 h/12 h light/dark cycle. The rats were given free access to standard laboratory rat chow and tap water. After acclimation for 1 week, eight rats were grouped into the control group, while the rest of rats were administered BSA, LPS, and CCl4 to establish the IgAN model. In detail, in the first week, every model rat was orally administered 600 mg/kg BSA every other day for 12 weeks. Next, the rats were injected with 0.05 mg LPS through the tail vein on the first day of the sixth, eighth, and 10th weeks. The rats were then subcutaneously injected with 0.1 ml CCl4 dissolved in 0.6 ml castor oil every week for 12 weeks. Following that, the model rats, whose 24-h urinary protein levels were higher than those of the normal rats, were randomly divided into two groups (eight rats per group)—IgAN model group and ZWT treatment group (16.8 g/kg). Rats in the control and model groups were administered 10 ml/kg/d saline using the oral gavage method (Bai et al., 2019b; Liu et al., 2017a; Yang et al., 2018). Drug treatments were performed by administering the corresponding drugs once daily for 4 weeks (Liu et al., 2018; Li et al., 2020). The procedures of the animal experiment were approved by the Animal Ethics Committee of Guangzhou University of Chinese Medicine and performed according to the European Community Guidelines and the regulations of the National Institute of Health of USA. All efforts were made to minimize the suffering of the animals (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental timeline of IgAN modeling and ZWT treatment.
Preparation of Zhen Wu Tang
ZWT, a traditional Chinese formula, which consists of five herbs (as shown in Table 1), was purchased from Kangmei Pharmaceuticals Co. Ltd. (lot nos. 190305041, 190250291, 190103501, and 190103501). Shengjiang (Zingiber officinale Roscoe) was purchased from Maisi supermarket in Guangzhou Higher Education Mega Center. As previously described, to prepare the clinical dose of ZWT, aqueous extracts of the different herbs were mixed in the ratios given in Table 1. Briefly, ZWT was boiled for 2 h after being steeped eight times in distilled water for 1 h. After repetition of the same extraction conditions three times, the combined filtrates were used to obtain a final aqueous extract with a concentration of 1.68 g raw materials per milliliter. The extract was stored at 4°C before use. The characterization of ZWT using HPLC has been described in a previous study (Liu et al., 2019; Li et al., 2020).
TABLE 1 | Composition of ZWT.
[image: Table 1]Biochemical Analysis of Urine and Blood Samples
After the last drug administration, 24-h urine samples were collected from the animals to measure the levels of urinary protein using Super-Bradford Protein Assay Kits (CWBIO, Beijing, China). During the urine collection period, all the rats were forbidden from food but given free access to water. Subsequently, the rats were weighed and sacrificed by administering an intraperitoneal injection with 35 mg/kg pentobarbital sodium to collect blood samples and renal tissues. Blood collected from the abdominal aorta was centrifuged at 3,000 rpm for 10 min at 4°C to acquire serum for subsequent biochemical analysis. In addition, the ratio of absolute kidney and spleen weight to body weight (kidney and spleen index) was measured. The levels of blood urea nitrogen (BUN) and creatinine (CRE) in the serum were detected using kits for BUN and CRE measurements, respectively, according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Histological Analysis
Renal and colon damage were assessed using periodic acid–Schiff (PAS) staining and hematoxylin–eosin (HE) staining, as described previously. Immunofluorescence procedures for IgA and complement 3 in the renal tissue were carried out as described previously. The stained slides were histopathologically examined and photographed under a light microscope (Olympus BX53, Shanghai, China).
High Throughput Sequencing of Fecal DNA
The feces of each animal were collected in a sterile EP tube and stored at −80°C for DNA extraction. Microbial genomic DNA was extracted from stool samples using the E.Z.N.A® Soil DNA Mini Kit (R6825, Omega Bio-Tek, Norcross, GA, United States), in accordance with the manufacturer’s protocols. The concentrations and purity of the resultant DNA samples were assessed using a NanoDrop™ system (NanoDrop, United States), following which the DNA was stored at −80°C for further tests.
The 16S rDNA gene was amplified using PCR with primers 16S-F (5′-CCTACGGGNGGCWGCAG-3′) and 16S-R (5′-GGACTACHVGGGTATCTAAT-3′), which target the V3–V4 region of the bacterial 16S rDNA gene. PCR reactions were performed in triplicate with Phusion® High-Fidelity PCR Master Mix (New England Biolabs) using template DNA. PCR products were purified using the AxyPrep™ DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), according to the manufacturer’s instructions and quantified using ABI StepOnePlus™ Real-Time PCR System (Life Technologies, Foster City, CA, United States). The purified PCR products were pooled in an equimolar ratio and paired-end sequenced (2 × 250) on an Illumina HiSeq 2,500 Sequencing System (Illumina, San Diego, CA, United States) according to standard protocols (Caporaso et al., 2012).
Bioinformatics Analysis of 16S rDNA Gene Sequences
Raw tags were filtered to delete adapters or low-quality tags and quality filtered using FASTP (https://github.com/OpenGene/fastp) with the following criteria: i) tags containing more than 10% of unknown nucleotides (N) were removed and ii) tags containing less than 60% of bases with quality (Q-value) > 20 were removed. Paired-end clean tags were merged as raw tags using FLASH (version 1.2.11) with a minimum overlap of 10 bp and mismatch error rates of 2%. Noisy sequences of raw reads were filtered using QIIME pipeline (version 1.9.1) to obtain high-quality clean tags (Caporaso et al., 2010). The clean tags were then merged using the reference database (http://drive5.com/uchime/uchimedownload.html) to perform reference-based chimera checking with the UCHIME algorithm. The effective tags were clustered into a 97% similarity cutoff using the UPARSE pipeline (Edgar, 2013). Each 16S rDNA gene sequence was analyzed and classified into organisms on the basis of a naive Bayesian model using RDP classifier (version 2.2), based on the SILVA database (https://www.arb-silva.de), with confidence threshold values between 0.8 and 1. The sequence data reported in the study have been archived in the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) with the accession number SRP284194.
Sample Extraction and LC-MS Analysis for Metabolomics
Metabolites in serum were analyzed using untargeted metabolomics LC-MS. 100-μL serum sample was taken and placed into an EP tube. After the addition of 300 μL methanol (containing 1 μg/ml internal standard), the samples were vortexed for 30 s, sonicated for 10 min (incubated in ice water), and incubated for 1 h at −40°C to precipitate the proteins. The sample was then centrifuged at 10,000 rpm for 15 min at 4 C. The resulting supernatant was transferred to a fresh glass vial for analysis.
LC-MS/MS analysis was performed using a UHPLC system (1290, Agilent Technologies) with a UPLC HSS T3 column (2.1 mm × 100 mm, 1.7 μm) coupled to a Q Exactive™ mass spectrometer (Orbitrap MS, Thermo Fisher Scientific). The mobile phase A consisted of 0.1% formic acid in water for positive mode and 5 mmol/L ammonium acetate in water for negative mode, while the mobile phase B was acetonitrile used as an elution gradient. The proportion of acetonitrile was varied from 1% to 99% in 12 min (0–1.0 min, 1% B; 1.0–8.0 min, 1–99% B; 8.0–10.0 min, 99% B; 10.0–10.1 min, 99–1%; 10.1–12 min, 1% B) at a flow rate of 0.5 ml min−1. The injection volume of each sample was set at 2 μL. The MS parameters were set as follows: interface of negative electrospray ionization: ion spray voltage floating 3,800 V or −3,100 V in positive or negative modes, respectively; sheath gas flow rate at 45 Arb; aux gas flow rate at 15 Arb; capillary temperature 400°C; full MS resolution at 70,000; MS/MS resolution at 17,500; collision energy at 20/40/60 eV in NCE mode; spray voltage at 4.0 kV (positive) or −3.6 kV (negative). R package XCMS (version 3.2) was employed for the analyses (Want et al., 2010; Xu et al., 2017).
Data Processing and Annotation
MS raw data files were converted into the mzML format using ProteoWizard and processed using R package XCMS (version 3.2), by carrying out retention time alignment, peak detection, and peak matching. The data were then filtered using the following criterion: sample numbers containing a metabolite were less than 50% of all sample numbers in a group. Subsequently, each sample was normalized to an internal standard. The processing results generated a data matrix consisting of the retention time, mass-to-charge ratio values, and peak intensity. OSI-SMMS (version 1.0, Dalian Chem Data Solution Information Technology Co. Ltd.) was used for peak annotation after data processing with an in-house MS/MS database.
Statistical Analysis
Statistical analyses were performed using SPSS 26.0 software (Chicago, IL, United States) and GraphPad Prism software 7.0. PCA, PLS-DA, and OPLS-DA were performed using SIMCA-P software to cluster the sample plots across groups. Alpha-diversity analysis, including richness, Chao1, Simpson, and Shannon diversity indices were calculated using Wilcoxon rank-sum test in QIIME. Beta-diversity analysis was performed using Muscle (version 3.8.31) (http://www.drive5.com/muscle/). Functional prediction of 16S rDNA gene sequence was carried out using PICRUSt (version 1.0). KEGG (http://www.kegg.com/) database was used for identification of potential metabolite markers; those with variable importance in the projection (VIP) value >1.0 and p value < 0.05 were included. Association between serum metabolite intensities and gut flora was tested using Pearson’s rank correlation. The metabolism network was established using Cytoscape (version 3.7.0). All the data have been presented as mean ± standard deviation. Significance level of differences between two groups was analyzed using Student’s unpaired t-test, while multiple comparisons were made using one-way ANOVA, followed by Duncan's post hoc test. p < 0.05 was considered statistically significant.
RESULTS
Sequencing Data Quality
In our microbiome study, 1,416,455 raw tags of microbial 16S rDNA were acquired from fecal samples using Illumina sequencing. Illumina MiSeq sequencing analysis was applied to identify the composition of gut flora in the fecal samples of rats. 1,309,828 effective tags were acquired after filtering the data quality, with an average number of 87,322 tags per sample (range: 82,730 to 93,921) (Supplementary Table S1). These sequences were assigned to 1,620 operational taxonomic units (OTUs) based on 97% sequence resemblance. According to the taxonomic assignment, a total of 1,422 OTUs were identified from the normal and IgAN model groups with a median read count of 1,333.8 OTUs (range: 1,180–1,450) per sample (Supplementary Table S2). OTUs with abundance greater than 1% were selected and used to construct a species classification diagram (Figure 2A).
[image: Figure 2]FIGURE 2 | Comparative analysis of fecal microbial diversity and composition in IgAN rats. (A) Cladogram of differentially abundant taxa between normal and model. (B) The alpha-diversity indices (Ace, Chao1, Shannon, Simpson, and Sobs) of the normal and IgAN model groups were calculated based on OTU levels. (C) Principal coordinate plot showing the beta diversity between the normal and model rats, based on unweighted and weight ed UniFrac analyses. p value indicates differential clustering, as evaluated using the ADONIS test. (D) Component proportion of microbiota between the normal and model groups from fecal 16S rDNA sequencing data at the phylum level (top 10). (E) Stacking diagram of species distribution between normal and model groups at the order level (top 10), as revealed using 16S rDNA sequencing. (F) Circos showing the microbial composition of each sample from the normal and model groups at the class level (top 10). (G) Heatmap displaying the microbial composition of each sample from the normal and model groups at the genus level.
Changes in Bacterial Diversity in Fecal Microbiota of Immunoglobulin A Nephropathy Rats
Alpha-diversity indices including Chao1, Shannon, and Simpson were calculated to evaluate differences in the ecological diversity of microbial communities between the normal and IgAN model groups. According to the Wilcoxon rank-sum test, there were no significant differences in the Chao1 (1874.20 ± 122.02 vs. 1948.38 ± 182.61), Ace (1912.48 ± 127.48 vs. 1984.97 ± 169.50), Sobs (1315.00 ± 52.61 vs. 1352.60 ± 102.12), Shannon (6.81 ± 0.13 vs. 6.78 ± 0.39), and Simpson (0.9751 ± 0.0027 vs. 0.9717 ± 0.0113) indices between the normal and IgAN model groups, respectively (Figure 2B). Both unweighted (ADONIS) (p = 0.005) and weighted (ADONIS) (p = 0.012) UniFrac analyses of the PCA plots exhibited marked discrepancies between the normal and IgAN model groups in terms of beta diversity (Figure 2C). Consequently, the above results demonstrated that IgAN could have a significant influence on the diversity and composition of the gut microbiome.
Comparative Analysis of Fecal Microbial Composition Associated with Immunoglobulin A Nephropathy
According to the data from the phylum to genus level, composition of the gut microbiome varied greatly between the groups; this variation could be an influence of IgAN. Based on the taxonomy stack distributions at the phyla level, all of the observed sequences were aligned and classified into 19 phyla, 28 classes, 48 orders, 73 families, 184 genera, and 94 species (Supplementary Table S3). The relative proportions of dominant taxa were evaluated by microbial taxon assignment of the normal and IgAN model groups. Firmicutes (58.71% vs. 68.43%) and Bacteroidetes (36.64% vs. 25.72%), which are the representative intestinal flora structures in rats, were the dominant gut microbiota in both the normal and IgAN rats, respectively. Other phyla such as Proteobacteria, Euryarchaeota, and Cyanobacteria were found at low levels (less than 4%) (Figure 2D). According to the Wilcoxon rank-sum test, only the relative abundance of Cyanobacteria and Euryarchaeota was obviously reduced (p < 0.05) in the IgAN model group, as compared to the normal group. At the class level profiles, the relative abundance levels of Clostridia, Bacteroidia, Bacilli, and Negativicutes were predominant in both the groups, with no remarkable differences between the two groups (Figure 2E). At the order level, there was a notable increase in the abundance of Betaproteobacteriales, while Methanobacteriales were significantly reduced in the IgAN model group (Figure 2F). At the genus level, an average of 40.08 and 33.27% of the sequences per sample could not be assigned to specific genera in the normal and IgAN groups, respectively. The remaining sequences were assigned to 184 genera, of which Lactobacillus, Phascolarctobacterium, and Ruminococcaceae_UCG-014 were abundant in both the groups (Figure 2G).
Identification of Immunoglobulin A Nephropathy-Specific Fecal Microbial Communities
LEfSe analysis was applied to distinguish the predominant gut microbiota that could induce renal dysfunctions and change metabolic pathways. The specific bacterial taxa in the IgAN feces have been represented using a cladogram, while the column graphs represent the linear discriminant analysis scores. As shown in Figures 3A and B, the IgAN rats contained higher enrichment of Lactobacillus_reuteri, Rikenellaceae_RC9_gut_group, Ruminiclostridium_9, Actinobacteria, and Bifidobacterium, while the normal rats primarily contained higher enrichment of Ruminococcaceae_UCG_014, Ruminococcaceae_NK4A214_group, Ruminococcaceae_UCG_005, and Methanobrevibacter as well as Christensenellaceae_R_7_group, reflecting regular kidney function (LDA score > 3.0 with p < 0.05). Thus, this finding identified the differentially distributed microbial communities as biomarker candidates for IgAN, which showed great promise for precision medicine. Therefore, novel insights into the disturbance of gut microbiota in the condition of IgAN are helpful to identify potential therapeutic targets and develop novel therapeutic strategies for preventing or attenuating the disease progression.
[image: Figure 3]FIGURE 3 | Specific fecal microbial communities and potential functional pathways in IgAN rats. (A) Cladogram displaying the specific bacterial taxa between the normal and model groups (phylum to genus level). (B) LEfSe analysis of the specific bacterial taxa of the normal and model groups (LDA score > 3.0, Wilcoxon rank-sum test p < 0.05, n = 5). (C) CCA analysis of biochemical parameters and microbial communities at the phylum level. The direction and length of the red lines indicates the contribution of the corresponding parameter to the microbial communities. (D) Interaction network diagram of the biochemical parameter and specific microbes, based on Pearson’s correlation analysis. The orange line represents a positive correlation, while the blue line represents a negative correlation. (E) Heatmap showing Pearson’s analysis of discriminant bacterial species in the normal and model groups. Significant differences were determined using Wilcoxon rank-sum test, *p < 0.05. (F) KEGG functional prediction analysis of altered microbial communities associated with IgAN rats.
Association of the Microbial Dysbiosis and Dysregulation of Biochemical Parameters in Immunoglobulin A Nephropathy
The heatmap in Figure 3C illustrated that 37 taxa were obviously distinct between the IgAN rats and the normal rats. In addition, Pearson’s correlation analysis further confirmed the critical taxa that were strongly correlated with IgAN rats. Pearson’s correlation analysis was utilized to identify bacteria related to changes in biochemical parameters in IgAN rats. The result indicated that CRE and urine protein was deeply implicated in the changes in intestinal flora in IgAN rats. Notably, the result revealed that plasma BUN and CRE levels, 24-h protein urine, weight, spleen index, kidney index, and urine volume were positively or negatively associated with the richness of several genera (Figure 3D). In order to further clarify the effect of biochemical parameters on gut flora, canonical correspondence analysis (CCA) was carried out at the OTU level. Among others, the first two components (CCA1 and CCA2) further illustrated the contribution of biochemical parameters to change bacterial structure and composition (Figure 3E). In summary, these findings indicated that there is a potential link between gut microbiota dysbiosis and kidney insufficiency. However, further investigations need to be carried out to understand this relationship to a greater extent.
Key Metabolic Pathways Associated with Differential Fecal Microflora in Immunoglobulin A Nephropathy Rats
PICRUSt analysis was carried out for functional profiling of the gut microbiota from all samples using the 16S rDNA data. Biological metabolic pathways can be classified into seven categories, namely, metabolism, genetic information processing, environmental information processing, cellular processes, organismal systems, human diseases, and drug development. The data in this study suggested that vital alterations in the gut microbial gene functions were associated with metabolism. 3,196 KEGG Orthology (KO) terms were determined using PICRUSt analysis, which were found to be associated with 21 significantly altered metabolic pathways in IgAN (Supplementary Table S4), such as adipocytokine signaling pathway, D-arginine and D-ornithine metabolism, flavone and flavonol biosynthesis, biotin metabolism, riboflavin metabolism, and caprolactam degradation. Interestingly, xenobiotics biodegradation and metabolism, alpha-linolenic acid metabolism, ether lipid metabolism, and glutathione metabolism were found to be upregulated, while cofactor and vitamin metabolism, amino acid metabolism, energy metabolism, citrate cycle (TCA cycle), and D-glutamine and D-glutamate metabolism were found to be downregulated in the IgAN rats. Consequently, alterations in bacterial communities in IgAN might potentially trigger alterations in a variety of microbial metabolic pathways, ultimately affecting the disease outcome (Figure 3F).
Altered Serum Metabolic Profiling in Immunoglobulin A Nephropathy Rats
Serum metabolic profiling using PCA score plots [positive (a) and negative (b) ion mode] revealed that there was a significant separation between the normal group and the IgAN model group (Figure 4A). In addition, further OPLS-DA model analysis also confirmed that the two groups were clearly separated, indicating that there were significant alterations in the physiology and body metabolic status of IgAN rats (Figure 4B). According to the OPLS-DA scores plot, R2X and R2Y were employed to analyze the interpretation rate of the matrix, while Q2Y represented the predictive ability of the model. The performance statistics were as follows: R2X = 0.318 or 0.482, R2Y = 0.998, and predictive parameter Q2Y = 0.632 or 0.866, which suggested that the IgAN model was credible. S-plots and VIPs of OPLS-DA were employed to seek out critical markers in the IgAN model. 787 (positive ion mode) and 616 (negative ion mode) significantly altered metabolic biomarkers were selected (VIP > 1, p < 0.05) using multivariate statistical analysis of serum samples from IgAN rats; the same have been presented in the heatmap (Supplementary Table S5). These biomarkers of serum metabolites were mainly involved in lipid metabolism, signal transduction, carbohydrate metabolism, amino acid metabolism, and biosynthesis of other secondary metabolites (Figure 4C). The metabolic pathways enriched by the metabolites were consistent with the potential metabolic function predicted by the above intestinal flora, which indicated that intestinal flora could affect the development of IgAN by altering metabolites. The data of pathway analysis reflected that there were ten principal altered pathways of serum metabolites in IgAN rats, which included: 1) biosynthesis of unsaturated fatty acids, 2) fatty acid biosynthesis, 3) HIF-1 signaling pathway, 4) phototransduction-fly, 5) bile secretion, 6) pentose phosphate pathway, 7) aldosterone synthesis and secretion, 8) glucagon signaling pathway, 9) pentose and glucuronate interconversions, and 10) glycolysis/gluconeogenesis (Figure 4D).
[image: Figure 4]FIGURE 4 | Serum metabolomics for identification of metabolites and metabolic pathways in the IgAN rats. (A) PCA plots [positive (A) and negative (B) ion mode] revealed that the overall metabolite profiles differed between the normal and model rats (n = 5). (B) OPLS-DA plots [positive (A) and negative (B) ion mode] with the scores of the first two principal components from the normal and model rats (n = 5). (C) Integrated metabolite pathway-based network analysis of serum metabolites using Cytoscape software, based on KEGG database. (D) Top 10 altered metabolites between the normal and model groups, based on KEGG pathway enrichment analysis and statistical significance. (E) Heatmap representing the correlation values between discriminant bacterial species and differential serum metabolites in the normal and model groups. Asterisks represent the significance level of the corresponding correlation coefficient, *p < 0.05.
Correlation Analysis for Immunoglobulin A Nephropathy–Induced Fecal Microbial Dysbiosis and Dysregulation of Metabolites
A link between the microbiome community structure and metabolic signatures could reflect a predictive profile for IgAN progression. To analyze such associations and explore the underlying potential mechanisms, Pearson’s correlation coefficient was applied on the above fecal microbiome and metabolomics data. The results revealed the specific metabolites that were positively or negatively associated with the richness of several genera, indicating that the differentially enriched metabolites in IgAN rats were possibly responsible for the imbalance in intestinal flora (Figure 4E). This finding provided novel insight into the investigation of gut microbiome–metabolome associations for new target discovery.
Effects of Zhen Wu Tang on Treating Immunoglobulin A Nephropathy Rats
Effects of Zhen Wu Tang Treatment on Fecal Microbiota Dysbiosis
To illustrate whether intestinal flora influence IgAN, we treated IgAN rats with ZWT, a classic herbal prescription with treatment effects on CKD that has been in clinical practice since centuries (Liang et al., 2019). Figure 5A demonstrated that the Shannon rarefaction curves for each group approached a saturation plateau, suggesting the adequacy of sequence coverage for each sample. Venn diagrams were made to detect differences in OTUs between the different groups, which summarized that the general numbers of OTUs were 1,290, 1,146, and 964 for the normal, model, and ZWT treatment groups, respectively (Figure 5B). In terms of specific flora, 257 OTUs were observed only in the model group, while 198 OTUs were observed only in the ZWT-treated group. In addition, there were 639 overlapping OTUs that were shared by all the three groups (Supplementary Table S6). 3D-PCA and UPGMA were used to present different taxonomic compositions in the three groups, showing satisfactory clusters among them (Figures 5C,D). Indeed, the result exhibited that the gut microbiota from IgAN rats treated with ZWT tended to approach that from normal rats, suggesting a meaningful ZWT-mediated modulation on the bacterial community. LEfSe analysis showed that there was a significant change in the specific and predominant bacteria in response to ZWT treatment. Lactobacillus_reuteri, Rikenellaceae, and Bifidobacterium were predominant in the model rats; Eubacterium_hallii_group, Megamonas, and Blautiawere were specific for the ZWT-treated model rats; and the normal rats were characterized by Methanobrevibacter and Collinsella_sp_Marseille_P3740. The results indicated that gut flora homeostasis could be perturbed by IgAN, while ZWT could ameliorate the gut microbiota dysbiosis (Figures 5E,F). Intestinal flora analysis revealed that the model groups exhibited different degrees of disorder at the phylum level, as compared to the normal group. The levels of Cyanobacteria and Proteobacteria could be restored to the control level upon ZWT treatment (Figure 5G). Additionally, we observed that ZWT administration increased the relative abundance of microbial species at the family level, including Peptostreptococcaceae, Methanobacteriaceae, Christensenellaceae, Streptococcaceae, and Family_XIII. Moreover, the model group had higher abundance of Lachnospiraceae, Lactobacillaceae, Erysipelotrichaceae, and Bacteroidaceae relative to the normal group; these levels were found to be reduced upon ZWT intervention (Figure 5H). These data suggested that ZWT exerted a protective role in IgAN rats through regulation of the microbial structure.
[image: Figure 5]FIGURE 5 | Effect of ZWT on gut microbiota of IgAN rats. (A) Shannon rarefaction curves of normal, model, and ZWT groups. (B) Hierarchical clustering analysis of UPGMA in three groups based on unweighted UniFrac analysis. (C) 3D-PCA was executed in the three groups, based on OTU levels. (D) Venn diagram showing observed OTU numbers among the three groups. Orange symbols indicate ZWT group; blue symbols, normal group; and green symbols, model group. (E) Phylogenetic tree in cladogram format displaying discriminatory bacterial taxa among the three groups, based on LEfSe analysis (phylum to genus level). (F) The difference in abundance levels of bacterial taxa among the three groups (LDA score > 3.0, Wilcoxon rank-sum test p < 0.05). (G) Stacking diagram of species distribution between normal, model, and ZWT groups at the phylum level from fecal 16S rDNA sequencing data (top 10). (H) Heatmap showing the component proportion of microbiota of each sample from the normal, model and ZWT groups at the family level (top 20).
Effect of Zhen Wu Tang Treatment on Serum Metabolic Profiles
The metabolomic profiles of serum samples in each group displayed satisfactory separation based on the PCA model [positive (a) and negative (b) ion mode] (Figure 6A). A PLS-DA model [positive (a) and negative (b) ion mode] was established to illustrate the metabolic distinction between the three groups, which suggested that upon treatment with ZWT, the IgAN group tended to approach the status of the normal group (Figure 6B). 784 (positive ion mode) and 647 (negative ion mode) markedly altered metabolic species were selected (VIP > 1, p < 0.05) using multivariate statistical analysis of serum samples from ZWT-treated rats (Supplementary Table S7). These biomarkers of serum metabolites regulated by ZWT were mainly involved in carbohydrate metabolism, amino acid metabolism, metabolism of other amino acids, biosynthesis of other secondary metabolites, lipid metabolism, and metabolism of cofactors and vitamins. Metabolic pathway analysis was performed to obtain an overall view of the above metabolic biomarkers and their potentially functional effects (Figure 6C). The top ten metabolic pathways including HIF-1 signaling pathway, bile secretion, pentose phosphate pathway, and aldosterone synthesis/secretion were then finalized based on p values. The exhaustive KEGG map of bile secretion was taken as a representative example (Figure 6D).
[image: Figure 6]FIGURE 6 | Change in metabolic profiles of IgAN rats upon ZWT treatment. (A) PCA plots [positive (A) and negative (B) ion mode] displaying grouped discrimination among the three groups, based on the first two principal components. (B) Loading plots of PLS-DA model [positive (A) and negative (B) ion mode] derived from the potential biomarker metabolites in the serum samples of normal, model, and ZWT groups. (C) Top 10 important discriminatory metabolites upon ZWT treatment, as identified using KEGG pathway enrichment analysis. (D) Schematic overview of bile secretion metabolic pathway changes in IgAN rats upon ZWT treatment. The metabolites are shown in color: red color represents an increase in the levels of metabolite, while green color represents a decrease.
Histopathological and Biochemical Analysis in Immunoglobulin A Nephropathy Rats upon Zhen Wu Tang Treatment
As shown in Figure 7A, the IgAN model rats exhibited decreased body weight, increased BUN, CRE, urine volume, and 24-h urine protein, as compared to rats in the normal group. Furthermore, compared to the normal group, renal pathological investigation in IgAN rats exhibited evident glomerulus swelling, proliferation of mesangial cells, and extension of mesangial matrix; interestingly, treatment with ZWT remarkably reversed these morphological changes. PAS staining of renal tissues of IgAN rats revealed obvious deposition of immune complexes in the mesangial areas, an effect that was significantly inhibited upon ZWT treatment. Similarly, the markedly increased deposition of IgA and C3 immune complexes observed in the kidney tissue of the model group was attenuated in the ZWT-administered group. In addition, compared to the normal group, histology of the intestinal mucosa of the model group displayed abnormal morphology, structural disorder, and inflammatory infiltration. The pathological change in the model group was significantly alleviated upon ZWT therapy (Figure 7B). Taken together, the above results demonstrated that treatment with ZWT could mitigate renal pathological damage and attenuate kidney function injury and its consequences in IgAN rats.
[image: Figure 7]FIGURE 7 | Effect of ZWT on kidney function and colonic injury. (A) Effect of ZWT on body weight, kidney index, spleen index, and biochemical parameters including urine volume, 24-h urine protein, BUN, and CRE. (B) Photomicrographs of HE staining (400×), PAS staining (400×), and immunofluorescence staining (200×) of IgA and C3 immune complexes in glomeruli of renal tissues and HE staining (200×) of colon tissues in IgAN rats. Values represent mean ± SD, n = 5. Vertical bars represent standard deviation of the mean. #p < 0.05, ##p < 0.01 vs. normal; *p < 0.05, **p < 0.01 vs. model.
DISCUSSION
Gut microbiota is a complex microbial ecosystem of the human body. Differences in the composition and structure of the gut microbiota are associated with the onset and development of multiple diseases (Qin et al., 2012; Bajaj, 2019; Singh et al., 2020). Accumulating studies have emphasized the essential roles of the gut–kidney axis and the bidirectional relationship between the host and the gut flora in humans and animals (Zhang et al., 2018). Additionally, recent evidence suggests that an abnormal profile of gut microbiota and changes in the metabolic phenotype are closely linked to both patients and animals with CKD (Nicholson et al., 2012; Wang et al., 2020). In the present study, 16S rDNA gene sequencing analysis of fecal or serum samples, in combination with the untargeted metabolomics approach, provided comprehensive insights into the association between IgAN and intestinal microbiota and related metabolite alterations. In addition, we further demonstrated that the effect of ZWT on ameliorating kidney injury might be mediated through adjustments in the intestinal flora and restoration of metabolism homeostasis.
According to a previous study, there is an adverse change in the gut microbiota in IgAN patients, as compared to healthy individuals. In the present study, fecal samples of IgAN model rats showed abnormal changes in the gut microbial community, characterized by altered diversity and differences in bacterial population structure and composition, as compared to the normal rats. Post establishment of the IgAN model, significant alterations in the richness of 51 bacterial species including Lactobacillus_reuteri, Rikenellaceae_RC9_gut_group, Ruminiclostridium_9, Actinobacteria, and Bifidobacterium were observed in the IgAN rats, highlighting the profound influence of IgAN on disturbance of intestinal flora. Result of gut microbiota analysis showed that, compared to the normal group, the IgAN model group presented distinct degrees of disorder (from the phylum to species levels). Treatment with ZWT ameliorated this microbial dysbiosis, indicating that ZWT plays a role in regulating gut microbiota. We found Firmicutes and Bacteroidetes to be the most dominant bacterial phylum in the fecal samples, consistent with other studies. We also found enrichment of Ruminococcaceae_NK4A214_group, Ruminococcaceae_UCG-014, and depletion of Enterorhabdus and Coriobacteriaceae_UCG-002 in the normal rats at the genus level. In addition, at the bacterial family level, increasing abundance of Lachnospiraceae and Burkholderiaceae were observed in the IgAN rats, with a decrease in Muribaculaceae and Christensenellaceae. In light of the above comprehensive results, we confirmed the concurrence of microbial dysbiosis in IgAN rats. Difference in gut microbiota has the potential to serve as a biomarker target for guiding noninvasive diagnosis. Promising treatments can target amelioration of IgAN-induced microbial dysbiosis. Given that the diagnosis of gut microbiota is influenced by all kinds of factors, the biomarker is not a single bacterium but a set of bacteria. The reliability of these bacteria as biomarkers needs to be explored in future studies. Hence, large-scale prospective studies with extensive number of samples from IgAN patients and mice need to be conducted to identify and develop more reliable microbiome biomarkers.
The pathogenesis of IgAN is multifactorial and involves the interaction of host genetics, immune disorder, and environmental elements to bring about an abnormal immune response and chronic inflammation. Although studies on the complex association between kidney tissue damage and gut have been carried out over time, the underlying mechanism still remains unknown. Based on the theory of the kidney–gut axis, many studies have confirmed that kidney disease is related to intestinal disorders via alterations in the composition of the intestinal flora and the generation of uremic toxins (Chen et al., 2019). Although the primary cause for IgAN is chronic inflammation and immune disorders, growing evidence links the pathogenesis of IgAN to the dysregulation of gut microbiota (Hu et al., 2020). Normal intestinal flora plays a decisive role in the development of diseases as it mediates environmental changes in the body’s immune system and modulates the chronic inflammatory state. Previous studies have also shown that CD4+ T cells can engage in crosstalk with the gut flora to participate in immune diseases during inflammation (Brown et al., 2019). Particularly, with a key role in immune response, CD4+ T cells can affect IgAN evolution and progression (Bai et al., 2019a). Initial observations in IgAN rats have shown decreased proportion of Anaerovorax and increased proportion of Enterobateriales and Escherichia shigella, as compared to normal rats. Proliferation of gram-negative bacteria (with a typical genus of Escherichia shigella) and leakage of LPS may trigger a severe inflammatory state in the IgAN group. In a previous study, we discovered that injury of mesangium cells is induced by a stimulus (LPS), which could increase the release of inflammatory cytokines and arouse an inflammatory milieu (Bai et al., 2019b). Accordingly, IgAN-associated systemic inflammation may be associated with the intestinal flora by mechanisms involving bacterially derived LPS. In addition, decrease of Anaerovorax, the SCFA-generating bacteria, is related to increased renal inflammation and injury of the intestinal mucosal barrier. SCFAs including butyric acid, propionic acid, and acetic acid exert crucial roles in peripheral T cell differentiation, thereby modulating inflammation (Huang et al., 2017). Consequently, gut flora may act as a new biomarker for the treatment of chronic diseases, including inflammation and dysimmunity.
IgAN is characterized by a state of chronic, low-grade, systemic inflammation due to immune disorders. A large body of proof has indicated that inflammation exerts an indispensable effect on renal damage and progression of IgAN. In this study, HE staining revealed massive accumulation of inflammatory cells in the renal and colonic tissues of IgAN rats. As direct indicators of inflammatory response, upregulation of IL-17, IL-4, and IL-1β in the renal tissues of IgAN rats has been reported in our previous study; however, the proposed mechanism did not take gut microbiota into consideration (Bai et al., 2019a). Since microbes are reported to be related to inflammatory cytokines, changes in microbes may play a pivotal part in the inflammatory status of renal damage, and the same must be further investigated. Moreover, the anti-inflammatory role of ZWT has been reported in a previous study. Liu et al. (2019) found that ZWT significantly suppressed the activation of the NLRP3 inflammasome, reduced the protein expression of IL-1β as well as the release of IL-18. ZWT significantly decreased the renal phosphorylation of NF-κB but increased the expression of IκB in IgAN rats (Liu et al., 2018). These studies link the anti-inflammatory mechanism of ZWT with gut microbes under the condition of IgAN. Our results revealed the potential anti-inflammatory mechanism of the intestinal microbiome in IgAN upon ZWT treatment, which deserves detailed experimental and clinical investigation in the future.
In addition to the gut flora in the feces, serum metabolites may also reflect the physiological status of an individual. Data in the present study showed that there was an obvious increase in the renal function of IgAN rats upon ZWT treatment, which might be due to its anti-inflammatory effect; however, the exact biochemical mechanism responsible for this effect needs further study. LC-MS-based metabolomics analyses are being increasingly performed to explore the abnormality of serum metabolites in multiple diseases. The present study was designed to obtain comprehensive understanding of the changes in the serum metabolome and to explore latent targets in IgAN rats and their response to treatment with ZWT. In the present study, the untargeted metabolomics approach was applied to identify serum metabolic profiles related to IgAN, followed by evaluation of the effect of ZWT on IgAN. Identified serum metabolites were relevant to the dysbiosis of metabolism, chiefly involving processes such as lipid metabolism, signal transduction, carbohydrate metabolism, amino acid metabolism, and biosynthesis of other secondary metabolites, consistent with the potential function of gut flora. As shown in Figure 5C, treatment with ZWT could regulate various metabolic pathways in IgAN rats, including HIF-1 signaling pathway, bile secretion, pentose phosphate pathway, and aldosterone synthesis/secretion. Our study further demonstrated that treatment of IgAN rats with ZWT resulted in intervention in some metabolic pathways, possibly achieved by restoring the changes in some targets discovered in this investigation, to prevent the disruption of the intestinal epithelial barrier. Breakdown of the gut epithelial barrier triggers local and systemic inflammation as well as the influx of leukocytes, further accelerating the translocation of uremic toxins into the systemic circulation in CKD patients and animals. In addition, it has been reported that altered gut microbiota is the reason for excessive generation of uremic toxins (e.g., indoxyl sulfate, p-cresyl sulfate, and trimethylamine-N-oxide) and a decrease in renoprotective metabolites (Tang et al., 2015). The microbial balance in the gut is perturbed following IgAN exposure, which can lead to over accumulation of uremic toxins, further promoting the release of pro-inflammatory factors. As a consequence of long-term stimulation of inflammation, there is a deterioration of kidney function and further aggravation of tissue damage.
Renal function is usually reflected in the levels of CRE, BUN, and 24-h protein urine. Increased deposition of IgA complexes in the kidney tissue is a strong sign of IgAN. Results of the histopathological examination conducted in this study were consistent with those obtained in earlier studies, suggesting that the IgAN model rat was successfully established. We believe that ZWT ameliorated impaired kidney function and decreased the deposition of IgA complexes by partially reversing the metabolic aberrance in the serum and recovering the dysregulation of gut microbiota. As shown in Figure 7B, pathological changes, including crypt damage accompanied by edema and irregularly arranged goblet cells, were observed in the gut of IgAN rats. It has been reported that disruption of the intestinal epithelial barrier contributes to increased serum cytokines levels and renal impairment in IgAN. In the present study, increasing abundance of Collinsella was observed in the IgAN rats. A previous study has demonstrated that Collinsella can enhance gut permeability by lowering expression of tight junction proteins, resulting in an altered immune status and local inflammation (Chen et al., 2016). Consequently, it is reasonable to speculate that higher richness of Collinsella may control the intestinal mucosal barrier function through the above mentioned mechanisms.
In conclusion, in the present study, we performed 16S rDNA sequencing and LC/MS detection to characterize the structure of the gut flora in fecal samples, analyze its abundance, and evaluate the relation between IgAN, gut microecology, and related serum metabolites. The data obtained in the research might provide a biological basis for comprehension of the mechanism underlying the relationship between gut flora, serum metabolites, and IgAN, in addition to providing new insights into the therapeutic mechanism of ZWT. Moreover, intestinal flora and related metabolites serve as biomarkers in kidney disease, changes in which can reflect the stress response to IgAN; thus, such biomarkers display the potential to guide clinical diagnosis and treatment.
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Background: Recently, chronic kidney disease (CKD)-mineral and bone disorder (MBD) has become one of common complications occurring in CKD patients. Therefore, development of a new treatment for CKD–MBD is very important in the clinic. In China, Fucoidan (FPS), a natural compound of Laminaria japonica has been frequently used to improve renal dysfunction in CKD. However, it remains elusive whether FPS can ameliorate CKD–MBD. FGF23-Klotho signaling axis is reported to be useful for regulating mineral and bone metabolic disorder in CKD–MBD. This study thereby aimed to clarify therapeutic effects of FPS in the CKD–MBD model rats and its underlying mechanisms in vivo and in vitro, compared to Calcitriol (CTR).
Methods: All male rats were divided into four groups: Sham, CKD–MBD, FPS and CTR. The CKD–MBD rat models were induced by adenine administration and uninephrectomy, and received either FPS or CTR or vehicle after induction of renal injury for 21 days. The changes in parameters related to renal dysfunction and renal tubulointerstitial damage, calcium-phosphorus metabolic disorder and bone lesion were analyzed, respectively. Furthermore, at sacrifice, the kidneys and bone were isolated for histomorphometry, immunohistochemistry and Western blot. In vitro, the murine NRK-52E cells were used to investigate regulative actions of FPS or CTR on FGF23-Klotho signaling axis, ERK1/2-SGK1-NHERF-1-NaPi-2a pathway and Klotho deficiency.
Results: Using the modified CKD–MBD rat model and the cultured NRK-52E cells, we indicated that FPS and CTR alleviated renal dysfunction and renal tubulointerstitial damage, improved calcium-phosphorus metabolic disorder and bone lesion, and regulated FGF23-Klotho signaling axis and ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney. In addition, using the shRNA-Klotho plasmid-transfected cells, we also detected, FPS accurately activated ERK1/2-SGK1-NHERF-1-NaPi-2a pathway through Klotho loss reversal.
Conclusion: In this study, we emphatically demonstrated that FPS, a natural anti-renal dysfunction drug, similar to CTR, improves renal injury-related calcium-phosphorus metabolic disorder and bone abnormality in the CKD–MBD model rats. More importantly, we firstly found that beneficial effects in vivo and in vitro of FPS on phosphorus reabsorption are closely associated with regulation of FGF23-Klotho signaling axis and ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney. This study provided pharmacological evidences that FPS directly contributes to the treatment of CKD–MBD.
Keywords: fucoidan, chronic kidney disease-mineral and bone disorder, FGF23-Klotho signaling axis, phosphorus reabsorption, ERK1/2-SGK1-NHERF-1-NaPi-2a pathway
INTRODUCTION
In the clinic, chronic kidney disease (CKD) patients with renal dysfunction often suffer from disturbances in mineral and bone disorder including metabolic dysregulation of calcium (Ca2+), phosphorus (P4+), parathyroid hormone, vitamin D and fibroblast growth factor 23 (FGF23), that ultimately causes ectopic calcification in vasculature and bone abnormality (Hruska et al., 2017). These renal dysfunction-associated complications of CKD patients cover a broader syndrome and are defined as CKD-mineral and bone disorder (CKD–MBD) (Ketteler et al., 2017). Recently, CKD–MBD has become one of common complications occurring in CKD patients at stage G3a to G5D (Liu et al., 2019). Therefore, development of a new treatment for CKD–MBD is very important in the clinic. It is reported that vitamin D agents and vitamin D receptor activators are widely used to control CKD–MBD in CKD patients. Vitamin D is also known to have several pleiotropic actions on bone and mineral metabolism, immune function and cardiovascular systems (Nagpal et al., 2005). Despite this, the effects of vitamin D agents and vitamin D receptors on bone and vasculature are complicated. Here, it should be noted that an excessive administration of vitamin D agents or vitamin D receptors can result in induction of vascular calcification (Rodriguez et al., 2011). Hence, it is now necessary, using the CKD–MBD animal model, to demonstrate potential mechanisms of CKD–MBD and further to achieve appropriate management strategies for CKD–MBD patients.
Bone abnormalities in the patients and animal models with CKD–MBD are characterized by renal osteodystrophy, disorder of mineral metabolism and volume and increased propensity to fracture (Tamagaki et al., 2006; Aleksova et al., 2018; Watanabe et al., 2018; Waziri et al., 2019). In which, calcium-phosphorus metabolic disorder and osteoporosis-like pathological lesions are the early hallmarks in these CKD–MBD patients with advanced renal dysfunction (Aleksova et al., 2018; Waziri et al., 2019). Recently, FGF23 as a phosphate-regulating hormone has been discovered by the studies on rare hypophosphatemic disorder, whereas Klotho, which subsequently turns out to be a co-receptor for FGF23, is identified in a mouse model showing hyperphosphatemia and multiple aging-like traits. Briefly, FGF23-Klotho signaling axis is a pivotal regulator of mineral and bone metabolic disorder in CKD–MBD (Olauson et al., 2014). In addition, the inchoate onset of Klotho deficiency contributes to FGF23 resistance in the kidney and a maladaptive increase in circulating FGF23. FGF23 is also an early biomarker of renal injury and increased FGF23 predicts adverse clinical outcomes, in particular cardiovascular complications of CKD–MBD (Moe et al., 2009; Erben and Andrukhova, 2017; Kuro-O, 2017). Consequently, targeting FGF23-Klotho signaling axis in response to renal injury and its correlative mineral and bone metabolic disorder has been identified as multi-targets in the treatment of CKD–MBD.
Fucoidan (FPS) is a class of fucose-rich sulfated carbohydrates found in brown marine algae and echinoderms, and more recently identified in Laminaria japonica, a traditional Chinese herbal medicine (van Weelden et al., 2019). Previous studies showed that FPS has an attractive array of bioactivities and potential applications including immune modulation, cancer inhibition and pathogen inhibition (Fitton et al., 2015). Over the last few years, some researches into FPS have continued to gain pace and point toward potential therapeutic or adjunct roles in CKD and osteoporosis. Wang et al. reported that a modern preparation of FPS, Haikun Shenxi capsule (HKSX, the local name in China) approved by the China State Food and Drug Administration for the treatment of CKD (Z20030052) has ameliorative effects on chronic renal failure (CRF), acute kidney injury (AKI) and diabetic kidney disease (DKD) in the clinic (Wang et al., 2019). Besides, more importantly, Hwang et al. and Jin et al. consecutively found that the low-molecular weight FPS also inhibits differentiation of osteoclasts and reduces osteoporosis in vivo and in vitro (Hwang et al., 2016; Jin et al., 2017). It thereby seems reasonable to hypothesize that aiming at renal injury and bone abnormality, FPS may provide a new and appropriate therapeutic approach for CKD–MBD patients. However, so far, there are still some important issues unresolved in the role of renal injury and its correlative bone abnormality in CKD–MBD treated by FPS, for instance, whether FPS can improve renal injury and bone abnormality, and if so, what are underlying mechanisms involved in vivo and in vitro.
Here, to address these issues, we designed continuous and correlative animal and cell experiments to verify the hypotheses that FPS might ameliorate renal injury-related calcium-phosphorus metabolic disorder and bone abnormality in CKD–MBD by targeting FGF23-Klotho signaling axis and its downstream pathway, compared to Calcitriol (1α,25-dihydroxyvitamin D3, CTR). The results in agreement with these hypotheses will suggest that regulation of FGF23-Klotho signaling axis is protective in CKD–MBD.
MATERIALS AND METHODS
Animals, Drugs and Reagents
All experiments were performed using the male Sprague–Dawley rats weighing from 200 to 220 g, purchased from the Experimental Animal Center of Nanjing University (Nanjing, China) [License No: SCXK (Shanghai) 2012-0006]. All rats were housed (six rats/cage) at 22 ± 3°C and 50 ± 10% humidity using a 12-hour light/dark cycle, and were fed a specific-pathogen free (SPF)-grade standard rat chow (catalog number 1010008) from Xietong Pharmaceutical Bio-engineering Co., Ltd. (Nanjing, China), and were given tap water ad libitum in the Experiment Animal Center of Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School. Surgical procedures and experimental protocols were approved by the Animal Ethics Committee of Nanjing University Medical School. Adenine was purchased from Sigma-Aldrich (St. Louis, MO, United States) and solubilized in distilled water and administrated via gavage individually. FPS (C6H10O7S, CAS: 9072-19-9) was obtained from Jilin Province Huinan Chonglong Bio-Pharmacy Co., Ltd (Huinan, China). FPS was dissolved in 10% dimethyl sulfoxide (DMSO) with a termination concentration of 1 g/L. CTR was obtained from Cayman Chemical Company, Inc (Ann Arbor, MI). CTR was dissolved in 10% DMSO with a termination concentration of 10−5 mol/L. Antibody against Klotho was purchased from Abcam Technology (Abcam, Cambridge, MA), antibodies against FGF23, FGF receptor1 (FGFR1), phosphorylated extracellular signal-regulated kinase (ERK)1/2 (p-ERK1/2), serum/glucocorticoid-regulated kinase1 (SGK1), Na+/H+ exchange regulatory cofactor-1 (NHERF-1), sodium-phosphate co-transporter-2a (NaPi-2a) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Cell Signaling Technology (Beverly, MA, Unites States).
Animal Experimental Protocols
As shown in Supplemental Figure 1, 28 rats were randomly divided into four groups according to the random number table, seven rats in the sham-operated group (the Sham group), seven rats in the CKD–MBD model group (the CKD–MBD group), seven rats in the FPS-treated group (the FPS group) and seven rats in the CTR-treated group (the CTR group). According to previous studies (Tamagaki et al., 2006; Zhang et al., 2017; Ma and He, 2018; Neven et al., 2018), the model rats with CKD–MBD were induced by adenine administration and uninephrectomy. More specifically, the rats were firstly undergone the left uninephrectomy on day 7, and then, administrated with 2% adenine (150 mg/kg/d) from day 8 to day 21 at the beginning of the experiment. In the sham-operated rats, the left kidney was only exposed during operation. Following administration and operation, the suspensions of FPS (880 mg/kg) and CTR (30 ng/kg) were given to the CKD–MBD model rats, respectively, by daily, morning gastric gavage for 3 weeks, while the sham-operated rats and the CKD–MBD model rats were intervened with 2 ml distilled water (vehicle). During the drug-intervention, every 3 days, the CKD–MBD model rats, the FPS-treated rats and the CTR-treated rats were given 2% adenine at a dose of 150 mg/kg/d to avoid a quick recovery of renal dysfunction. At the end of 3 weeks after administration, all rats were anesthetized by intraperitoneal injection of ketamine and sacrificed via cardiac puncture. The samples of urine and blood, kidneys and the femur bone were collected for detection of various indicators. Specifically, blood and urine samples were centrifuged at 3,000 rpm at 4°C for 10 min to collect serum or supernatant, which were sent to the Department of Laboratory Medicine of Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing University Medical School for biochemical analysis. In addition, some serums were frozen at −80°C for enzyme-linked immunosorbent assay. Renal cortex tissues were dissected and frozen at −80°C for Western blotting (WB) analysis, as well as for immunohistochemistry and histopathological staining. The femur bone samples were collected and stored in 4% paraformaldehyde solution at 4°C for further detection. Here, it should be noted that, in the clinic, FPS at a dose of 600 mg/d and CTR at a dose of 0.5 μg/d are used to treat a CRF patient weighing 60 kg, respectively (Liu et al., 2019; Wang et al., 2019). Based on the animal standard conversion formula, the effective amount of FPS or CTR in a rat (200 g) is equivalent to 120 mg/kg/d or 30 ng/kg/d. According to our preliminary experiment, we chose the 880 mg/kg/d dose of FPS in this experiment. In addition, one rat died in each group due to misoperation during the experiment. Therefore, there were 6 rats in each group at the end of the experiment.
Rats’ Biochemical Parameters
Body weight (BW) and urine protein of the rats were detected, respectively before and every 1 or 2 weeks after induction of renal injury. The right kidneys of the rats in each group were removed and weighed after a cardiac puncture. Kidney hypertrophy index (KHI) was calculated according to the method described by Lane et al. (1992), that is KHI = kidney weight (KW)/BW. At the end of week 3 after the drug-intervention, the rats were anesthetized and blood samples (5 ml) were drawn from the heart. The biochemical parameters in blood including uric acid (UA), serum creatinine (Scr), blood urea nitrogen (BUN), Ca2+, P4+, alkaline phosphatase (ALP), 25-hydroxyvitamin D3 (VD3), intact parathyroid hormone (iPTH), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were tested, respectively. Serum and urine samples were measured using an automatic biochemical analyzer (Beckman Instruments, Inc., California, United States) in the Department of Laboratory Medicine of Nanjing Drum Tower Hospital, The Affiliated Hospital of Nanjing University Medical School.
Rats’ Bone Mineral Density and Micro-CT Analysis
The lumbar vertebrae and femur bone of each rat were scanned using the dual-energy X-ray absorptiometry (GE, USA). Their bone mineral density (BMD) as the total bone mineral density (TBBMD) and the femur bone mineral density (FBBMD) were measured, respectively as described by Martin and Gutman (1978). Micro-CT analysis structural properties of the femur bone were determined with a high-resolution micro-CT system (Hiscan M-1001 in-vivo Micro-CT System). Moist bones were wrapped in parafilm and covered with dental wax to prevent drying and movement during scanning. The X-ray tube was set to 60 kV, and the beam was filtered with a 0.5 mm aluminium filter. The sample position and camera settings were adjusted to provide a 3.0 μm isotropic pixel size, and projection images were collected every 0.2°. Tissue mineral density values were calibrated against hydroxyapatite phantoms with densities of 250 and 750 mg/cm3. Reconstructions were done with NRecon (v 1.6.9.8; Bruker micro-CT), where appropriate corrections to reduce beam hardening and ring artefacts were applied. Bone was segmented in slices of 3 μm thickness. After 600 slices from the growth plate, we selected and analysed 120 slices of trabecular bone. Analyses were performed in agreement with guidelines for assessment of bone microstructure in rodents using micro-CT (Bouxsein et al., 2010). Trabecular bone morphology was analyzed by applying global threshold and despeckle to provide binary image for three-dimensional analyses. The parameters including total tissue volume (TV), bone volume (BV), bone volume/tissue volume ratio (BV/TV), trabecular number (Tb.N), trabecular bone separation (Tb.Sp), trabecular bone thickness (Tb.Th) and average CT value were obtained.
Light Microscopy Examination
The tissue samples from renal cortex for light microscopy (LM) assessment were fixed with 10% neutral buffered formalin, embedded in paraffin, cut into 3 μm-thick sections and stained with periodic acid-Schiff (PAS) or Masson reagent. Similarly, the tissue samples of the femur bone were also cut into 10 μm-thick sections and stained with Hematoxylin-Eosin (HE). Semiquantitative morphological studies of renal injury were carried out by randomly selecting 20 full-sized tubulointerstitial areas from each specimen. The relative area of ECM (score) in tubulointerstitium and tubulointerstitial collagen deposition (score) were calculated with Image-Pro Plus 6.0 software (Media Cybernetic). The results were confirmed by the pathological professional doctor.
Immunohistochemistry Assay
Klotho, FGF23 and FGFR1 were detected in 3 μm-thick paraffin-embedded renal sections. For immunohistochemistry (IHC) staining of Klotho, FGF23 and FGFR1 antibodies against-Klotho, FGF23 and FGFR1 (Serotec, Oxford, United Kingdom) were used, respectively. Quantitative analysis of Klotho, FGF23 and FGFR1 was performed in a blinded fashion and expressed as cells/tubulointerstitial cross-section. The results were confirmed by the pathological professional doctor.
Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assays for assaying the level of serum FGF23 according to manufacturer’s instructions (R&D Systems Inc., Minneapolis, MN, Unites States).
Western Blotting Analysis in Vivo
WB analysis in vivo was performed as previously described (Wu et al., 2018; Han et al., 2019; Liu et al., 2019). The protein expressions of Klotho, FGF23, FGFR1, p-ERK, p-SGK1, NHERF-1, NaPi-2a and GAPDH were examined, respectively and quantitated by Densitograph (ATTO). The data were shown as ratios relative to control findings and expressed as mean ± standard deviation (S.D.) of 3 independent experiments.
Renal Proximal Tubular Epithelial Cell Culture and Treatment
The NRK-52E cells, a rat renal proximal tubular epithelial cell line, were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F-12 (HyClone) supplemented with 5% fetal bovine serum (FBS; Gibco, Grand Island, NY) as described previously (Tu et al., 2017). The NRK-52E cells were exposed to transforming growth factor-β (TGF-β, 5 ng/ml) and recombinant human FGF23 R176/179Q (rFGF23, 100 ng/ml) without or with FPS at the dose of 20 μg/ml or CTR at the dose of 10−7 mol/L for 24 h. Here, the doses of FPS and CTR were determined by the references of Jia et al. (2016) and Lin et al. (2016).
Cell Viability Assessment
The NRK-52E cell viability was assessed using CCK-8 (Beyotime, Shanghai, China). The cells were seeded into 96-well plates, with 3 replicate wells for each group, at a density of 1 × 104 cells per well, with 100 μl 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.
Lentiviral Transfection
Lentiviral vectors expressing non-targeting pLKO.1 controlled shRNA, and shRNA constructs targeting shRNA-Klotho were obtained from Sigma-Aldrich. The NRK-52E cells were transfected with shRNA plasmid with Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. The infected NRK-52E cells were then incubated for 24 h. After the lentiviral transfection, the lentivirus-containing medium was removed and replaced with the fresh growth medium. The infected NRK-52E cells were cultured for another 48 h, and the medium was changed every 24 h.
Western Blot Analysis in Vitro
The NRK-52E cells were treated in the different groups for 24 h, respectively. After the treatment, cell lysates were separated by gel electrophoresis and blotted with antibodies against Klotho, FGFR1, p-ERK, p-SGK1, NaPi-2a and GAPDH. The secondary antibody was HRP-conjugated anti-rabbit IgG antibody. WB analysis for cells was carried out according to our previous protocols (Tu et al., 2017; Liu et al., 2018).
Statistics Analysis
The differences among groups were analyzed by one-way analysis of variance (ANOVA), and the least significant difference (LSD) method was used for multiple comparisons. Qualitative data were analyzed using Fisher’s exact test as indicated. p < 0.05 was considered statistically significant.
RESULTS
The in Vivo Investigations on Characteristics of Renal Injury and Bone Abnormality
Firstly, using the modified CKD–MBD rat models induced by adenine administration and uninephrectomy, we observed KW, BW, KHI, proteinuria and renal functional indicators including UA, Scr and BUN, compared to the sham-operated rats. As shown in Table 1, in addition to BW, the increase in values of KW, KHI, proteinuria, UA, Scr and BUN was observed significantly at 3 weeks after induction of renal injury, compared to those of the sham-operated rats. Meantime, PAS and Masson staining showed that consecutive adenine-administrations to the rats with a safe and effective dose of 150 mg/kg/d resulted in significant renal tubulointerstitial damages including tubular atrophy, interstitial cells infiltration, ECM accumulation and collagen deposition in tubulointerstitial area at 3 weeks after induction of renal injury (Figures 1A,B). Here, obvious increased scores of ECM and collagen in tubulointerstitial area of the kidneys in the CKD–MBD model rats were detected, respectively, compared to those of the sham-operated rats (Figure 1C).
TABLE 1 | The comparison of characteristics of renal injury and bone abnormality between the sham-operated rats and the CKD–MBD model rats.
[image: Table 1][image: Figure 1]FIGURE 1 | Histopathological characteristics in renal tubulointerstitium and the femur bone between the sham-operated rats and the CKD–MBD model rats (A) ECM in renal tubulointerstitium, PAS staining × 200 (B) Collagen in renal tubulointerstitium, Masson staining × 200 (C) Scores of ECM and Collagen in renal tubulointerstitium (D) Pathological lesions in the femur bone, HE staining × 200. Scale bar = 100 μm. The data are expressed as mean ± S.D. **p < 0.01.
Next, we examined the indexes of urine Ca2+ and P4+, serum Ca2+, P4+, ALP, VD3, FGF23 and iPTH, as well as TBBMD, FBBMD and pathological lesions of the femur bone in the sham-operated rats and the CKD–MBD model rats. Also as shown in Table 1, significant changes of urine Ca2+ and P4+, serum Ca2+, P4+, ALP, VD3, FGF23 and iPTH, as well as obvious decline in TBBMD and FBBMD were found in the CKD–MBD model rats, respectively, compared to those of the sham-operated rats. Furthermore, typical bone lesions with resorption cavities in the cortical bone were clearly revealed in the CKD–MBD model rats at 3 weeks after induction of renal injury as shown by HE staining. Notably, pathological lesions of the femur bone in the CKD–MBD model rats were characterized by an increase in osteoid and resorption cavities with osteoclasts, osteoblasts and fibrosis in the cortical bone (Figure 1D).
These results indicated that renal injury and bone abnormality in the CKD–MBD model rats were both revealed significantly in vivo.
The in Vivo Effects of FPS and CTR on Renal Dysfunction and Renal Tubulointerstitial Damage
We checked the effects of FPS and CTR on renal dysfunction in the CKD–MBD model rats. After induction of renal injury, the rats in the CKD–MBD, FPS and CTR groups showed BW loss in different degrees. Thereinto, the changes of the CKD–MBD group rats were particularly obvious. Compared with the Sham group rats, BW of the CKD–MBD group rats rose slowly. At the end of 3 weeks after the treatment of FPS or CTR, BW of the FPS and CTR groups rats was increased even faster, compared to that of the CKD–MBD group rats (Figure 2A). Moreover, the levels of UA, Scr and BUN in the CKD–MBD group rats were increased significantly, compared to those of the Sham group rats. After the treatment of FPS for 3 weeks, the levels of UA, Scr and BUN in the CKD–MBD model rats were decreased significantly, compared to those of the CKD–MBD group rats. By contrast, after the treatment of CTR for 3 weeks, the levels of UA, Scr and BUN in the CKD–MBD model rats were not changed obviously. Here, it’s worth noting that the actions of FPS improving Scr and BUN were better than CTR (Figures 2B–D).
[image: Figure 2]FIGURE 2 | FPS and CTR alleviated renal dysfunction and renal tubulointerstitial damage in the CKD–MBD model rats (A) BW (B) UA (C) Scr (D) BUN (E) ECM and its score in renal tubulointerstitium, PAS staining × 200 (F) Collagen and its score in renal tubulointerstitium, Masson staining × 200. Scale bar = 100 μm. The data are expressed as mean ± S.D. *p < 0.05, **p < 0.01.
Then, we confirmed the effects of FPS and CTR on renal tubulointerstitial damage in the CKD–MBD model rats. As shown in Figure 2, at the end of 3 weeks after induction of renal injury, upon the observation under LM, entire and clear renal interstitium and open renal tubules were detected in the Sham group rats. By comparison, obvious renal tubulointerstitial damages such as ECM accumulation and collagen deposition in tubulointerstitial area of the CKD–MBD group rats were found, respectively, compared to those of the Sham group rats. After the treatment of FPS or CTR for 3 weeks, ECM accumulation and collagen deposition in tubulointerstitial area of the FPS and CTR groups rats were improved significantly, compared to those of the CKD–MBD group rats (Figures 2E,F).
These results indicated that renal dysfunction and renal tubulointerstitial damage in the CKD–MBD model rats could be alleviated by FPS and CTR in vivo.
The in Vivo Effects of FPS and CTR on Calcium-Phosphorus Metabolic Disorder and Bone Lesion
We evaluated the actions of FPS and CTR on the levels of urine Ca2+ and P4+, serum Ca2+, P4+, VD3 and FGF23, as well as BMD in the CKD–MBD model rats. As shown in Figures 3, 4, after induction of renal injury, in line with renal dysfunction, increased levels of urine Ca2+, serum P4+ and FGF23, decreased levels of urine P4+, serum Ca2+ and VD3, as well as reduced value of BMD in the femur bone and lumbar vertebrae of the CKD–MBD model rats were revealed, respectively, compared to those of the Sham group rats. After the treatment of FPS or CTR for 3 weeks, in addition to serum FGF23 and BMD, the levels of urine Ca2+, P4+, serum Ca2+, P4+ and VD3 in the CKD–MBD model rats were ameliorated significantly, compared to those of the CKD–MBD group rats (Figures 3A–E and Figures 4A,B).
[image: Figure 3]FIGURE 3 | FPS and CTR improved calcium-phosphorus metabolic disorder in the CKD–MBD model rats (A) Urine Ca2+(B) Urine P4+(C) Serum Ca2+(D) Serum P4+(E) Serum VD3(F) Serum FGF23. The data are expressed as mean ± S.D. **p < 0.01.
[image: Figure 4]FIGURE 4 | FPS and CTR improved bone lesion in the CKD–MBD model rats (A) FBBMD (B) TBBMD (C) Pathological lesions in the femur bone, HE staining × 200 (D) Images acquired by micro-CT. Scale bar = 100 μm. The data are expressed as mean ± S.D. **p < 0.01.
Next, we verified the effects of FPS and CTR on pathological lesions of the femur bone in the CKD–MBD model rats using histopathological observation and micro-CT analysis. As shown in Figures 4C,D, compared with the CKD–MBD group rats, osteoporosis-like pathological lesions in the femur bone of the CKD–MBD model rats including thinner and deranged trabeculae with increased lacuna were slightly reversed by the treatment of FPS or CTR. Accordingly, the micro-CT analysis also showed that the values of Tb.Th, Tb.Sp, TV, BV, BV/TV, Tb.N and average CT value were ameliorated at different levels in the CKD–MBD model rats after the treatment of FPS or CTR, compared to those of the CKD–MBD group (Table 2).
TABLE 2 | The comparison of micro-CT parameters in trabecular bone among the four group rats.
[image: Table 2]These results indicated that calcium-phosphorus metabolic disorder and bone lesion in the CKD–MBD model rats could be improved by FPS and CTR in vivo.
The in Vivo and in Vitro Effects of FPS and CTR on FGF23-Klotho Signaling Axis in the Kidney
We investigated the actions of FPS and CTR on the expressions of critical signaling molecules in FGF23-Klotho signaling axis including Klotho, FGF23 and FGFR1 in renal tubulointerstitium and the kidneys of the CKD–MBD model rats by IHC staining and WB analysis. As shown in Figures 5A,B, after induction of renal injury, in addition to FGF23, decreased IHC staining extents of Klotho and FGFR1 in renal tubulointerstitium of the CKD–MBD model rats were detected obviously. Meanwhile, decreased protein expression level of Klotho and increased protein expression level of FGFR1 in the kidneys were revealed significantly, compared to those of the Sham group rats. After the treatment of FPS or CTR for 3 weeks, the expression of Klotho, not FGFR1, in renal tubulointerstitium and in the kidneys of the CKD–MBD model rats was ameliorated, respectively, compared to that of the CKD–MBD group rats (Figures 5C,D).
[image: Figure 5]FIGURE 5 | FPS and CTR regulated FGF23-Klotho signaling axis in vivo(A) The protein expressional characteristics of Klotho, FGF23 and FGFR1 in renal tubulointerstitium of the kidneys in the four group rats. IHC staining × 200. Scale bar = 100 μm (B) The protein expressional levels of Klotho, FGF23 and FGFR1 in the kidney of the four group rats (C) The rate of Klotho/GAPDH (D) The rate of FGF23/GAPDH (E) The rate of FGFR1/GAPDH. The data are expressed as mean ± S.D. **p < 0.01.
Further, to identify whether FPS and CTR could affect the expressions of critical signaling molecules in FGF23-Klotho signaling axis in vitro, we tested the protein expression levels of Klotho and FGFR1 in the cultured NRK-52E cells exposed to TGF-β and rFGF23 for 24 h, compared with the control cells. Prior to the formal cellular experiments, the cytotoxicity of FPS or CTR on the cultured NRK-52E cells was analyzed using CCK-8. As shown in Supplemental Figure 2, the cellular viabilities were significantly decreased under the highest concentrations of FPS at 25 μg/ml (Supplemental Figure 2A) and CTR at 10−6 mol/L (Supplemental Figure 2B) compared to the 20 μg/ml dose of FPS and the 10−7 mol/L dose of CTR, respectively. Based on these results, the safe and effective doses of FPS (20 μg/ml) and CTR (10−7 mol/L) were selected, respectively. In Figure 6, our results showed that rFGF23 decreased Klotho protein expression and increased FGFR1 protein expression in the cultured NRK-52E cells exposed to TGF-β for 24 h, compared to those of the control cells (Figure 6A). In addition, it is noted that the treatment with CTR or FPS at the suitable doses for 24 h significantly improved rFGF23-induced changes in Klotho and FGFR1 protein expressions in the cultured NRK-52E cells exposed to TGF-β, compared to the treatment with rFGF23 (Figures 6B,C). In which, ameliorative effects of FPS and CTR on the protein expression level of Klotho were obvious (Figure 6B).
[image: Figure 6]FIGURE 6 | FPS and CTR regulated FGF23-Klotho signaling axis in vitro(A) The protein expressional levels of Klotho and FGFR1 in the cultured NRK-52E cells exposed to TGF-β and rFGF23 (B) The rate of Klotho/GAPDH (C) The rate of FGFR1/GAPDH. The data are expressed as mean ± S.D. *p < 0.05, **p < 0.01.
These results indicated that FGF23-Klotho signaling axis in the kidney could be regulated by FPS and CTR in vivo and in vitro.
The in Vivo and in Vitro Effects of FPS and CTR on ERK1/2-SGK1-NHERF-1-NaPi-2a Pathway in the Kidney
ERK1/2-SGK1-NHERF-1-NaPi-2a pathway at the downstream of FGF23-Klotho signaling axis plays an important role in phosphorus reabsorption at proximal renal tubular epithelial cells of CKD–MBD. The main signaling molecules of ERK1/2-SGK1-NHERF-1-NaPi-2a pathway include p-ERK1/2, p-SGK1, NHERF-1 and NaPi-2a (Erben and Andrukhova, 2017). Therefore, we observed the effects of FPS and CTR on the protein expression levels of p-ERK1/2, p-SGK1, NHERF-1 and NaPi-2a in the kidneys of the CKD–MBD model rats by WB analysis. As shown in Figure 7A, after induction of renal injury, the down-regulated protein expression levels of p-ERK1/2 and p-SGK1, and the up-regulated protein expression levels of NHERF-1 and NaPi-2a in the kidneys of the CKD–MBD model rats were detected significantly, compared to those of the Sham group rats. After the treatment of FPS or CTR for 3 weeks, the changed protein expression levels of p-ERK1/2, p-SGK1, NHERF-1 and NaPi-2a in the kidneys of the CKD–MBD model rats were ameliorated obviously, compared to those of the CKD–MBD group rats (Figures 7B–E).
[image: Figure 7]FIGURE 7 | FPS and CTR adjusted ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in vivo(A) The protein expressional levels of p-ERK1/2, p-SGK1, NHERF-1 and NaPi-2a in the kidneys of the four group rats (B) The rate of p-ERK1/2/GAPDH (C) The rate of p-SGK1/GAPDH (D) The rate of NHERF-1/GAPDH (E) The rate of NaPi-2a/GAPDH. The data are expressed as mean ± S.D. *p < 0.05, **p < 0.01.
Likewise, to confirm whether FPS and CTR could influence the expressions of main signaling molecules in ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in vitro, we further examined the protein expression levels of p-ERK, p-SGK1 and NaPi-2a in the cultured NRK-52E cells exposed to TGF-β and rFGF23 for 24 h, compared to the control cells. In Figure 8, our results showed that rFGF23 decreased the protein expression levels of p-ERK and p-SGK1, and increased the protein expression level of NaPi-2a in the cultured NRK-52E cells exposed to TGF-β, compared to those of the control cells (Figures 8B–D). Furthermore, notably, the treatment with CTR or FPS at the suitable doses for 24 h improved rFGF23-induced changes in the protein expression levels of p-ERK, p-SGK1 and NaPi-2a in the cultured NRK-52E cells exposed to TGF-β significantly, compared to the treatment with rFGF23. But, ameliorative effects of FPS and CTR on the protein expressions of p-ERK, p-SGK1 and NaPi-2a were not different obviously (Figures 8B–D).
[image: Figure 8]FIGURE 8 | FPS and CTR adjusted ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in vitro(A) The protein expressional levels of p-ERK1/2, p-SGK1 and NaPi-2a in the cultured NRK-52E cells exposed to TGF-β and rFGF23 (B) The rate of p-ERK1/2/GAPDH (C) The rate of p-SGK1/GAPDH (D) The rate of NaPi-2a/GAPDH. The data are expressed as mean ± S.D. *p < 0.05, **p < 0.01.
These results indicated that ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney could be modulated by FPS and CTR in vivo and in vitro.
The Targeted Effects of FPS on Klotho Above ERK1/2-SGK1-NHERF-1-NaPi-2a Pathway in Vitro
Klotho is an important upstream factor above ERK1/2-SGK1-NHERF-1-NaPi-2a pathway (Olauson et al., 2014). Thus, to assess whether reversal of Klotho loss by FPS could contribute to activation of ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in vitro, we detected impact of Klotho knockdown on FPS improvement of the protein expression levels of p-ERK1/2 and p-SGK1 as the key signaling molecules in ERK1/2-SGK1-NHERF-1-NaPi-2a pathway activation in the cultured NRK-52E cells exposed to TGF-β and rFGF23 for 24 h, compared to the control plasmid-transfected cells. Here, we constructed a short hairpin RNA (shRNA) plasmid, effectively reducing Klotho protein expression level when transfected into the NRK-52E cells, and then performed the experiment with a control plasmid and an shRNA plasmid specific for Klotho in the NRK-52E cells (Figure 9A). The results showed that the shRNA-Klotho plasmid-transfected cells exhibited decreased basal levels of p-ERK1/2 and p-SGK1, compared to those in the control plasmid-transfected cells, indicating that Klotho could control their basal expression. Although FPS significantly alleviated TGF-β-induced abnormal expressions of p-ERK1/2 and p-SGK1 in the control plasmid-transfected cells, these beneficial effects were largely abolished when Klotho was knocked down by shRNA (Figures 9B–D).
[image: Figure 9]FIGURE 9 | FPS activated ERK1/2-SGK1-NHERF-1-NaPi-2a pathway accurately through Klotho loss reversal in vitro(A) The protein expressional level of Klotho in the cultured NRK-52E cells transfected by the shRNA-Klotho plasmid (B) The protein expressional levels of p-ERK1/2 and p-SGK1 in the cultured NRK-52E cells exposed to TGF-β and rFGF23 (C) The rate of p-ERK1/2/GAPDH (D) The rate of p-SGK1/GAPDH. The data are expressed as mean ± S.D. **p < 0.01.
These results indicated that ERK1/2-SGK1-NHERF-1-NaPi-2a pathway could be activated by FPS accurately through Klotho loss reversal in vitro.
DISCUSSION
It is reported that CKD–MBD has been one of common and frequent complications of CKD patients in the middle and advanced stages (Hocher and Pasch, 2017; Liu et al., 2018). To explain its pathogenic and therapeutic mechanisms, several experimental models of CKD–MBD including the 5/6 nephrectomized rat model have been widely used ever since. Despite this, it is commonly known that it is difficult to induce typical bone abnormality and vascular calcification in the 5/6 nephrectomized rat model (Shobeiri et al., 2010). Whereupon, recently, researchers have been developing alternative animal models including the adenine-induced CKD–MBD rat model, which can be considered to exhibit severe bone abnormality and vascular calcification without traumatic renal operations (Hocher et al., 2017). Tamagaki et al. reported that, at 6 weeks after establishing the CKD–MBD rat model induced by feeding 0.75% adenine-containing diet, increased levels of Scr and serum P4+ and decreased levels of serum Ca2+ and 1,25(OH)2D3 are both confirmed in all adenine-fed rats (Tamagaki et al., 2006). Besides, increased bone resorption with fibrosis in cortical femur bone, decreased bone resorption and increased bone volume with a larger amount of osteoid in trabecular femur bone are certified, respectively. Correspondingly, in this study, we firstly tried to establish the modified CKD–MBD rat model induced by uninephrectomy and adenine administration with a dose of 150 mg/kg/d. Our results showed that, at 3 weeks after induction of renal injury, renal dysfunction, renal tubulointerstitial damage, calcium-phosphorus metabolic disorder and bone abnormality were sequentially revealed in this CKD–MBD rat model. Hence, we considered that the modified CKD–MBD rat model should be helpful in unraveling renal injury and bone abnormality, and finding the novel therapeutic drugs in human CKD–MBD.
Zhang et al. reported that, in the subtotal nephrectomy CRF model and the cryoinjury-induced CRF model, FPS could decrease elevated levels of Scr and BUN, and attenuate renal histopathological lesion in a dose-dependent manner (Zhang et al., 2003). FPS, a natural compound of Laminaria japonica, at the low dose of 200 mg/kg/d, has renoprotective effects that are similar to dexamethasone at the dose of 0.07 mg/kg/d. By comparison, in this study, using the modified CKD–MBD rat model, we further expounded whether FPS and CTR could improve renal injuries within 3 weeks after induction of renal injury. Our data indicated that FPS significantly decreased the levels of UA, Scr and BUN, and reduced the scores of ECM accumulation and collagen deposition in the tubulointerstitial area of the CKD–MBD model rats. Furthermore, the effects of FPS improving Scr and BUN levels were better than CTR. Thus, we confirmed that FPS, superior to CTR, could alleviate renal dysfunction and renal tubulointerstitial damage in vivo, which are the main renal injurious characteristics of CKD–MBD.
To our knowledge, in addition to vascular calcification, bone abnormality as another important characteristic of CKD–MBD includes calcium-phosphorus metabolic disorder and osteoporosis-like pathological lesions, which are involved in the unbalance of urine Ca2+ and P4+, serum Ca2+, P4+, ALP, FGF23, VD3 and iPTH, as well as BMD (Tamagaki et al., 2006). In this study, we found that the levels of urine Ca2+ and P4+, serum Ca2+, P4+ and VD3, as well as osteoporosis-like pathological lesions showed by histopathological observation and micro-CT analysis in the femur bone of the CKD–MBD model rats were both ameliorated significantly after the treatment of FPS or CTR for 3 weeks. Here, unfortunately, beneficial changes of serum FGF23, BMD and iPTH (shown in Supplemental Figure 3) in the CKD–MBD model rats treated by FPS or CTR within 3 weeks could not be detected clearly. Interestingly, different from our results, Hwang et al. recently reported that the treatment of FPS at the dose of 280 mg/kg/d plus calcium carbonate could raise BMD and bone ash weight in 40 weeks old C57BL/6j female mice within 4 weeks (Hwang et al., 2016); Besides, the level of serum FGF23 (circulating FGF23) can be decreased by the treatment of metformin for 8 weeks in the same CKD–MBD rat model-induced by adenine administration (Neven et al., 2018). Anyway, we had reasons to believe that FPS and CTR could improve calcium-phosphorus metabolic disorder and bone lesion in the CKD–MBD model rats. But, the direct target of FPS in vivo is neither FGF23 nor iPTH.
Recent advances in FGF23-Klotho signaling axis in the kidney have shown that, at proximal renal tubular epithelial cells, FGF23 as a bone-derived hormone suppresses phosphorus reabsorption by a Klotho dependent activation of ERK1/2 and SGK1, leading to the phosphorylation of NHERF-1 and subsequent internalization and degradation of NaPi-2a. Moreover, at proximal and distal renal tubular epithelial cells, FGFR1 is probably the dominant FGF receptor and mediates regulative effects of FGF23 by forming a complex with membrane-bound Klotho in the basolateral membrane (Déliot et al., 2005; Lederer, 2014). We thereby proposed that regulating FGF23-Klotho signaling axis and its downstream ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney is a successful way to identify therapeutic mechanisms in vivo and in vitro of FPS on attenuating phosphorus reabsorption. Our data in this study clearly indicated that decreased expressions of Klotho, p-ERK1/2 and SGK1 and increased expressions of FGFR1, NHERF-1 and NaPi-2a in the kidneys of the CKD–MBD model rats and the cultured NRK-52E cells exposed to TGF-β and rFGF23 were obviously revealed, respectively, in the meantime, concomitant with increased serum P4+ (hyperphosphatemia), decreased urine P4+, increased serum FGF23 and osteoporosis-like pathological lesions in the femur bone. These results forcefully suggested that FGF23-Klotho signaling axis and its downstream ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney were both dysregulated in the CKD–MBD rat model, and there was a strong causality between unbalanced signaling pathways and phosphorus reabsorption. More importantly, we firstly found that FPS, similar to CTR, could not only significantly ameliorate phosphorus reabsorption, but also simultaneously regulate FGF23-Klotho signaling axis and ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney in vivo and in vitro.
Here, targeting FGF23-Klotho signaling axis and its downstream ERK1/2-SGK1-NHERF-1-NaPi-2a pathway, how to understand accurate target of FPS adjusting phosphorus reabsorption? It is reported that, the cleaved Klotho directly regulates calcium and phosphorus excretion in the kidney, participates in systemic mineral homeostasis by 1-α hydroxylase activity, PTH and FGF23 secretion, and leads to the activation of ERK1/2-SGK1-NHERF-1-NaPi-2a pathway at upstream (Sakan et al., 2014). Therefore, we further supposed that the effects of FPS improving phosphorus reabsorption might be targeted to Klotho. Our data in this study distinctly indicated that reduced protein expression levels of Klotho in vivo and in vitro could be recovered by FPS significantly, and that, reversal of Klotho loss by FPS accurately could contribute to activation of ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the cultured NRK-52E cells transfected by the shRNA-Klotho plasmid.
Finally, we need to bring up some additional points. Firstly, why the 880 mg/kg/d dose of FPS is only chosen in this study? Our data in preliminary experiment showed that the 880 mg/kg/d dose of FPS could attenuate renal fibrosis significantly in vivo, and decrease the levels of ALT and AST in this CKD–MBD rat model (shown in Supplemental Figure 4). In addition, FPS at the 880 mg/kg/d dose had no negative effects on histopathological morphology of the liver in vivo (data not shown). Secondly, whether vascular calcification can be treated by FPS in this CKD–MBD rat model? No doubt this model is prevalently used for further comprehensive analyses of vascular calcification in CKD, but it has some inevitable issues in terms of demonstrating therapeutic mechanisms of FPS on vascular calcification such as reversible hyperuricemia and systemic inflammation induced by adenine. Unfortunately, in this study, we have no enough data on FPS treatment to address these problems (data not shown). Thirdly, what are potential mechanisms of FPS regulating calcium reabsorption? In distal renal tubules, circulating FGF23 binds to FGFR-Klotho receptor complex, and activates ERK1/2, SGK1 and with-no-lysine kinase1/4 (WNK1/4) complex. Activation of WNK signaling increases luminal membrane abundance of glycosylated transient receptor potential vanilloid-5 (TRPV5) and sodium-chloride cotransporter (NCC), leading to increased calcium and sodium reabsorption in distal renal tubular (Lambers et al., 2006; Jiang et al., 2007; Jiang et al., 2008; McCormick et al., 2008; Cha et al., 2010). Obviously, much more work in the future needs to be done to understand comprehensive therapeutic mechanisms of FPS by which FGF23-Klotho signaling axis and ERK1/2-SGK1-WNK1/4-TRPV5 pathway both control calcium reabsorption.
CONCLUSION
In summary, in this study, we emphatically demonstrated that FPS, a natural anti-renal dysfunction drug, similar to CTR, improves renal injury-related calcium-phosphorus metabolic disorder and bone abnormality in the CKD–MBD model rats. More importantly, we firstly found that beneficial effects in vivo and in vitro of FPS on phosphorus reabsorption are closely associated with regulation of FGF23-Klotho signaling axis and ERK1/2-SGK1-NHERF-1-NaPi-2a pathway in the kidney (Figure 10). This study provided pharmacological evidences that FPS directly contributes to the treatment of CKD–MBD.
[image: Figure 10]FIGURE 10 | Overview of FPS ameliorating renal injury-related calcium-phosphorus metabolic disorder and bone abnormality in the CKD–MBD model rats.
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GLOSSARY
ALP alkaline phosphatase
ALT Alanine aminotransferase
AST Aspartate aminotransferase
BMD bone mineral density
BUN blood urea nitrogen
BV bone volume
BV/TV bone volume/tissue volume ratio
BW body weight
CKD chronic kidney disease
CKD–MBD chronic kidney disease-mineral and bone disorder
ECM extracellular matrix
ERK1/2 extracellular signal-regulated kinase1/2
FBBMD femur bone mineral density
FGF23 fibroblast growth factor 23
FGFR1 FGF receptor1
GAPDH glyceraldehyde-3-phosphate dehydrogenase
HE Hematoxylin-Eosin
IHC immunohistochemistry
iPTH intact parathyroid hormone
KHI kidney hypertrophy index
KW kidney weight
LM light microscopy
NaPi-2a sodium-phosphate co-transporter-2a
NF nuclear factor
NHERF-1 Na+/H+ exchange regulatory cofactor-1
PAS periodic acid-Schiff
p-ERK1/2 phosphorylated ERK1/2
rFGF23 recombinant human FGF23 R176/179Q
Scr serum creatinine
SGK1 serum/glucocorticoid-regulated kinase1
shRNA specific short hairpin RNA
TBBMD total bone mineral density
Tb.N trabecular number
Tb.Sp trabecular bone separation
Tb.Th trabecular bone thickness
TGF-β transforming growth factor-β
TV total VOI volume
UA uric acid
VD3 25-hydroxyvitamin D3
WB Western blotting
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Chinese herbal medicine (CHM) might have benefits in patients with non-diabetic chronic kidney disease (CKD), but there is a lack of high-quality evidence, especially in CKD4. This study aimed to assess the efficacy and safety of Bupi Yishen Formula (BYF) vs. losartan in patients with non-diabetic CKD4. This trial was a multicenter, double-blind, double-dummy, randomized controlled trial that was carried out from 11-08-2011 to 07-20-2015. Patients were assigned (1:1) to receive either BYF or losartan for 48 weeks. The primary outcome was the change in the slope of the estimated glomerular filtration rate (eGFR) over 48 weeks. The secondary outcomes were the composite of end-stage kidney disease, death, doubling of serum creatinine, stroke, and cardiovascular events. A total of 567 patients were randomized to BYF (n = 283) or losartan (n = 284); of these, 549 (97%) patients were included in the final analysis. The BYF group had a slower renal function decline particularly prior to 12 weeks over the 48-week duration (between-group mean difference of eGFR slopes: −2.25 ml/min/1.73 m2/year, 95% confidence interval [CI]: −4.03,−0.47), and a lower risk of composite outcome of death from any cause, doubling of serum creatinine level, end-stage kidney disease (ESKD), stroke, or cardiovascular events (adjusted hazard ratio = 0.61, 95%CI: 0.44,0.85). No significant between-group differences were observed in the incidence of adverse events. We conclude that BYF might have renoprotective effects among non-diabetic patients with CKD4 in the first 12 weeks and over 48 weeks, but longer follow-up is required to evaluate the long-term effects.
Clinical Trial Registration:http://www.chictr.org.cn, identifier ChiCTR-TRC-10001518.
Keywords: traditional Chinese medicine, losartan, chronic kidney disease, randomized controlled trial, glomerular filtration rate
INTRODUCTION
Chronic kidney disease (CKD) is a major global health problem with poor outcomes and high medical costs, especially when patients progress to end-stage kidney disease (ESKD) (GBD Chronic Kidney Disease Collaboration, 2020). In China, the prevalence of CKD ranges from 9.4% to 13.0% (Zhang et al., 2012). Patients with stage 4 CKD accounts for 0.16% of the world's population (GBD Chronic Kidney Disease Collaboration, 2020). The principles of treatment in CKD4 include statins to control blood lipids, low-salt, high-quality, and low-protein diet, and anti-inflammatory drugs (de Zeeuw et al., 2013), but efficacy is low.
The mainstay of medical management to prevent CKD progression is to achieve optimal control of blood pressure (BP) with antihypertensive agents, particularly angiotensin-converting enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARB) (Palmer et al., 2015). Nevertheless, the use of ACEI/ARB is limited because of high potassium (Ahuja et al., 2000) and aggravated renal failure (Tomlinson et al., 2013) in stage 4 CKD. More than half of users discontinued ACEI/ARB within 5 years of therapy initiation (Qiao et al., 2019).
The limitations in managing CKD4 drive numerous patients to seek Chinese herbal medicines (CHMs). Western guidelines advise that herbal supplements should not be used in CKD, partially due to concerns about a lack of supportive clinical evidence (Levin and Stevens, 2014). Nevertheless, CHMs are commonly used worldwide (Eisenberg et al., 1998). In China and other Asian countries, CHMs are widely used in patients with CKD to delay renal failure (Chen et al., 2007). Nearly half (45.3%) of the patients with CKD in Taiwan use CHM (Lin et al., 2015). Although evidence for the renoprotective benefits of CHM has been gradually accumulating (Lin et al., 2015), these studies have mainly focused on patients with early (stage 1–3) CKD or diabetes (Chen et al., 2013; Zhang et al., 2014b; Zhang et al., 2014c), but there are few high-quality studies in CKD4.
The Bupi Yishen Formula (BYF) is a patent CHM originating from the historical Si-jun-zi Decoction. It was developed based on the text mining result of 10,000 medical records from Guangdong Provincial Hospital of Chinese Medicine (GPHCM), a tertiary hospital in southern China. Radix astragali and Salvia miltiorrhiza can delay CKD (Feng et al., 2013; Care, 2017) and are the main components of BYF. BYF is composed of 86 compounds, including flavonoids, saponins, and phenolic acids (Zhang et al., 2018b). A previous study by our group (Li et al., 2013) showed an association between BYF use and preservation of renal function in patients with advanced CKD.
The aim of this multicenter randomized controlled trial (RCT) was to assess the efficacy and safety of BYF in renal progression vs. losartan. The results could help ease the burden of renal failure in patients with CKD4 without diabetes. In China, ARB, especially losartan, is used more frequently than ACEI due to the side effects such as cough and was selected for the control group.
MATERIALS AND METHODS
Study Design
This trial was a multicenter, double-blind, double-dummy, randomized controlled trial that was carried out from November 8, 2011, to July 20, 2015. Twenty-one hospitals in mainland China participated in this trial (Supplementary Table S1). The eligible patients were consecutively enrolled and randomized 1:1 ratio to receive BYF or losartan for 48 weeks.
Ethics
The study protocol was approved by the Institutional Ethics Committee of GPHCM (approval ref. B2010-11-03) and registered at the Chinese Clinical Trial Registry Number: ChiCTR-TRC-10001518. All participants provided written informed consent before randomization.
Patients
Detailed inclusion and exclusion criteria for this trial are described in the protocol (Mao et al., 2015). We included eligible non-diabetic adult patients (18–80 years) diagnosed with CKD4 (Hou et al., 2007) for at least 3 months, with well-controlled blood pressure (<140/90 mmHg) and the Chinese Medicine syndrome of Spleen and Kidney Qi deficiency.
Randomization and Blinding
Randomization was conducted by the personnel from the Key Unit of Methodology in Clinical Research of the GPHCM. Randomization number list was generated using the PROC PLAN procedure in SAS 9.2 (SAS Institute, Cary, NC, United States). The randomization was stratified according to the center with confidential block size. The blinding codes were delivered to each site via a web-based system to conceal allocation.
Patients, investigators, monitors, outcome assessors, and statisticians were blinded. Masking for patients and site personnel was achieved by double-dummy placebo design. The placebos of BYF and losartan were matched to their corresponding drug in appearance, color, and taste.
BYF and Placebos
The BYF herbs were extracted with hot water, concentrated, spray-dried, made into granules, and packed in sealed opaque sachets. Production was performed by Pura Pharm Pharmaceuticals Co Ltd (Nanning, Guangxi, China) and controlled rigorously according to good manufacturing practice (GMP) standards. The BYF placebo was produced by the same manufacturer as the original using a concentrate of Colyx Tea (leaf of Broadleaf Holly), caramel pigments, gardenia yellow pigment, sunset yellow pigment, saccharose, and dextrin. The BYF placebo was similar in color, smell, taste, appearance, and packaging with the BYF granule. Qualities of BYF and placebo granules, such as appearance, determination of water, size of granule, solubility, hygroscopicity, heavy metals, toxic elements, pesticide residues, and microbial limit, were controlled rigorously according to the 2010 Chinese pharmacopeia and Chinese Medicine Council of Hong Kong.
Intervention
After enrollment and prior to randomization, the participants who were taking ACEi and/or ARB before enrollment were administered alternative antihypertensive agents during a 3 week run-in period according to the protocol (Mao et al., 2015). In the BYF group, the participants were instructed to dissolve 15 g of BYF granules (Supplementary Tables S2,S3) in 150 ml of boiled water and to take this solution orally thrice daily, and losartan matched placebo tablet once daily for 48 weeks. The participants in the losartan group were instructed to take 100 mg losartan orally once daily along with 15 g of BYF matched placebo thrice daily for 48 weeks. There were no dose adjustments.
All participants received conventional CKD management according to guidelines (Levin and Stevens, 2014). Any ACEi/ARB or CHM (other than the study medication) was prohibited during the trial. Keto-amino acids were originally prohibited. However, as most participants refused to stop keto-amino acids, the protocol was subsequently amended to allow their concurrent use. Compliance was monitored by dose counting.
Follow-Up
Patients were examined at baseline and at weeks 2, 4, 6, and 8, and thereafter every 4 weeks until 48 weeks. At each visit within the first 8 weeks, serum creatinine and urea nitrogen were measured. Thereafter, urinary protein-to-creatinine ratio, serum creatinine, urea nitrogen, calcium, phosphate, serum albumin, liver enzymes (aspartate aminotransferase and alanine aminotransferase), blood lipids (cholesterol, triglycerides, and low-density lipoprotein cholesterol), intact parathyroid hormone, and blood cell counts were measured at weeks 12, 24, 36, and 48. Serum potassium was examined at each time point for safety monitoring. BP was monitored at home for one week prior to each visit. BP was also measured at each visit, in the sitting position, after a 5 min rest. Two measurements were taken; if they were >10 mmHg apart, a third measurement was taken.
Outcomes and Definitions
The primary outcome was the difference in the slope of CKD-EPI eGFR (Inker et al., 2012) between the two groups over 48 weeks. The laboratory assays for serum creatinine measurement were standardized across all sites and repeatedly cross-checked to ensure the comparability of eGFR results.
The secondary outcomes were time to the first occurrence of a composite outcome (death from any cause, doubling of serum creatinine level, ESKD, stroke, or cardiovascular events), and time to each of the individual components of the composite outcome. ESKD was defined as eGFR decreasing to <15 ml/min/1.73 m2 for >4 weeks, or requiring permanent dialysis or kidney transplantation. Stroke was defined as either ischemic cerebral infarction or cerebral hemorrhage. Cardiovascular events were defined as acute myocardial infarction and heart failure. Urinary protein-to-creatinine ratio, serum creatinine, urea nitrogen, serum albumin, blood lipids profile (cholesterol, triglycerides, and low-density lipoprotein cholesterol), calcium, phosphate, and intact parathyroid hormone were measured as secondary outcomes.
The participants were asked to report any symptoms and adverse events (AEs) at each follow-up visit or immediately when they happened. In addition, serum potassium, liver enzymes of aspartate aminotransferase and alanine aminotransferase, blood cell counts, routine urine and stool tests, and electrocardiography were checked as safety indices.
Sample Size
Based on the results of previous retrospective data and trial by Hou et al., (2006), a sample size of 221 patients per group was estimated to provide 90% power and a one-sided significance level of 2.5% to detect a between-group difference of mean eGFR change of 2.3 ml/min/1.73 m2 per year with a superiority test, assuming a standard deviation of 4.2 and a clinically important difference of 1 ml/min/1.73 m2. The final sample size was adjusted to 554 assuming 20% dropout.
Statistical Analysis
The primary outcome was analysed according to the Intent-to-Treat (ITT) principle using the full analysis set (FAS), i.e. all treated patients with a baseline eGFR and at least one eGFR value on treatment. Safety analyses were performed on the safety set (SS). The change of eGFR at week 48 from baseline was analyzed by fitting a mixed-effects model in which treatment and the interaction of treatment and time were treated as a fixed effect while the time effect as a random effect.
Randomization should mitigate differences in characteristics between the two groups, but because of missing data, the mixed-effects model was used instead of repeated measure ANOVA, and adjustments were made for the sake of conservativeness and insurance.
The log-rank test was used to compare time to composite outcome between the two groups, followed by unadjusted and adjusted Cox proportional hazards model estimations. Other continuous outcomes were assessed using the t-test or Mann-Whitney U-test, as appropriate. Categorical variables were compared using Fisher’s exact test or Mann-Whitney U-test, as appropriate. Subgroup analyses were repeated in strata according to sex, age (≤45 years or >45 years), hypertension, and hyperuricemia.
Sensitivity analyses were conducted: 1) To test the robust of the primary analysis, a mixed-effects model using baseline eGFR, sex, age, mean change of weight, history of hypertension, and history of gout or hyperuricemia as covariates; 2) Missing data on the primary outcome were imputed using the multiple imputation method under the missing at random assumption. 3) to detect whether there was a change in slope before and after 12 weeks, a piecewise linear mixed-effects model was used; 4) using different methods of imputing missing outcome data: multiple imputations and mixed model for repeated measures; 5) excluding patients who experienced a serum creatinine increase more than 30% within the first 12 weeks; and 6) excluding patients who took keto-amino acids during the trial.
All analyses were performed using the PASS 18.0 (IBM Corporation, Armonk, New York, USA) and STATA 11.0 (Stata Corp. College Station, Texas, USA) with a two-sided p-value <0.05 considered statistically significant.
RESULTS
Patients’ Characteristics
A total of 1120 patients were screened at 21 centers; 567 agreed to participate and were randomized to BYF (n = 283) or losartan (n = 284) (Figure 1); 549 participants were included in the FAS since 18 participants were excluded due to no available post-baseline data. The compliance with study medication was 90.1% (246/273) in the BYF group and 94.6% (261/276) in the losartan group. The median follow-up was 47.4 weeks.
[image: Figure 1]FIGURE 1 | Participant flowchart.
The baseline characteristics are shown in Table 1. The mean age was 52.2 ± 14.1 years, 250 (44.1%) were female, and 529 (93.3%) were of Han ethnicity. The most common primary renal disease was chronic glomerulonephritis (377 participants, 66.5%), and the mean eGFR at baseline was 22.4±5.8 ml/min/1.73 m2. During the run-in period, antihypertensive drugs except for ACEi and ARB were prescribed to control BP. Of 567 participants, only 23 used ACEi or ARB before enrollment and were shifted to other types of antihypertensive drugs.
TABLE 1 | Baseline characteristics of the study participants (FAS population).
[image: Table 1]Primary Outcome
In the FAS, the unadjusted mean slopes of eGFR were −4.53 (standard error [SE] 0.64) and −2.30 (SE 0.63) ml/min/1.73 m2/year in the losartan and BYF groups, respectively. The difference of adjusted mean slopes of eGFR between the two groups was −2.24 ml/min/1.73 m2 (95% confidence interval [CI]: −4.01,−0.46; p=0.014) over the 48 week interval (Table 2). As shown in Figure 2, the difference of mean slopes of eGFR between the two groups was about 4.23 ml/min/1.73 m2 prior to 12 weeks, and evidently attenuated to less than 3 ml/min/1.73 m2 post to 12 weeks (Supplementary Table S4). Correspondingly, the difference of unadjusted mean slopes of eGFR between the two groups was -2.25 ml/min/1.73 m2 (95%CI: −4.01,−0.46; p=0.013) over the first 12 weeks.
TABLE 2 | Results of primary and composite outcome according to the study group (FAS population).
[image: Table 2][image: Figure 2]FIGURE 2 | Changes in estimated glomerular filtration rate (eGFR) in the losartan and Bupi Yishen Formula (BYF) groups over 48 weeks.
Secondary Outcomes
The composite endpoint was achieved by 73 (28.1%) participants in the BYF group and 95 (36.4%) participants in the losartan group. The corresponding figures for individual endpoints were 71 (27.3%) vs. 91 (34.9%) for ESKD, 0 (0%) vs. 1 (0.4%) for doubling of serum creatinine, 1 (0.4%) vs. 0 (0%) for death and 1 (0.4%) vs. 3 (1.1%) for stroke or cardiovascular events (Table 2).
The mean time to the composite endpoint was significantly longer in the BYF group (49.3 weeks, 95%CI: 46.8,51.9) than in the losartan group (46.8 weeks, 95%CI: 43.6,49.9, p = 0.044) (Figure 3). Survival analysis suggested a 39% lower risk of composite endpoints in the BYF group compared with the losartan group (hazard ratio [HR]=0.73, 95%CI: 0.54,0.99, p = 0.045), consistent with the adjusted HR of the Cox model (HR=0.61, 95%CI: 0.44,0.85, p = 0.003). Most of the composite events were dominated by entering ESKD, and the adjusted risk of ESKD was significantly lower in the BYF group (HR=0.61, 95%CI: 0.43,0.85, p = 0.004). There were no between-group differences with respect to the other endpoints.
[image: Figure 3]FIGURE 3 | Kaplan-Meier survival curves for the Bupi Yishen Formula (BYF) and Losartan groups. Twenty-eight participants were excluded from the survival analyses as they reached end-stage kidney disease (ESKD) after randomization but before the initiation of treatment. (A) Composite endpoint (composite of death, doubled serum creatinine, ESKD, and cardiovascular or cerebrovascular events). (B) ESKD.
In the subgroup analyses, no statistically significant interactions were found between the intervention and any of the subgroups including age, sex, hypertension and hyperuricemia (Figure 4).
[image: Figure 4]FIGURE 4 | Forest plot of the effect of Bupi Yishen Formula (BYF) on the composite endpoint by subgroups. (A) Model 1: no adjustment. (B) Model 2: adjusted for center effect, sex, age, change of weight over 48 weeks, baseline estimated glomerular filtration rate (eGFR), and morbidities (hypertension, gout, or hyperuricemia).
Compared with baseline, urinary protein-creatinine-ratio decreased by 0.76 mg/mg in the losartan group and 0.34 mg/mg in the BYF group (p > 0.05). The serum creatinine reduced in the BYF group but increased in the losartan group (p = 0.041). Over the course of the study, there were rising trends of total serum cholesterol, low-density lipoprotein, and phosphate levels in the losartan group, in contrast to declines in the BYF group. The body weight tended to decrease in the losartan group but remained stable in the BYF group. There were no significant between-group differences observed in any other laboratory parameters (Supplementary Table S5,S6).
Safety Evaluation
The frequencies of AEs, serious AEs, and AEs leading to withdrawal were similar in the two groups (Table 3). Hyperkalemia was the most common AE reported and was less commonly observed in the BYF group than in the losartan group (rate ratio 0.83, 95%CI: 0.67,1.03). Serious AEs leading to hospitalization occurred in six patients in the BYF group vs. ten in the losartan group. Of note, two cases of death occurred during follow-up: one patient in the BYF group died from an uncertain cause, and one patient in the losartan group died from gastrointestinal bleeding.
TABLE 3 | Adverse events and serious adverse events according to the study group.
[image: Table 3]Sensitivity Analysis
The results showed that eGFR at 48 weeks adjusted for baseline eGFR was higher in the BYF group (p < 0.0001). Similarly, decline in the adjusted eGFR slope using the mixed-effects model was comparably attenuated in BYF group (p = 0.013, Supplementary Table S7). To examine the potential impact of a possible early acute effect of therapy on renal function with respect to the overall result, sensitivity analyses were conducted. Thirty-three (12%) patients in the losartan group and thirteen (4.8%) patients in the BYF group experienced a serum creatinine increase of more than 30% in the first 12 weeks (p = 0.002). After excluding these patients, we observed a higher mean of eGFR at the end of follow-up and a slower decline of eGFR over 48 weeks in the BYF group (Supplementary Table S8), which remained consistent with that in FAS population. Lower risks of the composite endpoint and ESKD were still found in the BYF group (Supplementary Table S9). The results of the sensitivity analyses remained robust after excluding patients who took keto-amino acids during the trial and employing multiple imputation methods to deal with missing data (Supplementary Table S10–S13).
DISCUSSION
Our results demonstrated that, compared with losartan, BYF (the main of components were listed in Supplementary Table S2) resulted in a significantly slower decline of eGFR, particularly in the first 12 weeks, and lower risks of the composite outcome and ESKD in non-diabetic CKD4 patients over 48 weeks of follow-up. These results remained robust to a series of sensitivity analyses. In the subgroup analyses, no statistically significant interactions were found between the intervention and any of the subgroups including age, sex, hypertension and hyperuricemia. Serious adverse events and adverse events leading to withdrawal were uncommon and the incidences were similar between the two groups.
The ACEi or ARB of conventional CKD strategies is administered to achieve optimal BP control and proteinuria reduction, factors possibly associated with retarded CKD progression and decreased mortality risk (Li et al., 2013; Bhandari et al., 2016). ACEi and ARB are thought to produce long-term renoprotection through reduction of intra-glomerular pressure, which also results in a reversible early drop in kidney function. However, these effects may be harmful in patients with advanced CKD with seriously compromised kidney function, and has led to ongoing, multi-centre, randomized controlled STOP-ACEi trial which is assessing the effects of withdrawal of ACEi/ARB treatment in 410 CKD4-5 patients (Bhandari et al., 2016). Since the use of ACEi or ARBs in the CKD4-5 population is controversial and associated with a higher risk of adverse events(e.g. hyperkalaemia and acute kidney injury) (Strippoli et al., 2006; Bhandari et al., 2016), the presented study attempted to determine if there was a safe, more effective alternative in patients with stage 4 CKD using BYF. We found that, compared with the ARB losartan, BYF had favourable effects on kidney function decline and resulted in a 39% reduction in the composite outcome of death from any cause, doubling of serum creatinine level, end-stage kidney disease (ESKD), stroke, or cardiovascular events.
Comparable beneficial renal outcomes have also been previously reported for CHM products administered to patients with advanced CKD. Further study of the same cohort found that use of certain herbs contained within BYF, such as Astragalus membranaceus and Salvia miltiorrhiza, were associated with a lower risk of all-cause mortality (Hsieh et al., 2017). A systematic review of 22 studies including more than one thousand CKD participants supported the use of Astragalus preparation (the main herb of BYF) in reducing serum creatinine and urinary protein excretion, and improving creatinine clearance, though the quality of evidence was low (Zhang et al., 2014). Subgroup analysis found that the favourable effect of Astragalus preparation on serum creatinine was particularly evident in patients with later stage CKD.
Due to the multi-ingredients nature of the CHM formula, the exact mechanism of action and targets of BYF in patients with CKD are difficult to fully elucidate. In previous studies by our group, ultra-high performance liquid chromatography-mass spectrometry was used to identify compounds contained in BYF, and 86 compounds were detected with seven representative constituents (Zhang et al., 2018b). Pharmacological experiments with selected chemicals suggested that the renoprotective effects of BYF were probably mediated via anti-inflammatory, antioxidant, anti-fibrotic pathways, and gut microbiota modulatory effects (Supplementary Table S3) (Zhang et al., 2012b; Wang et al., 2014; Zhang et al., 2018). In addition, renal ischemia-reperfusion-induced injury can be attenuated by some of the compounds (Zhang et al., 2012b). Further studies are still needed to clarify the mechanism of action and related targets of BYF in CKD.
The beneficial effect of BYF on kidney function was observed early in the first 12 weeks and was sustained thereafter. It is conceivable that BYF may have early haemodynamic effects that contributed to this observation given that the BYF components of Astragalus, Salvia extract, Atractylodes, Dioscoreaop and Cuscuta have been shown to attenuate pulmonary arterial hypertension (Yuan et al., 2017), lower left ventricular end-diastolic pressure (Wang et al., 2017), inhibit the activation of rennin-angiotensin-aldosterone system(RAAS) (Cui et al., 2018), reduce glomerular volume (Guo et al., 2016), and decrease BP respectively (Patel et al., 2012). Variability in glomerular haemodynamics is a crucial prognostic risk factor for renal endpoints (Tsai et al., 2019). Nevertheless, most subjects recruited in our trial experienced little BP fluctuation to achieve BP goal after enrollment due to their intensive BP control management, and we did not obtain relevant vasodilatory cues for further investigation. Further study of intrarenal hemodynamic measurements are warranted in future studies.
The herbal ingredients of BYF were free from aristolochic acid, and hyperkalaemia was less common in the BYF group than in the losartan group. BYF appeared to be well tolerated among participants and no safety signals were observed. The result of our study suggested that not all herbal remedies were harmful to the kidney and that some, such as BYF, were beneficial to the kidney when used under the guidance of Chinese medicine professionals. As complementary and alternative medicines, including CHM, are a potentially important and inexpensive means of meeting kidney health care needs globally, the rigorous evaluation of therapy regarding complementary and alternative medicine, such as occurred in this RCT, is fundamental and meaningful, especially for low and middle-income countries.
This study was designed as a double-dummy, double-blind RCT, with strict quality control processes for sourcing and manufacturing BYF and matched identical placebo. These strengths should be balanced against the study’s limitations. Firstly, the clinical utility of serum creatinine-based eGFR may have been influenced by body mass, diet and creatinine measurement techniques. To address this issue, our results remained robust after adjustment for change of body weight over 12 months. Secondly, since our study duration was relatively short (48 weeks), further investigation with longer follow-up is warranted to validate the impact of BYF in terms of eGFR trajectory and important clinical outcomes. Thirdly, patients who reached the composite end-point (36.4% in Losartan group and 28.1% in BYF group, p = 0.003), were not continued to be followed, which may have introduced informative censoring and contributed to missing data during the later follow up. The mixed-effects model was used in this study, as recommended in Karen et al.’s paper (Leffondre et al., 2015), to make the results robust. Fourthly, urinary creatinine(UCr) and creatinine clearance (CCr) measurements were not available. Finally, only patients with stage 4 CKD were recruited into the study, such that the results may not have been generalizable to patients with earlier stage CKD.
CONCLUSION
BYF might have renoprotective effects among non-diabetic patients with CKD4 in the first 12 weeks and over 48 weeks, but longer follow-up is required to evaluate the long-term effects. This could represent an alternative for patients reluctant to take renin-angiotensin blocking medications or in low-income settings.
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We previously reported that Tangshen formula (TSF), a Chinese herbal medicine for diabetic kidney disease (DKD) therapy, imparts renal protective effects. However, the underlying mechanisms of these effects remain unclear. Pyroptosis is a form of programmed cell death that can be triggered by the NLRP3 inflammasome. Recently, the association between the pyroptosis of renal resident cells and DKD was established, but with limited evidence. This study aimed to investigate whether the renal protective effects of TSF are related to its anti-pyroptotic effect. DKD rats established by right uninephrectomy plus a single intraperitoneal injection of STZ and HK-2 cells stimulated by AGEs were used. In vivo, TSF reduced the 24 h urine protein (24 h UP) of DKD rats and alleviated renal pathological changes. Meanwhile, the increased expression of pyroptotic executor (GSDMD) and NLRP3 inflammasome pathway molecules (NLRP3, caspase-1, and IL-1β) located in the tubules of DKD rats were downregulated with TSF treatment. In vitro, we confirmed the existence of pyroptosis in AGE-stimulated HK-2 cells and the activation of the NLRP3 inflammasome. TSF reduced pyroptosis and NLRP3 inflammasome activation in a dosage-dependent manner. Then, we used nigericin to determine that TSF imparts anti-pyroptotic effects by inhibiting the NLRP3 inflammasome. Finally, we found that TSF reduces reactive oxygen species (ROS) production and thioredoxin-interacting protein (TXNIP) expression in AGE-stimulated HK-2 cells. More importantly, TSF decreased the colocalization of TXNIP and NLRP3, indicating that ROS-TXNIP may be the target of TSF. In summary, the anti-pyroptotic effect via the TXNIP-NLRP3-GSDMD axis may be an important mechanism of TSF for DKD therapy.
Keywords: tangshen formula, diabetic kidney disease, NLRP3 inflammasome, pyroptosis, reactive oxygen species, thioredoxin interacting protein
INTRODUCTION
Diabetic kidney disease (DKD) is a severe microvascular complication of diabetes and is also the leading cause of end-stage renal disease (Umanath and Lewis 2018). The pathogenesis of DKD is complex and mainly involves hemodynamic disorders, oxidative stress, chronic-inflammatory injuries, overactivation of the renin-angiotensin-aldosterone system (RAAS), and dyslipidemia (Lin et al., 2018; Matoba et al., 2019). Recently, the pyroptosis of renal resident cells has been associated with DKD. However, evidence remains limited (Li et al., 2017; Wang et al., 2019; Gu et al., 2019b).
Pyroptosis is a type of programmed cell death that has recently been reported to occur in various diseases (Wang et al., 2019; Wu et al., 2019; Zhaolin et al., 2019; Yu et al., 2020a). In the canonical pyroptotic pathway, pyroptosis is dependent on cleaved caspase-1, whereas in the non-canonical pathway, caspase-4/5/11 mediates pyroptosis (Shi et al., 2017). The membrane protein gasdermin D (GSDMD) is a member of the gasdermin (GSDM) family, which has been shown to be the executor of pyroptosis (Aglietti and Dueber 2017; Feng et al., 2018). GSDMD can be cleaved by activated caspases into the N-and C-termini. The N-terminus of GSDMD (GSDMD-N) has pore-forming activity, which destroys membrane integrity and triggers the release of cellular contents and proinflammatory cytokines. Thus, pyroptosis is also considered as a type of inflammatory cell death (Broz et al. 2020).
Inflammasomes trigger pyroptosis (Lamkanfi and Dixit, 2014; Xue et al., 2019) by inducing the generation of cleaved caspase-1 during inflammasome activation. Among known inflammasomes, the NLRP3 inflammasome is the most extensively studied. It is a multi-protein complex located in the cytoplasm and is composed of pattern recognition receptor NLRP3, apoptosis-associated speck-like protein (ASC), and caspase-1 (Martinon et al., 2002). It is assembled and activated by a variety of signals, which lead to the self-cleavage of the precursor form of caspase-1 (pro-caspase-1) into its activated form (cleaved caspase-1). The activated caspase-1 is the functional unit of the NLRP3 inflammasome that cleaves the precursor of IL-1 β and IL-18 (pro-IL-1 β and pro-IL-18) into the mature forms (mIL-1β and mIL-18), which are then secreted and impart inflammatory effects. Accumulating evidence shows that the chronic inflammation caused by the NLRP3 inflammasome is related to DKD (Shahzad et al., 2015; Wada and Makino 2016; Wu et al., 2018). However, the evidence for NLRP3-related pyroptosis in DKD is limited.
Oxidative stress is the main contributor to DKD. Overproduction of reactive oxygen species (ROS) has been proven to be an important factor in NLRP3 inflammasome activation (Ding et al., 2018). Thioredoxin-interacting protein (TXNIP) is a cellular regulator of oxidative stress that inhibits the antioxidant activity of thioredoxin (TRX) and exacerbates oxidative stress (Li et al., 2014a; Yoshihara et al., 2014). In addition, TXNIP has been reported to increase inflammation by activating the NLRP3 inflammasome, leading to renal injuries in DKD (Han et al., 2018). However, the involvement of ROS-TXNIP in NLRP3-related pyroptosis in DKD remains unclear.
Tangshen formula (TSF) is a traditional Chinese medicine for the treatment of DKD. In our previous clinical trials, we showed that TSF decreases macro-proteinuria in stage IV DKD patients, increases estimated glomerular filtration rate (eGFR), and improves dyslipidemia and abdominal circumference (Li et al., 2015). In vivo and in vitro experiments have demonstrated that TSF plays renal protective effects via reducing inflammation and fibrosis, regulating cholesterol metabolism, and promoting autophagy (Zhao et al., 2016; Zhao et al., 2017; Liu et al., 2018a). This study aimed to explore the potential anti-pyroptotic effect of TSF via the TXNIP-NLRP3-GSDMD axis.
MATERIALS AND METHODS
Herbal Formulation and Components
Seven herbs constitute TSF: 35.3% astragalus root (Astragali radix), 17.6% burning bush twig (Euonymi ramulus), 14.4% rehmannia root (Rehmanniae radix), 11.5% bitter orange (Aurantii fructus), 10.6% cornus fruit (Corni fructus), 7.1% rhubarb root and rhizome (Rhei radix et rhizoma), and 3.5% notoginseng root (Notoginseng radix). The TSF powder used in this study was prepared and standardized by an established company (Jiangyin Tianjiang Pharmaceutical, Jiangsu, China; http://www.tianjiang.com) according to the guidelines in the Pharmacopoeia of The People’s Republic of China 2010. The major chemical compositions (loganin, calycosin-7-O-b-D-glucoside, naringenine-7-rhamnosidoglucoside, neohesperidin, naringenin, and aloeemodin) of TSF were verified in our previous study (Kong et al., 2016).
Animal Experimental Design and Drug Administration
Six-week-old Sprague Dawley (SD) rats weighing 135–160 g were purchased from Beijing HFK Bio-Technology Co. Ltd. (China). The DKD model was established as previously described (Zhao et al., 2012). Briefly, the SD rats underwent right uninephrectomy to accelerate DKD. Seven days after surgery, STZ (Sigma, USA), which was diluted in citrate buffer (0.1 mol/L, pH 4.5), was intraperitoneally injected into the rats at a dose of 40 mg/kg. Three days after STZ injection, blood glucose levels were assessed to confirm the diabetic state. Rats with blood glucose levels >16.7 mmol/L were qualified as diabetic and randomly assigned to the vehicle-treated or TSF-treated group. Control rats received a sham operation involving laparotomy and manipulation of renal pedicles. Seven days later, an intraperitoneal injection of citrate buffer (0.1 mol/L, pH 4.5) was performed on the sham-operated rats. Chloral hydrate at a dosage of 330 mg/kg was injected prior to surgery.
The following groups were included in this study: 1) Control group (n = 6) received 0.5% CMC-Na solution, 2) Model group (n = 6) received 0.5% CMC-Na solution, and 3) Model + TSF group (n = 6) received TSF treatment. Treatment was initiated on the third day after citrate buffer/STZ injection and continued for 20 weeks. To ensure the accuracy of administration, TSF was suspended in 0.5% CMC-Na solution, which helps the drug to be dispersed evenly. The treating dosage for rats was 2.4 g/kg body weight/day, which was six times greater than the clinical dosage (0.4 g/kg body weight/day) (Yan et al., 2016). Blood glucose and 24 h urine volume were measured every four weeks. At the end of the experiment, serum and renal tissues were collected for follow-up assessment. The animal experiment design is presented in Figure 1A.
[image: Figure 1]FIGURE 1 | TSF alleviates proteinuria and pathological kidney injuries in DKD rats. (A) Animal experiment protocol. (B and C) Blood glucose and 24 h UP were detected every four weeks. (D) H&E, Masson’s trichrome, and PAS staining were performed to evaluate kidney injury. (E) Tubular damage scores based on H&E staining. (F) Semi-quantification of collagen areas according to Masson’s trichrome staining. (G) Semi-quantification of mesangial matrix area based on PAS staining. The magnification of the images is ×400. The data are expressed as the mean ± SEM. * indicates p < 0.05 vs. Control; # indicates p < 0.05 vs. Model.
All procedures were approved by the Ethics Committee of China-Japan Friendship. Hospital, Institute of Clinical Medical Science (No. 2012-A04) and performed in accordance with the National Academies Guiding Principles for the Care and Use of Laboratory Animals, 8th edition.
Measurement of Blood Glucose and Urine Protein
During the experiment, glucose was monitored using One Touch Ultra II system (LifeScan, USA) every four weeks using tail vein blood. The 24 h urine protein (24 h UP) was measured by an AU5800 automatic biochemistry analyzer (Beckman, USA).
Histological Examination
Paraffin-embedded kidney sections were examined for pathological injuries. Tubulointerstitial damage was assessed by H&E staining based on the established scoring system (Zhao et al., 2016). Interstitial fibrosis was evaluated using Masson’s trichrome stain. Periodic acid-Schiff (PAS) staining was performed to evaluate extracellular matrix (ECM) deposition in the mesangial area. Semi-quantitative analysis was performed using Image-Pro Plus 6.0.
Immunohistochemistry Staining of GSDMD, NLRP3, and IL-1β
The kidney sections were incubated with anti-GSDMD (1:50, Proteintech, China), anti-NLRP3 (1:200, Proteintech), or anti-IL-1β (1:500, Abcam) after microwave-based antigen retrieval. Positive staining patterns were identified under ×400 magnification, and 10 fields were randomly selected for semi-quantitative analysis. Integrated option density (IOD) values in the examined field were measured using Image-Pro Plus 6.0.
Immunofluorescence Assay
Paraffin-embedded kidney sections were used to assess colocalization of caspase-1 and GSDMD or NLRP3. First, sections were subjected to microwave-based antigen retrieval. Then, tyramide signal amplification (TSA) was performed as previously described (Faget and Hnasko 2015). Briefly, the following steps were performed: 1) incubating sections with anti-NLRP3 (1:1,000, Proteintech) or anti-GSDMD (1:500, Proteintech) at 4°C overnight, 2) incubating with horseradish peroxidase (HRP)-conjugated secondary antibody for 50 min at room temperature, 3) reacting with CY3-TSA (Servicebio, China) for 10 min in the dark, 4) removing nonspecific binding antibodies by microwave treatment, 5) incubating with anti-caspase-1 (1:50, Proteintech) at 4°C overnight, 6) incubating with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Servicebio, China) for 50 min in the dark, and 7) staining with DAPI solution for 10 min. Images were captured by fluorescence microscopy using excitation wavelengths of 510–560 nm (red) and 465–495 nm (green).
Cell Culture and Intervention
The human proximal tubular epithelial cell line (HK-2) was obtained from the National Infrastructure of Cell Line Resource (China). The HK-2 cells were cultured in RPMI-1640 medium (Gibco) containing 10% fetal bovine serum at 37°C and 5% CO2 air. To induce cell death, AGE-BSA (200 μg/ml, Abcam) was used to stimulate HK-2 cells for 48 h. AC-yvad-cmk (10 μg/ml, Sigma) was used in the pretreatment of cells for 0.5 h before AGE stimulation to confirm pyroptosis of HK-2 cells. The activation of the NLRP3 inflammasome in HK-2 cells treated by AGEs for different lengths of time (12 h, 24 h, 48 h) was also assessed. According to the CCK8 assay (Supplementary Figure S1) and our previous study (Liu et al., 2018b), TSF of 250 μg/ml or 500 μg/ml was used to co-treat cells with AGEs. To explore the anti-pyroptotic mechanism of TSF, nigericin (10 μM, InvivoGen, USA) was added to the AGE and TSF co-treated cells 1 h before harvesting the cells.
Calcein-AM/PI Double Stains
A calcein-AM/PI double staining kit was purchased from Dojindo Laboratories. The fluorescent dye Hoechst 33342 was obtained from Sigma. First, a calcein-AM/PI/Hoechst working solution was prepared using 2 μM calcein-AM, 4.5 μM PI, and 3.6 μM Hoechst 33342. After intervention, the HK-2 cells of each group were washed with PBS once, then stained with 100 μL calcein-AM/PI/Hoechst working solution and incubated at 37°C for 15 min. After incubation, the cells were washed twice. The cells were assessed under a fluorescence microscope (×200) or detected by flow cytometry to determine the percentage of dead/live cells.
Western Blot Analysis
Protein samples extracted from renal tissues or HK-2 cells were used. SDS-PAGE and PVDF membrane transfer were performed as previously described (Wang et al., 2019). After blocking for 1 h at room temperature, the following primary antibodies were used: anti-GSDMD-N (1:1000, CST, USA), anti-cleaved caspase-1 (1:1000, CST), anti-NLRP3 (1:1000, Proteintech), anti-IL-1β (1:1000, Abcam), anti-IL-18 (1:1000, Proteintech), anti-TXNIP (1:1000, Abcam), and anti-β-actin (1:1000, Santa Cruz, USA). Secondary antibodies were used at a dilution of 1:5000. Signals were detected with a ChemiDoc XRS system (Bio-Rad, CA, USA). ImageJ software (NIH, Bethesda, MD, USA) was used to quantify the protein bands against β-actin.
Assessment of IL-1β Release by ELISA
IL-1β levels in the cell supernatant were determined using a human IL-1β ELISA kit (CUSABIO, China) according to the manufacturer’s instructions.
ROS Production
To detect ROS production, the HK-2 cells from different treatment groups were incubated with dihydroethidium (DHE) dye (Beyotime, China) for 30 min at a concentration of 5 μM. Hoechst 33342 (Sigma) at a concentration of 3.6 μM was added to staining nuclei. The results were observed under a fluorescence microscope (×200) at an excitation wavelength of 535 nm.
Cell Immunofluorescence
HK-2 cells were fixed with 4% paraformaldehyde for 20 min after treatment, then blocked with BSA for 30 min at room temperature. The fixed cells were incubated with a primary antibody cocktail against NLRP3 (1:100, Proteintech) and TXNIP (1:100, Abcam) at 4°C overnight. After washing twice with PBS, the cells were incubated with CoraLite and Rhodamine-conjugated secondary antibody solution (1:100, Proteintech) at 37°C for 1 h. The cells were washed twice with PBS and then stained with DAPI (Solarbio, China) to detect nuclei. Cell images were captured using a confocal laser scanning microscope at ×900 magnification. Laser excitation wavelengths of 570 nm and 488 nm were used to observe red and green fluorescence.
Statistical Analysis
The GraphPad Prism software version 8.0 was used for analysis. Quantitative data were expressed as the mean ± SEM. One-way ANOVA was used to compare groups. Differences with p < 0.05 were considered statistically significant.
RESULTS
TSF Attenuates the Kidney Injuries in Vivo
During the experiment, the blood glucose levels of DKD rats remained at a relatively high level (≥23.1 ± 0.85 mmol/L). TSF treatment had no effects on blood glucose levels. The 24 h UP level of the DKD rats continuously increased and was significantly higher than the control from the 16th week of this experiment. However, in the TSF-treated rats, the 24 h UP did not markedly increase (Figures 1B,C).
H&E, Masson’s trichrome, and PAS staining were performed to evaluate renal pathological injury (Figures 1D–G). In the DKD rats, tubular epithelial cell swelling, detachment, and vacuolar degeneration, as well as obvious inflammatory cell infiltration were observed with H&E staining. Furthermore, cast and cell debris were detected in some dilated tubular lumens. These changes were significantly alleviated in TSF-treated DKD rats (Figures 1D,E). Masson’s trichrome stain and semi-quantitative analysis showed enhanced tubulointerstitial fibrosis in DKD rats compared with the control, which was attenuated in TSF-treated rats (Figures 1D,F). PAS staining and semi-quantitative analysis showed that glomerular mesangial matrix expansion was enhanced in the DKD rats compared with the control; however, this enhancement was attenuated in DKD rats treated with TSF (Figures 1D,G).
TSF Downregulates Expression of GSDMD, NLRP3, IL-1β, IL-18, and Caspase-1 in vivo
Proteins in the pyroptotic pathway were detected in the kidney. IHC and semi-quantitative analyses showed that the expression of GSDMD, NLRP3, and IL-1β was much higher in DKD rats than the controls (Figure 2A–D). In addition, western blot assay showed that the expression of mIL-1β and mIL-18 was also higher in DKD rats than the controls (Figures 2E,F). However, in TSF-treated rats, the expression of the above molecules was significantly downregulated (Figures 2A–F). Caspase-1 is involved in the canonical pyroptotic pathway. Therefore, in this experiment, immunofluorescence was performed to co-localize caspase-1 with GSDMD or NLRP3 in the kidney. Figures 2G–I show that caspase-1 co-localized with GSDMD or NLRP3 mainly in the tubules, and colocalization was significantly higher in DKD rats compared with the controls. However, in TSF-treated rats, colocalization of pyroptotic-related proteins was effectively inhibited. Original pictures of Figure 2G were uploaded to the Supplementary Materials.
[image: Figure 2]FIGURE 2 | TSF downregulates the renal expression of GSDMD (pyroptosis executor) and NLRP3 inflammasome in DKD rats. (A–D) Expression levels of GSDMD, NLRP3, and IL-1β in the kidney were detected by IHC and analyzed semi-quantitatively. (E, F) Expression levels of mIL-1β and mIL-18 were detected by WB assay and analyzed semi-quantitatively. (G) The colocalization of caspase 1 with GSDMD or NLRP3 in the kidney is shown by immunofluorescence. The magnification of the images is ×400. (H, I) Positive area (%) of fluorescent staining was analyzed by ImageJ software. Semi-quantitative values were expressed as the mean ± SEM. * indicates p < 0.05 vs. Control; # indicates p < 0.05 vs. Model.
TSF Reduces AGE-Induced Pyroptosis in vitro
To explore the anti-pyroptotic effect of TSF, AGE-stimulated HK-2 cells were assessed. Calcein-AM/PI double staining was performed to identify live/dead cells. With AGE stimulation for 48 h, the percentage of calcein-positive cells significantly decreased, whereas that of PI-positive cells significantly increased (Figures 3A,B). To confirm that AGE-induced cell death is caspase-1-dependent, the HK-2 cells were pretreated with YVAD (caspase-1 inhibitor) before AGE stimulation. Calcein-AM/PI double staining showed that the number of dead cells significantly decreased with YVAD pre-treating, indicating that AGE-induced cell death is mainly caspase-1-dependent. Accordingly, GSDMD N-terminus (GSDMD-N) and cleaved-caspase-1 (cl-caspase-1) were highly expressed in AGE-stimulated HK-2 cells, whereas with YVAD pretreatment they were significantly downregulated (Figures 3C–E). These results support the existence of pyroptosis in AGE-stimulated HK-2 cells. TSF (250 μg/ml, 500 μg/ml) imparted anti-pyroptotic effects, reducing the number of pyroptotic cells as well as the expression of GSDMD-N and cl-caspase-1 in a dosage-dependent manner (Figure 3).
[image: Figure 3]FIGURE 3 | TSF decreases AGE-induced pyroptosis of HK-2 cells. Cell death was induced by AGE (200 μg/ml) stimulation for 48 h. (A) Representative pictures of PI/calcein-AM double stains. PI-positive cells indicate dead cells, and live cells were stained by calcein. Ten fields (×200) were randomly selected to calculate the percentage of dead/live cells. To prove that AGE-induced cell death is caspase-1-dependent, YVAD (caspase-1 inhibitor) was used to pretreat cells before AGE stimulation. In this part of the experiment, 250 μg/ml and 500 μg/ml of TSF were used to co-treat HK-2 cells with AGEs. (B) The ratio of positive cells was calculated according to the pI/Calcein-AM double stains. (C–E) Relative expression levels of GSDMD N-terminus and cleaved caspase-1 were assessed by western blotting. Scale bar = 100 μm. Data were expressed as the mean ± SEM. * indicates p < 0.05 vs. Control; # indicates p < 0.05 vs. AGEs.
TSF Inhibits the AGE-Induced NLRP3 Inflammasome Activation in vitro
To detect activation of the NLRP3 inflammasome as a trigger of pyroptosis, the expression of NLRP3, cl-caspase-1, and mature IL-1β (mIL-1β) in AGE-stimulated HK-2 cells was assessed and was shown to increase in a time-dependent manner (Figure 4A–D). In addition, IL-1β levels in the supernatant of HK-2 cells increased (Figure 4E), indicating the activation of the NLRP3 inflammasome. However, TSF (250 μg/ml, 500 μg/ml) treatment decreased the expression of NLRP3, cl-caspase-1, and mIL-1β, as well as released IL-1β in a dose-dependent manner (Figure 4).
[image: Figure 4]FIGURE 4 | TSF inhibits the activation of the NLRP3 inflammasome in AGE-stimulated HK-2 cells. AGE-stimulated HK-2 cells were assessed at three time points (12 h, 24 h, 48 h). TSF at concentrations of 250 μg/ml and 500 μg/ml was used to co-treat HK-2 cells with AGEs for 48 h (A–D) Expression levels of NLRP3, cleaved-caspase 1, and IL-1β were assessed by western blotting. (E) IL-1β levels in the supernatant were determined by ELISA. The data were expressed as the mean ± SEM. * indicates p < 0.05 vs. Control; # indicates p < 0.05 vs. AGEs (48 h).
Anti-Pyroptotic Effect of TSF is Abolished by NLRP3 Inflammasome Agonist in vitro
To confirm that TSF affects pyroptosis by regulating the NLRP3 inflammasome, the exogenous agonist of NLRP3 inflammasome nigericin was employed in this experiment together with the TSF at a concentration of 500 μg/ml. Pyroptotic cells were detected by calcein-AM/PI double staining, and the percentage of positive cells was determined by flow cytometry. Similar to the results of the previous experiment, flow cytometry also showed that TSF decreased the ratio of pyroptotic cells induced by AGEs (Figures 5A–C, E). Furthermore, the addition of nigericin to cells co-treated with AGEs and TSF for 1 h before harvest resulted in the restoration of the ratio of pyroptotic cells (Figures 5D,E). In addition, nigericin restored the protein expression of GSDMD-N, cl-caspase-1, and NLRP3, which were inhibited by TSF treatment (Figures 5F–I). These results suggest that TSF decreases pyroptosis mainly by inhibiting the activation of the NLRP3 inflammasome.
[image: Figure 5]FIGURE 5 | TSF decreases pyroptosis by inhibiting the activation of the NLRP3 inflammasome in AGE-stimulated HK-2 cells. HK-2 cells were treated with TSF of 500 μg/ml (A–E) HK-2 cells stained with PI/calcein-AM in each treated group were detected by flow cytometry, and the ratios of PI-positive or calcein-positive cells were calculated. Nigericin (NLRP3 inflammasome agonist) was added to AGE-and TSF-co-treated cells 1 h before cell collection. (F–I) Relative expression of GSDMD-N, NLRP3, and cleaved-caspase-1 was detected by western blotting. The data were expressed as the mean ± SEM. “nig” indicates nigericin; * indicates p < 0.05 vs. Control; # indicates p < 0.05 vs. AGEs; $ indicates p < 0.05 vs. AGEs + TSF.
TSF Reduces ROS Production and TXNIP-NLRP3 Interactions in vitro
The ROS-TXNIP pathway has been shown to activate the NLRP3 inflammasome in DKD. In this experiment, TSF (500 μg/ml) was used to treat AGE-stimulated HK-2 cells. DHE probe analysis showed an increase in ROS production in AGE-stimulated HK-2 cells (Figures 6A,B). As a regulator of cellular oxidative stress, the expression of TXNIP was significantly upregulated in AGE-stimulated cells compared with the control (Figures 6C,D). In addition, the colocalization of TXNIP with NLRP3 also increased (Figure 6E). However, with TSF treatment, ROS production, TXNIP expression, and TXNIP-NLRP3 colocalization decreased, which suggests that ROS-TXNIP is the target of TSF.
[image: Figure 6]FIGURE 6 | TSF reduces ROS production and TXNIP-NLRP3 colocalization in AGE-stimulated HK-2 cells. TSF at a concentration of 500 μg/ml was used in the experiment. (A) ROS production was tested by a DHE probe (magnification: 200×, scale bar = 100 μm). (B) Relative fluorescence intensity was calculated by DHE against Hoechst. (C and D) Expression of TXNIP was assessed by western blotting. (E) Colocalization of TXNIP and NLRP3 is shown by immunofluorescence (magnification: ×900, scale bar = 25 μm). The data are presented as the mean ± SEM. * indicates p < 0.05 vs. Control; # indicates p < 0.05 vs. AGEs.
DISCUSSION
The present study provides evidence that the Chinese herbal medicine TSF significantly reduces urine protein levels and alleviates diabetic kidney injuries in DKD rats. These changes might be related to the anti-pyroptotic effect of TSF. In detail, TSF protected tubular epithelium from pyroptosis by regulating the TXNIP-NLRP3-GSDMD axis.
The pathogenesis of DKD is complex and involves multiple pathways. In our previous studies, TSF was found to affect multiple signaling pathways. It has been reported to impart anti-inflammation and anti-fibrotic effects in diabetic rats by interfering with the NF-κB and TGF-β/Smad3 signaling pathways (Zhao et al., 2016). TSF has also been found to increase cellular autophagy by inhibiting PLZF expression in db/db mice (Zhao et al., 2017). Recently, also in db/db mice, TSF was shown to promote ABCA1-mediated renal cholesterol efflux, which contributes to its therapeutic effects (Liu et al., 2018a). In the present study, we show that the pharmacological mechanism of TSF in alleviating diabetic kidney injuries involves imparting anti-pyroptotic effects.
Pyroptosis is a form of programmed cell death that has been investigated in the past few years (Shi et al., 2017; Yu et al., 2020b). It differs from apoptosis in that the canonical pyroptotic pathway is dependent on activated caspase-1, which in turn hydrolyzes the membrane protein GSDMD at the N-and C-termini. The N-terminus of GSDMD has pore-forming activity, which oligomerizes to membranes to drill pores. To disrupt membrane integrity, pyroptosis occurs with cell swelling and the release of intracellular contents, which involves the inflammatory cytokines IL-1β and IL-18. These findings indicate that pyroptosis is also a form of inflammatory cell death (Lin et al., 2020). Pyroptosis has recently been associated with diabetic complications (Yang et al., 2019a; Zhang et al., 2020; Gu et al., 2019a), particularly diabetic cardiomyopathy (Kar et al., 2019; Li et al., 2014b; Yang et al., 2019b). However, evidence of pyroptosis in DKD is limited (Gu et al., 2019a; Wang et al., 2019). In the present study, we observed renal injuries in DKD rats accompanied by the overexpression of pyroptotic-related proteins (GSDMD, NLRP3, caspase-1, and IL-1β), which mainly localized to renal tubules. However, in TSF-treated DKD rats, renal injuries were alleviated, and pyroptotic-related proteins were downregulated, which suggests that pyroptosis of renal tubular epithelium occurs in DKD, and TSF imparts anti-pyroptotic effects.
To confirm our hypothesis, HK-2 cells stimulated by AGEs were used in an in vitro experiment. First, we intended to prove the existence of pyroptosis. We observed increased cell death in AGE-stimulated HK-2 cells by calcein-AM/PI staining. Furthermore, we used the caspase-1 inhibitor YVAD to pretreat cells before AGE stimulation, and the results showed that cell death significantly decreased, which suggests that cell death is mainly caspase-1-dependent. In addition, YVAD inhibited the expression of the pyroptotic executor GSDMD-N and cleaved-caspase-1, which were upregulated by AGE stimulation. These results support the hypothesis that pyroptosis occurred in AGE-stimulated HK-2 cells. Second, we found that TSF imparts an anti-pyroptotic effect as it reduced AGE-induced pyroptosis as well as the expression of GSDMD-N and cleaved-caspase-1. However, the mechanism of how TSF influences pyroptosis remains unclear.
Inflammasomes have been shown to trigger pyroptosis (Malik and Kanneganti 2017), which is accompanied by the production of cleaved caspase-1 (the active form of caspase 1). Among the known inflammasomes, the NLRP3 inflammasome is the most extensively studied. Accumulating evidence has shown that the inflammatory effects caused by the activation of the NLRP3 inflammasome play an important role in DKD (Shahzad et al., 2015; Qiu and Tang 2016; Wu et al., 2018). However, more evidence is still needed to determine whether the NLRP3 inflammasome triggers pyroptosis of renal resident cells in DKD. As previously reported (Hong et al., 2019), we also observed the activation of the NLRP3 inflammasome in AGE-stimulated HK-2 cells in this study, shown as a time-dependent increase of NLRP3, cleaved-caspase-1, and mature IL-1β expression, as well as IL-1β release. However, the activation of the NLRP3 inflammasome was inhibited by TSF in a dose-dependent manner. This result prompted us to further clarify whether TSF reduces pyroptosis by inhibiting the NLRP3 inflammasome. For this purpose, the exogenous agonist of NLRP3 inflammasome, nigericin, was used. Interestingly, the inhibitory effect of TSF on pyroptosis was abolished by nigericin. At the same time, the inhibited expression of molecules in the NLRP3-pyroptosis pathway was partially restored by nigericin. These results confirmed our hypothesis that TSF reduces pyroptosis by regulating the NLRP3 inflammasome.
Overproduction of ROS plays a pivotal role in the progression of DKD (Jha et al., 2016; Wei and Szeto 2019). ROS has also been reported to be one of the crucial elements of NLRP3 activation (Tschopp and Schroder 2010; Abais et al., 2015). TXNIP is a negative regulator of anti-oxidation and is involved in diabetes (Yoshihara et al., 2014). In physiological conditions, TRX binds to TXNIP and inhibits its activity. However, in some pathological conditions, excessive ROS promotes the dissociation of TRX and TXNIP (Lin et al., 2020). The detached TXNIP interacts with NLRP3 molecules and activates the NLRP3 inflammasome (Zhou et al., 2010; Han et al., 2018). In our previous study (published in Chinese), TSF was found to impart anti-oxidative effects on db/db mice. In the present study, we also found that TSF decreases ROS production and TXNIP expression in AGE-stimulated HK-2 cells. Importantly, colocalization of TXNIP-NLRP3 decreased with TSF treatment, which indicates that TSF affects TXNIP-NLRP3 interactions. These results suggest that ROS-TXNIP may be the target of TSF.
In conclusion, the present study demonstrated that TSF reduces the pyroptosis of tubular epithelia via the TXNIP-NLRP3-GSDMD axis (Figure 7). This might be an important mechanism of TSF in DKD therapy. However, limitations are present in this study. Some other inflammasomes, such as the pyrin inflammasome (Heilig and Broz 2018) and AIM2 inflammasome (Gao et al., 2019), have also been reported to initiate pyroptosis, but the present study only focused on NLRP3-related pyroptosis. Second, which components of TSF contribute to the anti-pyroptotic effect is not clear. In our next study, we will continue to explore the mechanism of pyroptosis in DKD as well as the effective components of TSF that regulate pyroptosis.
[image: Figure 7]FIGURE 7 | TSF alleviates tubular injury in DKD by imparting anti-pyroptotic effects via the TXNIP-NLRP3-GSDMD axis. In DKD, AGEs induce NLRP3-related pyroptosis in tubular epithelium, accompanied by IL-1β release. TSF protects tubular epithelium cells from pyroptosis by inhibiting the TXNIP-NLRP3-GSDMD pathway.
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Background and Objective: The incidence of chronic kidney disease (CKD) is steadily increasing. Although renal tubular epithelium injury is closely correlated with the prognosis of CKD, the underlying mechanism is not fully understood and therapeutic strategies are limited. The main bioactive component of the Chinese medicine herb, glycyrrhiza, is 18α-glycyrrhetinic acid (Ga), which is also a pharmacological inhibitor of gap junctions. Our previous studies indicated that Ga is able to ameliorate renal cell injury. The present study explored the regulatory role of Ga in redox signaling in renal tubular epithelial cells with oxidative injury.
Methods: Rat renal tubular epithelial cells, NRK-52E, were incubated with Px-12, a thioredoxin inhibitor, to mimic thioredoxin deficiency and induce oxidative injury in vitro. A Cell Counting Kit-8 was used to analyze cell viability while a reactive oxygen species (ROS)/superoxide (O2−) fluorescence probe was employed to determine oxidative stress. Apoptosis was evaluated using DT-mediated dUTP nick end labeling/4,6-diamidino-2-phenylindole staining and cleaved caspase 3 protein analysis. Western blot analysis was used to analyze the expression of specific proteins while siRNA transfection was performed to downregulate targeted proteins.
Results: Inhibition of thioredoxin 1 by Px-12 triggered renal tubular cell oxidative injury as evidenced by morphological change, loss of cellular viability, over production of ROS and O2−, and appearance of cleaved caspase-3. Ga significantly attenuated cell oxidative injury, as indicated by the parameters mentioned above. Px-12 induced phosphorylation of c-Jun N-terminal kinase (JNK) and subsequently the expression of connexin 43 (Cx43) in NRK-52E cells. Ga and the JNK inhibitor, sp600125, markedly suppressed Px-12-induced generation of intracellular ROS and O2−. Inhibition of JNK improved Px-12-elicited NRK-52E cell injury. Moreover, sp600125 inhibited Cx43 expression. After downregulation of Cx43 via Cx43 siRNA transfection, the phosphorylation of JNK was markedly reduced. Furthermore, Ga restored the expression of thioredoxin 1 inhibited by Px-12.
Conclusion: ROS-JNK-Cx43-thioredoxin 1 signaling plays a crucial role in renal tubular cell injury. JNK is involved in the regulation of thioredoxin 1 and Cx43, and Cx43 reciprocally regulates thioredoxin 1. Inhibition of gap junctions by Ga alleviated renal tubular oxidative injury via improvement of thioredoxin 1-mediated redox signaling.
Keywords: connexin 43, thioredoxin 1, oxidative stress, renal tubular cell, glycyrrhetinic acid
INTRODUCTION
The prevalence, health, and financial burden of chronic kidney disease (CKD) has been increasing for decades (Chen et al., 2019a), and in China, the incidence of is 10.8% (Zhang et al., 2012). Advanced CKD progresses into end stage renal disease (ESRD) (Zha and Qian, 2017). Tubular cell injury, such as proteinuria, hypertension, diabetes mellitus, oxidative stress, and inflammation accelerates the progression of CKD to ESRD (Nakagawa et al., 2015; Fujigaki et al., 2017; Valiño-Rivas et al., 2019) and is closely correlated with the prognosis of CKD (Said et al., 2015). Methods to protect renal tubular cells against multiple insults have attracted much attention. Oxidative stress is one of the common pathways of various factors involved in tubular cell damage (Honda et al., 2019) and is thought to be the most important mechanism underlying tubular cell damage (Ogura et al., 2020). However, to date, the mechanism that regulates the process of tubular injury is not fully understood, especially in redox signaling.
Thioredoxin is a small molecular weight protein widely expressed in organisms that not only regulates the redox state of cells, but also functions as a regulator of cytokine activity, protein-binding activity, and apoptosis (Park et al., 2020). The cysteines in the thioredoxin active center can be both in the oxidative form (-S-S-) and reduced form (-SH, -SH), demonstrating their reversible oxidation-reduction characteristics (Namba et al., 2016). Thioredoxin 1 is mainly found in the cytoplasm and thioredoxin 2 is located in mitochondria (Léveillard and Aït-Ali, 2017). Thioredoxin interacting protein (Txnip) binds to thioredoxin 1 to inhibit its reductive activity (Sullivan et al., 2018). Txnip and thioredoxin 1 bind to each other to form the redoxisome and play a vital role in multiple biological processes, especially in redox signal transduction (Nasoohi et al., 2018).
Our previous study showed that the gap junction is involved in anti-oxidative stress and regulation of Txnip in CKD (Gao et al., 2017); whether the gap junction regulates thioredoxin in kidney is unknown. The gap junction is a channel-like structure at the membrane surface of two neighboring cells formed by two docking connexions and plays a vital role in intercellular communication and small molecule interchange (Beyer and Berthoud, 2018). Each connexon consists of six homogenous or heterogeneous units of the gap junction protein, connexin (Stylianaki et al., 2019). Currently, more than 20 kinds of gap junction proteins have been identified (Wang et al., 2018) and are widely present in human cells with channel-dependent and -independent functions (Chen et al., 2019b). Connexin 43 (Cx43) is abundantly expressed in kidney, and functions importantly in CKD via regulating a variety of processes (Price et al., 2020). There is high Cx43 expression in animal kidney tissues subjected to acute kidney injury, and the mechanism may be related to oxidative stress-induced kidney injury (Wang and Tong, 2015). When Cx43 expression is inhibited, the level of oxidative stress in kidney tissue is significantly reduced, and the degree of kidney injury is also markedly alleviated (Prakoura et al., 2018). In gap junction research, 18α-glycyrrhetinic acid (Ga) is a classic pharmacological inhibitor of the gap junction, and has wide pharmacological effects (Rahman et al., 2016). It is also the main bioactive component of glycyrrhiza, one of the frequently used Chinese medicine herbs (Pastorino et al., 2018). Our previous studies have reported that Ga alleviates kidney injury (Yan et al., 2012; Gao et al., 2015). However, the role and mechanism of Ga in tubular cell injury and redox signaling is not fully understood.
We have reported that c-Jun N-terminal kinase (JNK) mediates the induction of Px-12 and Cx43 in tumor cells (Li et al., 2016). Px-12 is a thioredoxin inhibitor. JNK is one of the classical signal transduction pathways belonging to the mitogen activated protein kinase (MAPK) families and is mainly activated by oxidative stress (Dai et al., 2018). The activated JNK signal then promotes cell apoptosis (Guo et al., 2018). It is possible that JNK is involved in the regulation of Cx43 in thioredoxin 1 in kidney.
Since inhibition of Cx43 aggravates renal injury by regulating oxidative stress, and thioredoxin 1 is one of the important regulators of oxidative stress (Gao et al., 2015b), whether and how Cx43 regulates thioredoxin 1 remains unclear. In the present study, Px-12 was used to construct a cell oxidative injury model to investigate the function and mechanism of Cx43 in renal tubular cell oxidative injury.
MATERIALS AND METHODS
Reagents and Antibodies
The Cell Counting Kit-8 (CCK-8, FH783) was obtained from Japan Dojindo Company. The Cellular ROS/Superoxide detection assay kit was obtained from Abcam Reagent Company Limited (Shanghai, China). Phospho-stress-activated protein kinase (SAPK)/JNK (Thr183/Tyr185) (81E11) rabbit mAb (p-JNK, 4668), SAPK/JNK antibody (JNK, 9252), phospho-p38 MAPK (Thr180/Tyr182, 9212) antibody, phosphorylated -extracellular signal-regulated kinase (ERK1/2, phosphor-p44/42 MAPK, Thr202/Tyr204, 4376) antibody, caspase-3 antibody (caspase-3, 9662S), β-tubulin (9F3) rabbit antibody (β-tubulin, 2128), poly (ADP-ribose) polymerase (PARP) (46D11) rabbit antibody (PARP, 9532S), and thioredoxin 1 (C63C6) rabbit antibody (thioredoxin 1, 2429S) were purchased from Cell Signaling Technology Company Limited (Shanghai, China). Anti-connexin 43 antibody produced in rabbit (Cx43, SAB4501175) and 18α-glycyrrhetinic acid (18α-Ga, G8503) were purchased from Sigma Aldrich China Company. 4,6-diamidino-2-phenylindole (DAPI, KGA215-50) was obtained from Jiangsu KeyGEN BioTECH Corp., Ltd. DT-mediated dUTP nick end labeling (TUNEL, 11684817910) was purchased from Roche Life Science Company. Px-12 (sc-358518) was purchased from Santa Cruz Biotechnology Company. The JNK-mitogen-activated protein kinase (MAPK) signaling pathway inhibitor (sp600125, A4604) was obtained from ApexBio Technology China. The Hiperfect transfection reagent, Cx43 siRNA, and control siRNA were purchased from Qiagen (Qiagen, Hilden, Germany).
Evaluation of Cell Viability Using the CCK-8 Kit
Cell viability was tested using the CCK-8 reagent kit. In brief, NRK-52E cells (1×105 cells/well) were seeded into a 96-well microplate, then grown in complete Dulbecco’s modified Eagle medium/F12 culture media containing 5% fetal bovine serum for 24 h. The cultivated cells were assigned to different groups (control group, Px-12 treatment group) and incubated with different drugs (18α-Ga, inhibitor) for 24 h. Following addition of CCK-8 working solution and incubation for 1.5 h, the optical density (OD) was measured at 450 nm. Cell viability was represented as a percentage of the control.
Determination of ROS/O2− Production
Intracellular ROS and O2− were determined using the ROS/O2− reagent kit (Enzo Life Sciences, New York, United States). Cells were evenly transferred to six-well microplates at a density of 1 × 106 cells/ml and cultivated with complete Dulbecco’s modified Eagle medium/F12 culture media containing 5% fetal bovine serum for 24 h. The cells were then assigned to control group, Px-12 treatment group, 18α-Ga treatment group, 18α-Ga and Px-12 co treatment group, inhibitor treatment group, inhibitor and Px-12 co treatment group. 18α-Ga and inhibitor are added 1 h advance. Following another 1 h of incubation, we wash cells twice with PBS. Then 500 µl/well working solution was added to the microplate for the determination of ROS (green) and O2− (orange). The mixture was incubated in the dark for 30 min, washed with PBS twice and then photographed with an inverted fluorescence microscope. The fluorescence intensity was measured at 480 nm excitation for green and 550 nm for orange.
Western Blotting
Cells were grouped, treated with different drugs for a specific time, and then total protein was extracted by SDS lysis buffer together with freshly added proteinase inhibitor cocktail. Lysates were incubated in ice for 15 min with intermittent mixing and then centrifuged at 12,000 rpm for 15 min at 4°C. Total cellular protein concentration was measured using the bicinchoninic acid protein assay kit and separated by 7.5, 10, or 12% SDS-polyacrylamide gels.20 µg or 60 µg total protein was loaded into each well for electrophoresis at 80 V. When the protein moved to the junction of separation gel and concentrated gel, the electrophoresis was changed to 120 V. A 0.22 µm polyvinylidene difluoride membrane was used for electric transfer (250 mA) of proteins to the membrane for 1.5 h, blocked with 5% nonfat milk for 45 min, and then incubated with the primary antibody at 4°C overnight. The membrane was washed three times with PBST and incubated for 1 h with the secondary antibody at room temperature. The membrane was washed again, and images were captured using a chemical imaging system (Shanghai Tanon Technology Co., Ltd., Tanon 4600SF).
TUNEL/DAPI Staining
Cell-attached slides in the six-well microplate were treated using the same method for the CCK-8 cell viability test. The slides were washed thrice with phosphate-buffered saline (PBS), fixed in 4% polyformaldehyde for 15 min, and then washed thrice with PBS again. The membrane was treated with Triton-X for 2 min, washed thrice with PBS, and then the cell-attached slides were removed. Moisture on the slides was removed, and then dUTP-TdT (9:1) was added to cover the cells. The cell-attached slides were placed back into the six-well microplate, incubated at 37°C in a water bath chamber for 1 h, and then washed thrice with PBS. The slides were incubated in the dark with instant DAPI solution for 5 min, washed thrice with PBS, and dried via centrifugation. After that, anti-fade mounting medium was added, and the cell-attached slides were covered with glass coverslips. The slides were air dried and photographed using a fluorescence microscope.
Cx43 siRNA Transfection
Cell counts were measured after subculture, the cell density was adjusted to 1 × 106 cells/ml in a six-well microplate, and each well was filled with 2 ml of medium. Then, 24 h after cell adherence, cells were transiently transfected with siRNA specifically targeting Cx43, or a negative control siRNA at a final concentration of 100 nM using HiPerFect transfection reagent. Transfected cells were then either left untreated or exposed to various stimuli. Cells were harvested 24 h after transfection and re-inoculated into a six-well plate for further studies.
Statistical Analysis
All metric data are expressed as the mean ± standard deviation (SD). Between-group differences were analyzed using a t-test. Multiple-group differences were analyzed using analysis of variance (ANOVA), followed by Dunnett’s test. All data were analyzed using IBM SPSS Statistics 23.0 software (IBM SPSS, United States). p < 0.05 represents a significant difference. Image analysis was performed using ImageJ v1.46 developed by National Institutes of Health (NIH).
RESULTS
Inhibition of Thioredoxin 1 Initiated Renal Tubular Cell Oxidative Injury
It was first confirmed whether inhibition of thioredoxin 1 led to oxidative injury in renal tubular epithelial cells. To mimic the in vitro conditions of thioredoxin 1 deficiency in tubules, an inhibitor of thioredoxin, Px-12, was employed to induce NRK-52E cell oxidative injury. As shown in Figures 1A,B, Px-12 triggers NRK-52E cell injury, as evidenced by detachment from the bottom of the culture dish, changes in morphology, and loss of viability in a concentration-dependent manner. Caspase-3 is a characteristic cell apoptosis protein that is greatly increased in the middle-advanced stage of apoptosis (Bernard et al., 2019). Addition of Px-12 significantly increased the expression of cleaved caspase-3 after incubation for 1 h (Figure 1C). Thioredoxin 1 is an important component of the redox signal transduction system, which scavenges intracellular ROS to alleviate apoptosis. Indeed, inhibition of thioredoxin 1 enhanced production of ROS and O2- (Figure 1D). These results suggested that inhibition of thioredoxin 1 induced oxidative injury and subsequently triggered apoptosis in renal tubular cells.
[image: Figure 1]FIGURE 1 | Inhibition of thioredoxin 1 induces renal tubular cell oxidative injury. (A) Effects of Px-12 on cellular morphology. NRK-52E cells in 96-well plates were exposed to different concentrations of Px-12 (0, 5, 10, and 15 µM) for 24 h. Cell morphology was determined using an inverted microscope (×100). (B) Change of cellular viability induced by Px-12. NRK-52E cells in 96-well plates were insulted with different concentrations of Px-12 (0, 5, 10, and 15 µM) for 24 h. Then, cell viability was tested using a Cell Counting Kit-8 (CCK-8) assay. Data are expressed as the percentage of living cells vs. the untreated control (mean ± SD, n = 4). *p < 0.01 vs. the control. (C) Px-12 triggers apoptosis. NRK-52E cells in 96-well plates were exposed to different concentrations of Px-12 for 24 h. Then, cells were lyzed, and total protein was extracted. Caspase-3 and cleaved caspase-3 are detected via western blot analysis. Densitometric analysis of cleaved caspase-3 is shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control). (D) Implications of Px-12 on reactive oxygen species (ROS)/O2− generation. NRK-52E cells in six-well plates were exposed to Px12 (10 µM) for 1 h, then incubated with a ROS/O2− probe for 30 min. Images have been acquired using an inverted fluorescence microscope. Mean fluorescence intensity is shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the control.).
Inhibition of the Gap Junction Alleviated Px-12-Induced Cell Oxidative Injury
Our previous studies have shown that inhibition of the gap junction alleviates a variety of kidney cell injuries (Yan et al., 2012; Gao et al., 2015). As shown in the current study, the gap junction inhibitor Ga improved both Px-12-induced morphological changes of NRK-52E cells, and Px-12-elicited loss of cellular viability (Figures 2A,B). TUNEL/DAPI fluorescence staining is a routine method for detecting cell death(Li et al., 2019). As shown in Figure 2C, Ga alleviates Px-12-triggered NRK-52E cell death. Ga significantly inhibited Px-12-induced cleavage of caspase-3 and PARP, two markers of cell apoptosis, in NRK-52E cells, as shown by western blot analysis (Figure 2D). These data indicated that inhibition of the gap junction by Ga ameliorated Px-12-induced cell injury.
[image: Figure 2]FIGURE 2 | Inhibition of the gap junction alleviates Px-12-induced cell oxidative injury. (A) The role of 18α-glycyrrhetinic acid (Ga) on morphological changes triggered by Px-12. NRK-52E cells were pretreated with Ga (20 μM) for 1 h and then challenged with Px-12 (10 μM) for another 24 h. Cell morphology is shown, as determined using an inverted microscope (×100). (B) Effects of Ga on cell viability. NRK-52E cells were pretreated with Ga (15 and 20 μM) for 1 h and then challenged with Px-12 (10 μM) for another 24 h. Then, cell viability was evaluated using a Cell Counting Kit-8 (CCK-8) assay. Data are expressed as the percentage of living cells vs. the untreated control (mean ± SD, n = 6). *p < 0.01 vs. the control. ##p < 0.01 vs. Px-12 in the control. (C) Apoptosis staining of NRK-52E cells. NRK-52E cells in 96-well plate were pretreated with Ga (20 μM) for 1 h and then incubated with Px-12 for another 24 h. Then, apoptotic cells were evaluated using DT-mediated dUTP nick end labeling (TUNEL) and 4,6-diamidino-2-phenylindole (DAPI) staining (magnification, ×400). The ratio of positive cells is shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the control). (D) The role of Ga on NRK-52E cell apoptosis-related molecules. NRK-52E cells in six-well plates were pretreated with Ga (20 μM) for 1 h and then challenged with Px-12 for another 24 h. Cellular lysates were then analyzed by western blotting to detect poly (ADP-ribose) polymerase (PARP), cleaved PARP, caspase-3, and cleaved caspase-3. Densitometric analysis of cleaved PARP and caspase-3 are shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the control).
JNK-Mediated Oxidative Stress Induced Cx43 in Renal Tubular Cells
Since JNK mediates the induction of Px-12 and Cx43 in tumor cells (Li et al., 2016). Whether JNK was also involved in Px-12-induced renal tubular cell injury was tested. As shown in Figure 3A, Px-12 induces phosphorylation of JNK and subsequently the expression of Cx43. Meanwhile, both the inhibitor of the gap junction (Ga) and a JNK inhibitor (sp600125) improved Px-12-induced loss of cell viability (Figure 3B) and suppressed apoptosis (Figure 3C). We also tested the other two members of MAPK family, p38 and ERK. Ga didn’t influence the phosphorylation of p38 and ERK induced by Px-12 (Supplementary Material). The above result indicated that both JNK and Cx43 participated in Px-12-induced oxidative injury in renal tubular cells. Furthermore, JNK signaling was involved in the regulation of Px-12 on Cx43 in renal tubular cells.
[image: Figure 3]FIGURE 3 | c-Jun N-terminal kinase (JNK)-mediated oxidative stress induces connexin 43 (Cx43). (A) Induction of JNK phosphorylation and expression of Cx43 by Px-12. NRK-52E cells in 6-well plates were incubated with Px-12 for 0, 1, 3, 6, 9, and 12 h separately. Cellular lysates were then analyzed by western blotting for phosphorylated JNK and Cx43 expression. Densitometric analysis of p-JNK and Cx43 are shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in control). (B) Effects of 18α-glycyrrhetinic acid (Ga) and sp600125, an inhibitor of JNK, on Px12-induced cell injury. NRK-52E cells were pretreated with Ga (20 μM) and sp600125 (20 μM) for 1 h and then challenged with Px-12 for another 24 h. Then, cell viability was evaluated using a Cell Counting Kit-8 (CCK-8) assay. Data are expressed as the percentage of living cells vs. the untreated control (mean ± SD, n = 6). *p < 0.01 vs. the control. ##p < 0.01 vs. Px-12 in control. (C) Influence of sp600125 and Ga on NRK-52E cell apoptosis staining. NRK-52E cells in 96-well plate were pretreated with 18α-Ga and sp600125 for 1 h and then incubated with Px-12 for another 24 h. Then, apoptotic cells were stained via DT-mediated dUTP nick end labeling (TUNEL) and 4,6-diamidino-2-phenylindole (DAPI) (magnification, ×400). The ratio of positive cells is shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the control).
Reciprocal Modulation of Cx43 and JNK
To further explore the regulation of JNK and Cx43 in Px-12-induced oxidative injury, the expression of Cx43 was downregulated using a JNK inhibitor (sp600125) and Cx43 siRNA transfection. As indicated in Figure 4A, sp600125 inhibits Px-12-induced phosphorylation of JNK and expression of Cx43. In contrast, Ga inhibited Cx43 expression and JNK phosphorylation (Figure 4A). Moreover, Cx43 downregulation by siRNA transfection inhibited the phosphorylation of JNK (Figures 4B,C). The improvement in Px-12-induced cell viability reduction (Figure 4D) and inhibition of caspase-3 (Figure 4E) by suppression of Cx43 further confirmed the role of Cx43 in renal tubular cell injury. These outcomes suggested a reciprocal modulation between Cx43 and JNK signaling, both underlying Px-12-induced oxidative injury.
[image: Figure 4]FIGURE 4 | Reciprocal modulation of connexin 43 (Cx43) and c-Jun N-terminal kinase (JNK). (A) Effect of 18α-glycyrrhetinic acid (Ga) and sp600125 on JNK phosphorylation and expression of Cx43. NRK-52E cells in six-well plates were pretreated with Ga and sp600125 for 1 h and then challenged with Px-12 for another 1 h. Cellular lysates were then analyzed by western blotting for phosphorylated JNK and Cx43 expression. Densitometric analysis of p-JNK and Cx43 are shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the control). (B) NRK-52E cells were transfected with either Cx43 siRNA or siRNA control for 24 h. Cellular lysates were analyzed by western blotting for Cx43 expression. Densitometric analysis of Cx43 is shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the siRNA control group). (C) Effect of Cx43 siRNA on JNK phosphorylation and Cx43 expression. The transfected or normal cells were incubated with Px-12 for 1 h separately. Then, cellular lysates were analyzed by western blotting for phosphorylated JNK and Cx43 expression. Densitometric analysis of p-JNK and Cx43 are shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the siRNA control group). (D) Effect of Cx43 siRNA on cell viability. The transfected or normal cells were incubated with Px-12 for 24 h. Then, cell viability was evaluated using a Cell Counting Kit-8 (CCK-8) assay. Data are expressed as the percentage of living cells vs. the untreated control (mean ± SD, n = 6). *p < 0.01 vs. Px-12 in normal cells. ##p < 0.01 vs. Px12 in the siRNA control group. (E) Effect of Cx43 siRNA on caspase-3 activation. The transfected or normal cells were incubated with Px-12 for 24 h. Then, cellular lysates were analyzed by western blotting for expression of cleaved caspase-3. Densitometric analysis of cleaved caspase-3 and caspase-3 are shown on the right (mean ± SD, n = 3; **p < 0.01 vs. Px-12 in the siRNA control group).
Cx43 Modulated Oxidative Stress by Regulating Thioredoxin 1
As mentioned above, Ga ameliorated Px-12-induced oxidative injury and significantly inhibited Px-12-induced over production of ROS and O2− (Figure 5A). Since Cx43 regulates Txnip, the thioredoxin inhibitor, this indicated the possibility of indirect regulation of thioredoxin by Cx43. To determine the direct modulation of thioredoxin 1 by Cx43, the role of Ga on the thioredoxin 1 protein was evaluated. Ga indeed alleviated the inhibition of thioredoxin 1 by Px-12 (Figure 5B). These data indicated that the modulation of oxidative stress by Cx43 was ascribed to regulation of thioredoxin 1.
[image: Figure 5]FIGURE 5 | Connexin 43 (Cx43) inhibition suppresses oxidative stress by regulating thioredoxin 1. (A) Effect of 18α-glycyrrhetinic acid (Ga) and sp600125 on reactive oxygens species (ROS)/O2− production. NRK-52E cells in a 96-well plate were pretreated with Ga and sp600125 separately for 1 h, challenged with Px-12 for another 1 h, and then incubated with a ROS/O2− probe for 30 min. Images were captured using an inverted fluorescence microscope (×100). Mean fluorescence intensity is shown at the bottom (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the control). (B) Effects of Ga on thioredoxin 1. NRK-52E cells in six-well plates were pretreated with Ga for 1 h and then challenged with Px-12 for another 1 h. Then, cellular lysates were analyzed by western blotting for the expression of thioredoxin 1. Densitometric analysis of thioredoxin 1, as determined by ImageJ, is shown on the right (mean ± SD, n = 3; **p < 0.01 vs. the control, ##p < 0.01 vs. Px-12 in the siRNA control group).
[image: Figure 6]FIGURE 6 | Schematic depiction of reactive oxygens species (ROS)-c-Jun N-terminal kinase (JNK)-connexin 43 (Cx43)-thioredoxin 1 signaling mechanisms involved in renal tubular cell redox signaling. Inhibition of thioredoxin 1 by Px-12 induces oxidative stress, JNK activation, and subsequent Cx43 expression. Suppression of Cx43 improves levels of thioredoxin 1 and inhibits ROS-JNK. ROS-JNK-Cx43-thioredoxin 1 are reciprocally regulated and participate in renal tubular oxidative injury.
DISCUSSION
In this study, it was first demonstrated that Cx43 was involved in thioredoxin 1 deficiency-induced oxidative renal tubular cell injury. Ga, a gap junction inhibitor, reduced oxidative injury by restoring levels of thioredoxin 1. The JNK inhibitor, sp600125, suppressed Px12-induced Cx43 expression. In contrast, Ga inhibited Px-12-induced JNK phosphorylation. Thus, JNK/MAPK, Cx43 and thioredoxin 1 signaling pathways were reciprocally regulated and participated in renal tubular oxidative injury (Figure 6).
Oxidative stress is one of the crucial mechanisms underlying the progression of CKD (Coppolino et al., 2018). Much progress has been made in the past decade with regard to defining oxidative stress. Although the field was traditionally defined as an imbalance of pro-oxidants and antioxidants, a large amount of attention has been paid to an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox signaling and control, and/or molecular damage (Jones, 2006; Morita et al., 2019). This emphasized the critical role of redox signaling in specific conditions. The present study showed that inhibition of thioredoxin 1 subsequently elicited oxidative stress and apoptosis. Ga and the JNK inhibitor both significantly inhibited Px-12-induced cell apoptosis. Ga alleviated thioredoxin 1 that was suppressed by Px-12, and oxidative stress. Thus, it was revealed for the first time, that ROS-JNK-Cx43-thioredoxin 1 signaling specifically participated in renal tubular cell oxidative injury.
The thioredoxin system, which is composed of nicotinamide adenine dinucleotide phosphate (NADPH), thioredoxin reductase, and thioredoxin, is a key thiol antioxidant system defending against oxidative stress through its disulfide reductase activity regulating protein dithiol/disulfide balance (Koháryová and Kollárová, 2015). There are two thioredoxin systems in mammals, the cytosolic thioredoxin 1 system and the mitochondrial thioredoxin 2 system (Lu and Holmgren, 2014). Thioredoxin 1 has more cysteines than thioredoxin 2; thus, thioredoxin 1 plays a more important role in the redox process (Shinkai et al., 2012). Px-12 is an inhibitor of thioredoxin 1, causes redox signal transduction abnormalities, and eventually leads to oxidative injury (May et al., 2018). Txnip, an endogenous inhibitor of thioredoxin, binds to it and forms a redoxisome (Ji Cho et al., 2019), which exerts multiple functions in various biological processes. Inhibition of Cx43 promotes Txnip phosphorylation and degradation via extracellular signal-regulated kinase (ERK) (Gao et al., 2017) and indicates the important role of Cx43-ERK-Txnip signaling in renal oxidative injury. Moreover, it is possible that Cx43 regulates thioredoxin 1 indirectly by Txnip. Another question was whether Cx43 regulated thioredoxin 1 directly. The current study showed that the Cx43 inhibitor restored thioredoxin 1 inhibited by Px-12. This demonstrated that Cx43 regulated thioredoxin 1 both directly and indirectly.
ERK belongs to the MAPK family, which usually consists of ERK, JNK, and p38 kinase (Braicu et al., 2019). The MAPK signaling pathway is activated by multiple factors, such as growth factors, cytokines, pH, oxidative stress, and pressure stress (Gaestel, 2015). It is essential in regulating many cellular processes, including oxidative stress, inflammation, cell differentiation, and proliferation (Lake et al., 2016). To determine whether MAPKs were also involved in the effect of Cx43 on thioredoxin 1, ERK1/2, JNK, and p38 were tested. Interestingly, neither ERK nor p38 kinase was involved in role of Cx43 on thioredoxin 1 in renal cells. However, JNK participated in the regulation between Cx43 and thioredoxin 1 specifically in renal cells, leading to the question of how JNK regulated Cx43? JNK activation increases Cx43 expression at both the mRNA and protein levels (Li et al., 2013). In our previous study, upregulation of Cx43 increases sensitivity to Px-12-induced JNK activation and cell death in tumor cells (Li et al., 2016). Here, the role of the JNK-Cx43-thioredoxin 1 transduction pathway was further confirmed in renal redox signaling.
The mechanism by which Cx43 regulates oxidative stress is both channel dependent and channel independent (Yan et al., 2012). Under some conditions, Cx43 hemichannels are activated and open, which allows the exchange of small molecules into and out of the cytoplasm (Prakoura et al., 2018). The loss of some antioxidants results in the imbalance of anti- and pro-oxidants, such as glutathione and ATP (Fang et al., 2011; Chi et al., 2014). However, we have reported that there is no functional gap junction channel in podocytes and NADPH oxidase-mediated upregulation of Cx43 contributes to podocyte injury (Yan et al., 2012). In this study, a pivotal role for Cx43 in the regulation of thioredoxin 1 was demonstrated in a channel-independent manner.
In the current study, it was possible that the rescue of thioredoxin 1 by Ga might facilitate ROS delimitation and result in the suppression of dissociation of apoptosis signal-regulating kinase 1 (ASK1) from thioredoxin 1 and the downstream activation of JNK. ASK1 is known as mitogen-activated protein kinase 5 (MAP3K5) and is the upstream activator of p38 and JNK MAPK in response to a variety of stressors, such as oxidative stress, endoplasmic stress, and osmosis stress(Ichijo, 1997). This implied that there was probably a reciprocal interaction between Cx43 and the JNK pathway, and both markedly regulated redox signaling. Thus, thioredoxin 1 played a critical role in the modulation of ROS-JNK-Cx43-thioredoxin 1 redox signaling.
These findings have several significant implications. First, different oxidative conditions are ascribed to specific redox signaling dysregulation. Second, extracts from Chinese medicine herbs exert multiple functions under various circumstances. Third, regulation of both Txnip and thioredoxin 1 by Cx43 indicated the important role of Cx43 in modulation of oxidative stress mediated by the Txnip/thioredoxin redoxisome. Lastly, since renal tubular cells are a high metabolism cell with multiple functions, regulation of redox signaling is thought to be a therapeutic target.
Collectively, ROS-JNK-Cx43-thioredoxin 1 signaling was characterized in renal tubular oxidative stress. Regulation of Cx43 and thioredoxin 1 might be a novel target for the treatment of renal tubular disease.
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Jian-Pi-Yi-Shen formula (JPYSF) is a traditional Chinese medicine (TCM) formula used in clinic to treat chronic kidney disease (CKD) for decades. However, the mechanisms of JPYSF in treating CKD have not been fully elucidated. The aim of the present study was to test the renoprotective effect of JPYSF on CKD rat model and investigate the potential mechanism from the perspective of serum exosomal microRNAs (miRNAs). CKD rat model was induced by feeding Sprague-Dawley rats a diet containing 0.75% w/w adenine for four weeks. The rats in the treatment group were given 10.89 g/kg JPYSF by gavage every day, starting from the 3rd week of the adenine-containing diet for six weeks. Serum biochemistry and histopathology were used to evaluate the renoprotective effects of JPYSF. Serum exosomes were isolated by ExoQuick-TC PLUS exosomes extraction kit and were identified by transmission electron microscopy, nanoparticle tracking analysis, and western blot. Exosomal miRNAs profiling was analyzed by small RNA sequencing. The results showed that JPYSF treatment significantly lowered serum creatinine and blood urea nitrogen levels and alleviated renal pathological injury in CKD rats. Furthermore, serum exosomes were successfully isolated and identified. Small RNA sequencing revealed that 4 exosomal miRNAs (miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p) were significantly downregulated in the CKD group and were markedly upregulated after JPYSF treatment. At last, miR-192-5p was identified as the most relevant miRNA for CKD diagnosis and JPYSF treatment. In conclusion, JPYSF protects kidney from adenine-induced CKD, which may be associated with modulation of exosomal miRNAs.
Keywords: chronic kidney disease, traditional Chinese medicine, Jian-Pi-Yi-Shen formula, exosomal microRNAs, small RNA sequencing
INTRODUCTION
According to the data reported by the Global Burden of Disease Study, in 2017, 697.5 million cases of all-stage chronic kidney disease (CKD) were recorded, for a global prevalence of 9.1%. Globally, in 2017, 1.2 million (95% uncertainty interval, 1.2 to 1.3) people died from CKD (Bikbov et al., 2020). CKD is an important contributor to morbidity and mortality and has also been recognized as a risk factor for cardiovascular disease (Sarnak et al., 2003). The exploration of treatment strategies and associated mechanism investigation are therefore highly desirable to halt CKD progression. The Jian-Pi-Yi-Shen formula (JPYSF) is a traditional Chinese medicine (TCM) formula that has a clinical application in the treatment of CKD with notable renoprotective effect. Our previous pharmacological studies have also showed the renoprotective effect of JPYSF in CKD rat model (Liu et al., 2018b; Lu et al., 2018). However, the underlying mechanisms of JPYSF on CKD have not been fully elucidated.
Recently, exosomes have drawn considerable attentions in renal diseases for their pathophysiologic, diagnostic, and therapeutic roles (Krause et al., 2015; Pomatto et al., 2017). Exosomes are generated from multivesicular bodies with sizes between 30 and 100 nm in diameter (Karpman et al., 2017). Exosomes can be released by various types of cells into blood or other body fluids under physiologic and pathologic conditions, which reflects the cellular response to internal and external environment (Lv et al., 2019; Tang et al., 2019). The cargoes in exosomes include proteins, microRNAs (miRNAs), long noncoding RNAs, mRNAs, and lipids (Kim et al., 2015). miRNAs are noncoding, single-stranded small RNAs that modulate gene expression through binding to the 3′-untranslated regions (3′-UTRs) of target mRNAs for degradation or translational repression (Bartel, 2009). Recent studies found that miRNAs are commonly enriched in exosomes (Squadrito et al., 2014) and there are several advantages of exosomal miRNAs, such as remarkable stability, resistance to degradation, and reflection of pathophysiological processes (Bala et al., 2012). Hence, investigating exosomal miRNAs provides a useful platform to understand the mechanisms and progresses of diseases. It has been reported that exosomal miRNA-19b-3p and miRNA-23a were involved in tubulointerstitial inflammation in lipopolysaccharide induced acute kidney injury model (Lv et al., 2020) and ischemia/reperfusion induced kidney injury model (Li et al., 2019), respectively. Lv et al. found that urinary exosomal miR-29c correlated with both renal function and degree of histological fibrosis in CKD patients (Lv et al., 2013). The role of exosomal miRNAs in kidney disease is gaining more and more attention. Whether the renoprotective effect of JPYSF in the treatment of CKD is related to the regulation of exosomal miRNAs is currently unknown.
In the present study, we tested the renoprotective effect of JPYSF on adenine-induced CKD rat model by using renal function and renal pathology. Moreover, circulating exosomes were isolated from serum samples and small RNA sequencing was applied to investigate the exosomal miRNAs profiling in CKD rats with or without JPYSF treatment.
MATERIALS AND METHODS
Preparation of JPYSF
JPYSF is composed of eight herbs: Astragali Radix, Atractylodis Macrocephalae Rhizoma, Dioscoreae Rhizoma, Cistanches Herba, Amomi Fructus Rotundus, Salviae Miltiorrhizae Radix et Rhizoma, Rhei Radix et Rhizoma, and Glycyrrhizae Radix et Rhizoma Praeparata cum Melle (Table 1). The plant names have been validated with http://mpns.kew.org/mpns-portal/?_ga=1.111763972.1427522246.1459077346. The herbs were purchased from Shenzhen Huahui Pharmaceutical Co., Ltd. (Shenzhen, China). They were authenticated by Professor Shangbin Zhang, Department of Pharmacy, Shenzhen Traditional Chinese Medicine Hospital. Their voucher specimens were deposited at Shenzhen Traditional Chinese Medicine Hospital. These raw herbs were processed into lyophilized powder and then high-performance liquid chromatography–mass spectrometry analysis was conducted to confirm the quality of JPYSF as previously described (Liu et al., 2018b).
TABLE 1 | Composition of Jian-Pi-Yi-Shen formula (JPYSF).
[image: Table 1]Animals
Healthy male Sprague-Dawley (SD) rats weighting 150–180 g were purchased from Guangdong Medical Laboratory Animal Center (Foshan, China). All animal experimental protocols were approved by the Experimental Animal Ethics Committee of Guangzhou University of Chinese Medicine. After one week of acclimatization, all rats were randomly divided into the following three groups (n = 6 rats per group): (i) control group; (ii) CKD group; and (iii) JPYSF treatment group (CKD + JPYSF). CKD was induced by feeding a diet containing 0.75% w/w adenine (Sangon Biotech, Shanghai, China) for four weeks (Liu et al., 2019). The rats in the CKD + JPYSF group were given 10.89 g/kg JPYSF by gavage every day, starting from the 3rd week of the adenine-containing diet for six weeks. The rats in the control and CKD group were treated with equal volumes of distilled water. At the end of experiments, blood and kidney samples were rapidly collected and processed for further analysis.
Serum Biochemistry
Serum samples were obtained from blood by centrifugation for 15 min at 2,000 × g at 4°C. Serum creatinine (Scr) and blood urea nitrogen (BUN) were tested by using Creatinine Serum Detection Kit and Blood Urea Nitrogen Detection Kit (StressMarq Biosciences, British Columbia, Canada), respectively, following the manufacturer’s instructions.
Histopathology
Rat kidney tissues were fixed with 10% formalin at 4°C overnight, dehydrated with graded ethanol and embedded in paraffin. The paraffin-embedded kidneys were cut into 4 μm sections and stained with periodic acid–Schiff (PAS) and Masson’s trichrome stains to evaluate pathologic changes. Slides were viewed by Nikon microscope and representative pictures were captured by NIS-Elements BR software version 4.10.00 (Nikon, Japan). For semiquantitative analysis, the tubular atrophy in PAS staining was assessed as the following score: 0, normal tubules; 1, rare single atrophic tubule; 2, several clusters of atrophic tubules; and 3, massive atrophy. Fibrotic area in Masson staining was measured by using ImageJ software (NIH, Bethesda, MD, USA). Five microscopic fields (200×) of each rat and six rats in each group were used for quantitative analyses in a blinded manner.
Serum Exosomes Isolation
Rat serum (1 mL) was centrifugated at 2,000 × g for 10 min at 4°C and then the supernatant was collected and centrifugated at 10,000 × g for 20 min at 4°C. After the supernatant was collected, exosomes were extracted by using ExoQuick-TC PLUS exosomes extraction kit (SBI System Biosciences, Palo Alto, CA, USA) according to the manufacturer’s protocol. The isolated exosomes were resuspended using 1 × phosphate buffered saline (PBS).
Transmission Electron Microscopy
For conventional transmission electron microscopy (TEM), the exosome pellet was placed in a droplet of 2.5% glutaraldehyde in PBS and fixed. Samples were rinsed and postfixed in 1% osmium tetroxide. These samples were embedded in 10% gelatine, fixed and cut into several blocks (<1 mm3). The samples were dehydrated in increasing concentrations of alcohol and infiltrated with increasing concentrations of Quetol-812 epoxy resin mixed with propylene oxide. Samples were embedded in pure fresh Quetol-812 epoxy resin and polymerized. Ultrathin sections (100 nm) were cut by using a Leica UC6 ultramicrotome and post-stained with uranyl acetate for 10 min and lead citrate for 5 min at room temperature, followed by observation with a Hitachi H-600 transmission electron microscope (Tokyo, Japan), operated at 120 kV.
Nanoparticle Tracking Analysis
The exosome particles were sized and enumerated by nanoparticle tracking analysis (NTA) using a NanoSight 300 instrument (NanoSight Ltd, UK) equipped with NTA 3.2 software. NTA is a light-scattering technique that uses video analysis for the sizing and enumeration of extracellular vesicles. Exosomes samples were collected and diluted in PBS to a particle concentration within the range of 2–20 × 108/mL (optimal working range of the system). An approximately 100 µL sample was loaded into the sample chamber, and 60 s videos were recorded for each sample with a shutter speed of approximately 30 ms and a camera gain between 250 and 650. The settings for software analysis were as follows: detection threshold, 30–50; blur, 535; and minimum expected particle size, auto.
Western Blot
Samples were lysed with sodium dodecyl sulfate (SDS) sample buffer. Protein concentrations were determined using a BCA protein assay kit (Sigma-Aldrich, St Louis, MO, USA), and lysates were mixed with 4 × SDS loading buffer. Samples were heated at 100 °C for 5 min before loading and separated on precast 10% SDS-polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA, USA). The detection of protein expression by western blot was performed as described previously (Liu et al., 2020). The primary antibodies were anti-CD9 (GeneTex, GTX76184), anti-CD81 (GeneTex, GTX101766), and antitumor susceptibility gene 101 protein (TSG101) (GeneTex, GTX70255).
RNA Extraction
Total RNA was extracted from the exosomes using TRIzol® Reagent according the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA) and genomic DNA was removed using DNase I (TaKara, Tokyo, Japan). Then RNA quality was determined by 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and quantified using the ND-2000 (NanoDrop Technologies, DE, USA). Only high-quality RNA sample (OD260/280 = 1.8∼2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, >10 μg) was used to construct sequencing library.
Library Preparation and Illumina Sequencing
RNA-seq transcriptome library was prepared following TruSeq RNA sample preparation kit from Illumina (San Diego, CA, USA) using 5 μg of total RNA. Shortly, messenger RNA was isolated according to poly-A selection method by oligo (dT) beads and then fragmented by fragmentation buffer firstly. Secondly double-stranded cDNA was synthesized using a SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen, CA, USA) with random hexamer primers (Illumina). Then the synthesized cDNA was subjected to end-repair, phosphorylation, and ‘A’ base addition according to Illumina’s library construction protocol. Libraries were size selected for cDNA target fragments of 200–300 bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After being quantified by TBS380, paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq SE50.
Read Mapping
The raw paired end reads were trimmed and quality controlled by SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) with default parameters. Then clean reads were separately aligned to reference genome with orientation mode using TopHat (http://tophat.cbcb.umd.edu, version2.0.0) software (Trapnell et al., 2009). The mapping criteria of bowtie were as follows: sequencing reads should be uniquely matched to the genome allowing up to two mismatches, without insertions or deletions. Then the regions of gene were expanded following depths of sites and the operon was obtained. In addition, the whole genome was split into multiple 15 kbp windows that share 5 kbp. New transcribed regions were defined as more than 2 consecutive windows without overlapped region of gene, where at least two reads mapped per window in the same orientation.
Differential Expression Analysis and Functional Enrichment
To identify differential expression genes (DEGs) between two different samples, the expression level of each transcript was calculated according to the fragments per kilobase of exon per million mapped reads (FRKM) method. RSEM (http://deweylab.biostat.wisc.edu/rsem/) was used to quantify gene abundances (Li and Dewey, 2011). R statistical package software edgeR (Empirical analysis of Digital Gene Expression in R, http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html) was utilized for differential expression analysis (Robinson et al., 2010). In addition, functional-enrichment analyses including Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at Bonferroni-corrected p-value ≤ 0.05 compared with the whole-transcriptome background. GO functional enrichment and KEGG pathway analysis were carried out by GOATOOLS (https://github.com/tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.do) (Xie et al., 2011).
Real-Time Quantitative PCR
Total RNA was isolated from kidney tissues by RNAiso Plus reagent (TaKaRa) according to the manufacturer’s instructions. cDNA template was prepared by using a miRcute Plus miRNA First-Strand cDNA Kit (TIANGEN Biotech, Beijing, China). Real-time quantitative PCR was performed using HieffTM qPCR SYBR Green Master Mix (YEASEN Biotech, Shanghai, China) on Applied Biosystems ABI Viia7 (Applied Biosystems, Foster City, CA, USA). The primers sequences were list in Table 2. The cycling condition was 95°C for 5min, followed by 40 repeats of 95°C for 10s and 60°C for 30s. The relative expression was calculated using the comparative threshold cycle values method (2−ΔΔCt) and normalized to the expression of small nuclear RNA U6.
TABLE 2 | Sequence of the primers for real-time quantitative PCR.
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Statistical analysis and box-and-whisker diagram establishment were performed by GraphPad Prism7.04 (La Jolla, CA, USA). Statistical differences were examined by one-way ANOVA followed by Tukey post hoc test. A value of p < 0.05 indicated statistically significant differences.
RESULTS
JPYSF Exerted Renoprotective Effect on CKD Rats
Compared with the control group, the levels of Scr and BUN in the CKD group increased significantly. JPYSF treatment could reduce the Scr and BUN levels of CKD rats by 29% (p < 0.05) and 27% (p < 0.001), respectively (Figures 1A,B). Parallel to the deterioration of renal function, histopathological evaluation in the CKD group displayed massive tubular epithelial cells atrophy and tubular expansion in PAS staining and obvious accumulation of collagen fibrils (blue staining) in Masson staining. Consistent with the improvement of renal function, these pathological injuries were markedly attenuated in the CKD + JPYSF group (Figures 1C–E). These data demonstrated that JPYSF has a renoprotective effect in adenine-induced CKD rats.
[image: Figure 1]FIGURE 1 | Effects of JPYSF on adenine-induced CKD rats. (A) Serum creatinine. (B) Blood urea nitrogen. (C) PAS and Masson staining. All images are shown at identical magnification, ×200, scale bar = 100 μm. Asterisk indicates tubular expansion, arrowhead indicates atrophic tubular epithelial cell, and triangle indicates collagen fibril. (D) Semiquantitative analysis of tubular atrophy in PAS staining. (E) Semiquantitative analysis of fibrotic area in Masson staining. n = 6 rats per group (**P < 0.01, ***P < 0.001 compared with the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the CKD group).
Characterization of Serum Exosomes
The morphology, size distribution, and biomarkers expression were used to identify the characteristics of isolated serum exosomes. TEM showed the particles were spherical structures with diameter of approximately 100 nm (Figure 2A). NanoSight analysis revealed that the size of isolated particles ranged from 50 nm to 150 nm in diameter, consistent with the characteristic size range of exosomes (Figure 2B). In addition, western blot analysis indicated the presence of exosomal specific markers TSG101, CD81, and CD9 in isolated particles (Figure 2C). Taken together, these data indicated that circulating exosomes were successfully isolated from serum.
[image: Figure 2]FIGURE 2 | Identification of isolated serum exosomes. (A) Transmission electron microscope image of isolated serum exosomes. (B) NanoSight analysis of isolated serum exosomes. The horizontal axis represents particle size (nm), and the vertical axis represents particle concentration (particles/ml). (C) Western blot analysis of the expression of exosomal specific markers TSG101, CD81, and CD9.
Overview of Small RNA Sequencing in Serum Exosomes
A total of 104,123,785 raw reads and 102,018,331 clean reads were obtained from nine samples (3 samples per group). The average clean rate, Q20, and Q30 were 97.97%, 97.27%, and 93.62%, respectively, which indicated that the quality control of sequencing data was reliable (Table 3). In total, 40,480,280 RNA sequences were identified, including 443,328 known miRNA sequences (1.095%) and 4,448,389 novel miRNA sequences (10.898%) (Figure 3A). The top 10 highest expressions of total miRNAs and known miRNAs in each sample were shown in Figure 3B and Figure 3C, respectively. Venn diagram showed that 721 total miRNAs were shared in the control, CKD, and CKD + JPYSF group (Figure 3D), and 240 known miRNAs were commonly expressed in these three groups (Figure 3E).
TABLE 3 | Basic statistical information on the small RNA sequencing data.
[image: Table 3][image: Figure 3]FIGURE 3 | Overview of small RNA sequencing. (A) Proportion of various small RNAs. (B) Top 10 highest expressions of total miRNAs in each sample. (C) Top 10 highest expressions of known miRNAs in each sample. (D) Venn diagram analysis of total miRNAs in the three groups. (E) Venn diagram analysis of known miRNAs in the three groups.
Differentially Expressed miRNAs (DEMs) in Serum Exosomes
There were 43 miRNAs differentially expressed in serum exosomes of CKD rats compared with the control group (p value < 0.05 and |log2 fold change| ≥ 1, Supplementary Table S1). Among these miRNAs, 16 miRNAs were upregulated and 27 miRNAs were downregulated (Figure 4A). According to the same criteria, 47 DEMs were identified by comparing the CKD + JPYSF group with the CKD group (Supplementary Table S2). Among them, 34 miRNAs were upregulated and 13 miRNAs were downregulated (Figure 4B). Hierarchical cluster analysis showed the differences of top 50 highest expressions of known miRNAs in each sample (Figure 4C).
[image: Figure 4]FIGURE 4 | Analysis of differentially expressed miRNAs (DEMs) in serum exosomes. (A) Volcano plot analysis of DEMs between the control and CKD group. (B) Volcano plot analysis of DEMs between the CKD and CKD + JPYSF group. The green point represents downregulated miRNA; the grey point represents no significant miRNA; the red point represents upregulated miRNA. (C) Heatmap of hierarchical clustering analysis of top 50 highest expressions of known miRNAs in each sample. Green represents low expression; red represents high expression.
Function and Pathway Analysis of the Target Genes of DEMs in Serum Exosomes
GO and KEGG enrichment analyses were performed to identify the functions and mechanisms of DEMs target genes. The function and pathway of DEMs between the control and CKD group were mainly vasoactive intestinal polypeptide receptor activity and MHC class I protein binding in GO (Figure 5A) and Hedgehog signaling pathway in KEGG (Figure 5C). JPYSF treatment affected the function of chloride transport and inositol 1,4,5 trisphosphate binding in GO (Figure 5B) and nicotine addiction and RIG-I-like receptor signaling pathway in KEGG (Figure 5D).
[image: Figure 5]FIGURE 5 | Function and pathway analysis of the target genes of DEMs in serum exosomes. (A) GO enrichment analysis of the target genes of DEMs between the control and CKD group. (B) GO enrichment analysis of the target genes of DEMs between the CKD and CKD + JPYSF group. (C) KEGG enrichment analysis of the target genes of DEMs between the control and CKD group. (D) KEGG enrichment analysis of the target genes of DEMs between the CKD and CKD + JPYSF group. The horizontal axis represents the enrichment rate, the size of the dot represents the number of genes, and the color of the dot represents p value.
Screening and Validation of miRNAs That Respond to JPYSF Treatment
Four miRNAs (miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p) were significantly downregulated in the CKD group and were markedly upregulated after JPYSF treatment (Table 4). The expression levels of these 4 miRNAs in each sample were shown in Figure 6A. To further identify the key miRNA involved in JPYSF treatment of CKD, the abundance of these 4 miRNAs in the kidney was tested by real-time PCR. The data indicated that only miR-192-5p was significantly downregulated in the CKD group and could be partially restored by JPYSF treatment (p < 0.05, Figure 6B). Moreover, receiver operating characteristic (ROC) analysis found that miR-192-5p was the most valuable miRNA for the diagnosis of CKD (area under the curve = 1.000, Figure 6C) and distinguishing JPYSF treatment (area under the curve = 0.778, Figure 6D). These data collectively suggested that miR-192-5p was the key miRNA involved in JPYSF treatment of CKD.
TABLE 4 | Differentially expressed miRNAs responding to JPYSF treatment.
[image: Table 4][image: Figure 6]FIGURE 6 | Screening and validation of miRNAs that respond to JPYSF treatment. (A) The expression levels of exosomal miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p in each sample. The data was converted to transcripts per million (TPM) and expressed as Log10 (TPM+1). (B) The abundance of miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p in the kidney tissue. n = 6 rats per group, ***P < 0.001 compared with the control group; #P < 0.05 compared with the CKD group. (C) ROC curves of miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p for the diagnosis of CKD. (D) ROC curves of miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p for distinguishing JPYSF treatment.
DISCUSSION
In the present study, we investigated the renoprotective effect and possible mechanism of JPYSF, a traditional Chinese herbal decoction, on adenine-induced CKD rat model. The results showed that JPYSF treatment significantly lowered Scr and BUN levels and alleviated renal pathological injury in CKD rats. Furthermore, serum exosomes were successfully isolated and identified. Small RNA sequencing revealed that 4 exosomal miRNAs (miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p) were significantly downregulated in the CKD group and were markedly upregulated after JPYSF treatment. At last, miR-192-5p was identified as the most relevant miRNA for CKD diagnosis and JPYSF treatment.
Several lines of evidence indicated that exosome is involved in the renal physiology and pathologenic mechanisms of various kidney diseases including CKD (Thongboonkerd, 2019). Firstly, exosomes have a great potential for use as valuable diagnostic biomarkers in CKD. Exosomal miR-29c has been found to be correlated with both renal function and degree of histological fibrosis in CKD patients (Lv et al., 2013; Chun-Yan et al., 2018). Exosomal miR-181a was significantly decreased by about 200-fold in CKD patients compared to healthy controls (Khurana et al., 2017). Yu et al. included 38 CKD patients with different degrees of renal fibrosis and found that exosomal miR-200b was lower in the CKD group than in the normal group and decreased more significantly with fibrosis progression (Yu et al., 2018). However, Lange et al. reported that miR-21 was significantly upregulated in urinary exosomes of patients suffering from CKD (Lange et al., 2019). In addition to exosomal miRNAs, it was reported that urinary exosomal ceruloplasmin level was 10–20 times higher in CKD patients than in controls (Gudehithlu et al., 2019). The four exosomal miRNAs (miR-192-5p, miR-194-5p, miR-802-5p, and miR-143-3p) identified in this study have good diagnostic power for CKD, making them possible to become potential biomarkers. Secondly, exosomes are involved in renal fibrosis and further promote the progression of CKD. Furini et al. found that increased transglutaminase-2 (TG2) exosomal secretion by tubular epithelial cells lead to renal fibrosis in unilateral ureteric obstruction (UUO) mice (Furini et al., 2018). Another study using UUO model has indicated that transforming growth factor-β1 (TGF-β1) mRNA was transported by exosomes, which might activate fibroblast proliferation and development of renal fibrosis (Borges et al., 2013). Thirdly, exosomes can act as therapeutic intervention in CKD. Exosome miR-let7c derived from mesenchymal stem cells could attenuate renal fibrosis in vivo and in vitro (Wang et al., 2016).
In the present study, miR-192-5p was identified as the most relevant miRNA for CKD diagnosis and JPYSF treatment (Figure 6). miR-192 was one of the most abundant miRNAs in the kidney (Tian et al., 2008) and miR-192-5p targets the mRNA of the β1 subunit of the Na+/K+-ATPase (Mladinov et al., 2013). It has been reported that miR-192 may be a critical downstream mediator of TGF-β/Smad3 signaling in the development of renal fibrosis (Chung et al., 2010). The serum miR-192 level was negatively correlated with albuminuria and TGF-β1 expression in diabetic nephropathy (DN) patients (Ma et al., 2016). miR-192 prevented renal tubulointerstitial fibrosis in DN rat model by targeting early growth response factor 1 (Egr1) (Liu et al., 2018a). In IgA nephropathy (IgAN), lower serum exosomal miR-192 in IgAN patients correlated with more severe tubular atrophy, interstitial inflammation, and fibrotic tendency (Fan et al., 2019). In addition, urinary miR-192-5p was proposed as a potential biomarker of ischemia/reperfusion-induced kidney injury (Zou et al., 2017). Recently, miR-192-5p in the kidney was found to protect against the development of hypertension (Baker et al., 2019). The role and mechanism of miR-192-5p in CKD need further investigation.
There are few studies that tested the effects of Chinese herbal medicine on exosomes. Ruan et al. found that Suxiao Jiuxin pill, a TCM formula used for treating acute myocardial ischemia, could promote exosome secretion from mouse cardiac mesenchymal stem cells (Ruan et al., 2018). Scorpion and centipede are two anti-inflammatory Chinese medicines, which are used in the therapy of refractory asthma in China. By small RNA sequencing, bronchoalveolar lavage fluid exosomal miR-147-3p, miR-98-5p, and miR-10a-5p were found to be involved in alleviating asthma treated with scorpion and centipede (Tang et al., 2020). Although JPYSF has been used for decades to treat CKD in clinic, the mechanisms are still not fully elucidated. The present study indicated that miR-192-5p responded well to JPYSF’s treatment in CKD rats, which provides clue for further research.
CONCLUSION
Taken together, the renoprotective effect of JPYSF on treating CKD was confirmed. Furthermore, small RNA sequencing revealed that serum exosomal miRNAs profiling was disturbed in CKD rats and could be modulated by JPYSF. These observations deepen our understanding of the therapeutic effects and mechanisms of JPYSF on CKD.
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Chronic kidney disease (CKD) is becoming a notable health concern globally. The combination of Scutellaria baicalensis Georgi (SB) and Sophora japonica L. (SJ) has been demonstrated to have anti-hypertensive effects and improve kidney injury clinically. This study aimed to explore the renal protective effect of the combination of SB and SJ against CKD and clarify the potential mechanisms. Male spontaneously hypertensive rats (SHR) were used to induce hypertensive nephropathy and were treated with SB or SJ separately or in combination for 15 weeks, and an antibiotic group was used for a rescue experiment. Blood pressure, serum or urine biochemical markers, serum inflammation factors, short-chain fatty acids (SCFAs), indoxyl sulfate (IS), and oxidative stress indicators were assessed. Western blot analysis was performed to determine the expression of intestinal tight junction proteins, including occludin and ZO-1. The mRNA expression of the SCFAs receptors olfactory 78 (Olfr78) and G protein-coupled receptor 41 (GPR41) was determined by quantitative real-time PCR. Gut microbiota profiles were established via high-throughput sequencing of the V3-V4 region of the bacterial 16S rRNA gene. SB and SJ significantly ameliorated the severity of renal injury induced by hypertension. The combination also decreased the ratio of Firmicutes/Bacteroidetes, increased the relative abundance of Lactobacillus, and reduced that of Clostridiaceae. The intestinal barrier was improved, and the change in dominant bacteria reduced IS accumulation and further inhibited oxidative stress activation in kidneys. SB and SJ increased SCFAs production, inhibited inflammatory factor release, and regulated blood pressure by decreasing the expression of Olfr78 and increasing that of GPR41, then alleviated kidney damage. This research demonstrated the positive effects of SB and SJ in a rat model of hypertensive nephropathy, indicated that the treatment of SB and SJ by improving the intestinal barrier function, increasing SCFAs, reducing inflammation, decreasing IS, and inhibiting oxidative stress reactions.
Keywords: Scutellaria baicalensis Georgi, Sophora japonica L, hypertensive nephropathy, gut microbiota, traditional Chinese medicine
INTRODUCTION
With the increasing incidence of chronic kidney disease (CKD), this condition has developed into a major global public health problem. According to the latest Global Nephropathy Health Report released by the World Renal Congress in 2017, one in ten people worldwide develop kidney disease (Bello et al., 2017). If hypertension and kidney damage exist simultaneously, they will exacerbate one another, thus aggravating the resulting damage. In regards to remedies for progressive CKD, the application of traditional Chinese medicine (TCM) offers possible treatments, and the foundational and clinical research in this field have been shown as effective in cardiovascular treatment (Hao et al., 2017).
In recent years, accumulating evidence has shown intestinal flora imbalance and impaired intestinal barrier function in CKD patients (Vaziri et al., 2013), It has been proposed that there is a close relationship between the intestine and the kidney, which is called “intestinal-renal axis” (Yang et al., 2018). The metabolites of intestinal flora are major mediators connecting the “intestinal-renal axis”. In addition, more and more evidence has claimed that CKD is considered to be caused by immune cells, which are activated by the intestinal flora to cause low-grade inflammation and influence the brain, cardiovascular system, and renal system through circulation (Akchurin and Kaskel, 2015; Santisteban et al., 2015; Shankland and Jefferson, 2017). Accordingly, improving gut dysbiosis would be a potential method for the prevention and treatment of this chronic illness.
Previous studies have confirmed that many traditional Chinese medicinal formulas have protective effects on hypertensive kidneys. However, the inclusion of numerous herbs in formulas is detrimental to controlling medicinal quality and exploring specific mechanisms, so it’s necessary to simplify the herbal formulas in accordance with the goal of modernizing TCM. Thus, guided by the TCM theory and based on multitudinous clinical experiences, a new combination of the treatment for hypertensive nephropathy was selected comprising of two individual herbs: Scutellaria baicalensis Georgi (SB) and Sophora japonica L. (SJ). SB, one of the most widely used traditional Chinese herbal medicines, has been used to treat inflammation (Ma et al., 2013), suppress fibrosis, lipid peroxidation (Kong et al., 2011; Pan et al., 2012) and closely related to intestinal flora. SJ has been historically used over 3,000 years to treat many diseases, including hypertension, and modern pharmacological studies have shown that the active components and/or crude extracts of SJ exhibit a wide range of pharmacological actions, such as cardiovascular effects as well as anti-inflammatory, antioxidant, antibacterial, antiviral, hemostatic, and anti-atherosclerotic effects (Ishida et al., 1989; Byung et al., 1996). In China, SB and SJ are used for treating hypertension and kidney injury, which can ameliorate the symptoms of hematuria and proteinuria. However, its underlying mechanism is still unknown.
In this work, an animal model of spontaneously hypertensive rats (SHR) was used to evaluate the therapeutic effects of SB and SJ on hypertensive kidney damage progression and the intestinal flora environment. Gut microbiota analysis was employed to further explore the involvement of the gut microenvironment in protecting the kidneys.
METHODS AND MATERIALS
UPLC-MS
Scutellaria baicalensis Georgi (batch number: 8045841) and Sophora japonica L. (batch number: 7110901) produced by EFONG Pharmaceutical Company, Ltd. (Guangdong, China) were purchased from Nanfang Hospital, Southern Medical University, and identified by Chuanmin Liu, a professor in School of Traditional Chinese Medicine in Southern Medical University. First, 0.3 g sample was placed in a 10 ml Eppendorf tube, dissolved by adding 8 ml of 50% methanol-water solution, and sonicated at 25°C for 30 min. After resting the sample for 5 min, 1 ml of the supernatant was placed in a 2 ml tube, centrifuged at 13,000 rpm for 10 min, passed through a 0.22 μm microporous membrane, and loaded into a 1.5 ml auto-injection bottle to obtain the sample extract. Blank control samples were obtained under the same conditions. Samples were refrigerated at 4°C and removed before analysis (storage time must not exceed 24 h). For chromatographic analysis, the Shimadzu LC-30A was used with a C18 column (1.8 μm, 2.1 × 100 mm) at 40°C with a flow rate of 0.3 ml/min and an injection volume of 5 μL. The mobile phase used the gradient elution method with acetonitrile 0.1% formic acid aqueous solution. A gradient elution program was utilized for the separation and determination.
Mass spectrometry was performed on the AB Sciex Triple TOF 5600+ in the positive electrospray ionization mode with the ion source setting at 5500 V and 600°C. The declustering voltage, collision energy (CE), and collision energy expansion (CES) were 100 V, 35, and 15 eV, respectively. Nitrogen was used as the atomizing gas, and auxiliary gas 1, auxiliary gas 2, and the air curtain gas were set at 60, 50, and 40 PSI, respectively. The primary ion mass spectrometer scan range was 50–1,000. The information dependent acquisition (IDA) set the six highest peaks with a response value exceeding 100 cps to perform the secondary mass spectrometry scan. The product ion scan range was 50–1,000, and dynamic background subtraction (DBS) was enabled.
For the ionization mode, the electrospray negative ionization mode was used with the ion source set at −4,500 V and 500°C The declustering voltage, CE, and CES were 100 V, 35, and 15 eV, respectively. Nitrogen was used as the atomizing gas, and auxiliary gas 1, auxiliary gas 2, and the air curtain gas were set at 60, 50, and 40 PSI, respectively. The primary ion mass spectrometer scan range was 50–1,000. IDA set the six highest peaks with a response value exceeding 100 cps to perform the secondary mass spectrometry scan. The product ion scan range was 50–1,000, and DBS was enabled.
Animal and Administration
Twenty-week-old male SHR and Wistar-Kyoto (WKY) rats were used, the latter were negative control, each rat weighed 350 ± 20 g (the two strains share the same genetic background and blood pressure of WKY stabilizes at a low level). Both strains were purchased from VITAL RIVER Co., Ltd. (Beijing, China) and rats were housed under specific pathogen-free conditions with regular 12h diurnal cycles at 23 ± 2°C and 60 ± 5% relative humidity. All rats were fed with standard fodder according to GB14924.3-2010 and sterile water. The study protocol was reviewed and approved by the Animal Review Board of Southern Medical University, Guangzhou, China. The research was conducted in accordance with the Animal (Scientific Procedures) Act of 1986 and the institutional guidelines of the Southern Medical University for the care and use of animals. After one-week-acclimatization, 40 rats were randomly divided into eight groups as follows (n = 5 rats/group), and every five rats were in a cage.1) WKY, 2) SHR, 3) SHR+SB, 4) SHR+SJ, 5) SHR + SB + SJ, 6) SHR + captopril (CAP), 7) SHR + antibiotics (ABS), and 8) SHR + SB + SJ + antibiotics. SB and SJ were purchased from EFONG Pharmaceutical Company Ltd. (Guangdong, China). Captopril (Lot 1209031) was obtained from Bristol-Myers Squibb Company Ltd. (Shanghai, China). A single dose of SB (0.9 g/kg), SJ (0.9 g/kg), SB and SJ in combination (SB + SJ, 0.9 g/kg each), or captopril (13.5 mg/kg) was given to the groups separately once a day. The dosage of SB or SJ for rats was calculated according to the oral dosage of adults (the dosage of SB or SJ for adults is 10 g, respectively). To reduce the native microbiota load, and to determine the role of SB and SJ in reducing the imbalance of intestinal flora the antibiotics ampicillin (0.25 mg/ml), neomycin (0.25 mg/ml), metronidazole (0.25 mg/ml), and vancomycin (0.125 mg/ml) (Sigma, St. Louis, MO, USA) were dissolved in autoclaved water to feed rats. The treatment lasted for 15 weeks. Each week, we recorded body weight and monitored blood pressure (BP) via a tail-cuff plethysmograph (ALC-NIBP, Shanghai Alcott Biotech Co., Shanghai, China). At the end of the trial, we collected fecal samples from individual rats and stored them at −80°C promptly. Finally, the general condition of the rats was normal and all survived before sacrifice. Rats were fasted overnight and anesthetized with an intraperitoneal injection of urethane (1.0–1.2 g/kg), and sacrificed them. Then, the harvested plasma samples were centrifuged at 3,000 rpm for 15 min at 4°C and were stored at −80°C immediately until analysis. The intestinal and kidney tissues for histopathology analysis were quickly collected. These tissue sections were fixed with 4% paraformaldehyde for 48 h and then used for histopathological analysis.
Biochemical Analysis
After 15 weeks, blood samples were collected from the tail vein of each rat, and the serum was centrifuged at 3,000 rpm for 15 min at 4°C. The supernatant was stored at −80°C for biochemical analysis. With metabolic cages, urine within 24 h was collected from rats. Biochemical kits for the detection of creatinine (Cr; product code: C011-2-1), blood urea nitrogen (BUN; C013-1-1), and urine microalbumin (mALB; E038-1-1) were purchased from Nanjing JianCheng Bioengineering Institute (Nanjing, China). Tumor necrosis factor alpha (TNF-α) for the detection of Cr, BUN, mALB, were purchased from Nanjing JianCheng. Interleukin 1β (IL-1β) ELISA kit (ml037361) was purchased from Shanghai Jichun Industrial Co., Ltd. (Shanghai, China). The assay kits for malondialdehyde (MDA; BB-4709) and catalase (CAT; BB-47044) were purchased from Guangzhou Yike Biological Technology Co., Ltd. (Guangzhou, China). Total superoxide dismutase (SOD; S0109) and glutathione peroxidase (GPx; S0056) were also purchased from Shanghai Biyuntian Biotechnology Co., Ltd. (Shanghai, China). The indoxyl sulfate (IS) detection kit (BS-E12258R1) was purchased from Jiangsu Boshen Biological Technology Co., Ltd. (Jiangsu, China). ELISA kits for acetic acid (BOS-dd02), propionic acid (BOS-46986), and butyric acid (BOS-46983) were purchased from Chengdu Yuannuo Tiancheng Technology Co., Ltd. (Chengdu, China).
Histological Analysis
Kidneys, small intestines, and colons were fixed with 4% paraformaldehyde, embedded in paraffin, and sliced up, the thickness was 4 μm. These tissue sections were stained with hematoxylin and eosin (HE). Furthermore, kidney sections were stained with Masson’s trichrome and Periodic Acid Schiff. Colon sections were stained with Alcian blue. Immunohistochemistry (IHC) was used to analyze the relative expression of type I and type III collagen in kidneys and that of occludin in the colon. PBS instead of the first antibody was applied as negative control. The images were acquired by a lightmicroscopy (OLYMPUS, BX53, Japan). For immunofluorescence staining, the frozen colon sections which was selected to be our research target were incubated with anti-occludin (1: 100, Abcam, ab216327), the primary antibody, overnight at 4°C, then incubated with the appropriate secondary antibody, and counterstained with DAPI. A confocal microscope (FluoView1000; OLYMPUS) was used to capture the images.
Western Blot Analysis
Western blotting was carried out using standard techniques. The intestinal and kidney tissues powder were homogenated in ice-cold loading buffer. and aliquots were stored at −80°C for Western blot analysis. The total protein were extracted using RIPA Lysis buffer (Fu De Biological Technology, Hangzhou, China). Supernatant were collected at 12,000 × g centrifugation for 30 min at 4°C. According to the manufacturer’s instructions, the BCA protein Assay Kit (Pierce Thermo-Scientific, Rockford, IL, United States) were used to determine the concentration of the protein. In Western blotting, we loaded 40–80 μg protein and the it was separated from the sample buffer using 8% SDS-PAGE, then transferred onto Polyvinylidene fluoride membranes (PVDF) (Millipore, Bedford, MA, United States). After blocking membranes for an hour with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 at pH 7.6 (TBST), the membrane incubated with primary antibodies at 4°C overnight. Membranes were probed with the following primary antibodies: antibodies against collagen I (Abcam, Cambridge, United Kingdom; ab34710), collagen III (Abcam, ab7778), occludin (Abcam, ab216327), ZO-1 (Invitrogen, Carlsbad, CA, United States; 61-7300), GLI1 (Biogot, BS72669), and GAPDH (CST, Danvers, MA, United States; 2118S). After washing three times for 30 min in TBST, the membranes were incubated with the appropriate secondary antibody (1:4,000, product number: Anti-rabbit IgG, HRP-linked Antibody #7074 and Anti-mouse IgG, HRP-linked Antibody #7076, which were purchased from Cell Signaling Technology, Inc.) for 1 h at room temperature, and then washed three times for 30 min in TBST. The Images were scanned and visualized, blots were quantified by densitometric analysis using the software Image-Pro Plus 6.0, while normalizing the results by internal control with respect to GAPDH.
Gut Microbiota Analysis
In order to extract DNA from fecal samples, all samples were immediately stored at -80°C, and the V3-V4 region of the bacterial 16S rRNA was sequenced in an Illumina MiSeq sequencer (300-bp paired-end reads). Quantitative Insights Into Microbial Ecology (Version 1.9.1) was used to analyze sequences. High-quality reads were selected, and all effective reads were clustered into operational taxonomic units (OTUs). The alpha diversity was analyzed by the rarefaction curve and chao1 index. The beta diversity was analyzed and visualized by principal coordinate analysis (PCoA) based on weighted UniFrac distance matrices. The linear discriminate analysis effect size (LEfSe) was performed to analyze differences of microbial diversity data in the samples. Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) analysis and categorization with the Clusters of Orthologous Groups of proteins (COG) and KEGG Orthology (KO) databases were used to analyze the predictive characterization of different microbial communities.
Real-Time Reverse Transcription PCR
Total RNA was extracted from kidneys according to the protocol of the total RNA isolation kit (RNAqueous, AM1912, Invitrogen). The PrimeScript RT reagent kit was reversed into cDNA. Quantitative polymerase chain reaction (qRT-PCR) analysis was performed for Olfr78 and GPR41 genes. The primers were synthesized by Takara Bio Inc., and its sequences were listed in Supplementary Table S1. The PCR reactions were performed in a total volume of 20 μL containing 10 μL SYBR Premix Ex Taq II (Takara, Tokyo, Japan; Code No. RR820A), 0.8 μL forward primers, 0.8 μL reverse primers, 2 μL cDNA, and 6.4 μL RNase-free ddH2O. The mRNA expression levels were computed using the LC480 analyzer Real-Time PCR System. Each qRT-PCR reaction was performed in triplicate, the cycling conditions were: denaturation 95°C for 30 s followed by 30 cycles of 95°C for 5 s and extension at 60°C for 34 s. Subsequently, we used melting curves to monitor non-specific amplifications. GAPDH expression was used as an internal reference to normalize the results. The comparative threshold cycle (Ct) method used [image: image] method.
Statistical Analysis
All data were presented as means ± standard deviation (SD). Multiple comparisons were performed using one-way ANOVA (p < 0.05) followed by Dunnett’s post-hoc t-test. All statistical analyses were performed using SPSS 21.0 software (SPSS Inc., Chicago, IL, United States).
RESULTS
Chemical Composition of SB and SJ
In total, 31 components were detected in the extract in positive and negative ionization modes (Figure 1), which were ranked in order of the intensity of the mass spectrum response: rutin, wogonoside, kaempferol-3-o-rutinoside, baicalin, viscidulin I, quercetin, skullcapflavone II, dihydrobaicalein, dihydrobaicalin, baicalein, norwogonin, genistein, kaempferol, isorhamnetin, wogonin, viscidulin III, chrysin, soyasaponin Bb, sophora saponin III, 2′,5,6′,7-tetrahydroxyflavanonol, eriodictyol, 2,6,2′,4′-tetrahydroxy-6′-methoxychalcone, dianbaicalin, skullcapflavone, skullcapflavone I, viscidulin II, 7,2′6′-trihydroxy-5-methoxydihydroflavone, palmitic acid, dihydrooroxylin A, 2′,6′,5,7-tetrahydroxyflavan-one, and stearic acid. The concrete active ingredient test form of SB and SJ is shown in Table 1.
[image: Figure 1]FIGURE 1 | Total ion chromatogram of Scutellaria baicalensis Georgi and Sophora japonica L. under positive ion (A) and negative ion (B) modes.
TABLE 1 | The active ingredient test form of Scutellaria baicalensis Georgi and Sophora japonica L.
[image: Table 1]The combination of SB and SJ can decrease the blood pressure in SHR.
The blood pressure of SHR group was significantly higher than that of WKY at the same age. As shown in Table 2, the SBP and DBP of SHR were higher than those in WKY rats (p < 0.001, respectively). After 15-week-treatment with medicine, the SBP and DBP of SHR in all treatment groups were significantly lower than that in SHR control group (p < 0.001, respectively). There was no significant difference in blood pressure between ABS group and SHR group, at the same time, the blood pressure in SB + SJ + ABS group was significantly decreased compared with that in SHR group. It was also pleased found that the antihypertensive effect of the SB + SJ group was better than that of the SB + SJ + ABS group. In the experiment, the antibiotics we used according to the reference can kill the most of intestinal flora in rats, the sequencing results of intestinal microflora also showed that there were still intestinal microflora in rats after treating with antibiotics. The antihypertensive effect of SB + SJ + ABS was significantly different from that of SB + SJ (p < 0.01), that meant the antihypertensive effect of SB + SJ was influenced after the intervention of intestinal flora, which indicated that the antihypertensive effect of SB + SJ may be accomplished through the flora.
TABLE 2 | Effects of thecombination of SB and SJ on body weight and blood pressure of SHR.
[image: Table 2]From the results, the combination of SB and SJ can effectively decrease SBP and DBP in SHR, compared with that of SB and SJ single-handed groups. The changes of intestinal flora will influence the antihypertensive effect of the combination of SB and SJ. During the whole experiment process, there was no significant difference in body weight of rats in each group.
SB and SJ Can Improve Renal Function in SHR
Previous reports have shown that the renal injury indices of SHR were higher than that of WKY rats, including Cr, BUN, and mALB. We measured the relative renal function indices after the treatment of SB and SJ. As shown in Table 3, Cr, BUN, and mALB in SHR were significantly increased compared with WKY(p < 0.001, p < 0.01, p < 0.001, respectively). While SB + SJ significantly decreased the levels of Cr, BUN, and mALB (p < 0.01, p < 0.05, p < 0.01, respectively). Captopril as well as can reduce the production of Cr, BUN, and mALB (p < 0.01, p < 0.05, p < 0.01, respectively). There were no significant functional differences between SB + SJ and captopril. These changes further supported our findings in vivo that SB + SJ and captopril treatment attenuate renal injury. Cr, BUN, and mALB in ABS treatment group showed no significant changes compared with SHR group, but Cr, BUN, and mALB in SB + SJ + ABS were significantly lower than those in SHR (p < 0.01, p < 0.05, p < 0.01, respectively), and showed significant changes compared with SB + SJ group (p < 0.05, respectively). It indicated that SB and SJ were able to improve kidney function. ABS treatment had no significant effect in comparison with the SHR group, which demostrated that ABS treatment did not affect the normal physiological state of SHR.
TABLE 3 | Effects of thecombination of SB and SJ on kidney injury based on renal function biomarkers.
[image: Table 3]SB and SJ Can Ameliorate Renal Structure Damage
Upon analyzing the hypertensive effect on kidneys, we found that histological changes in glomeruli and the degree of renal fibrosis (blue collagen staining) in the SB + SJ group were notably alleviated while compared with the SHR group (40× magnification) based on HE and Masson’s trichrome staining. In SHRs, HE staining revealed the proliferation and infiltration of inflammatory cells (Figure 2A), and Masson’s trichrome staining revealed abundant collagen fibers and disruption of the collagen network structure, indicating the formation of kidney fibrosis (Figure 2B). SB + SJ and captopril treatment reduced inflammatory infiltration and protected the renal from fibrotic deposition, inhibited interstitial fibrosis, hypertrophy, and glomerular sclerosis based on PAS staining, in addition, PAS staining indicated that hypertensive renal damage was accompanied with thickening of the basement membranes, (Figure 2C). IHC staining and Western blotting analysis supported that the expression levels of the renal fibrosis marker proteins, collagen I, collagen III were significantly higher in SHRs than those in WKY rats (Figures 2D,E,F, p < 0.001, respectively), indicating the formation of kidney fibrosis in SHRs. The expression of collagens in the SB + SJ + ABS group was significantly higher than that in the SB + SJ group (Figures 2G,H), suggesting that depleting the microbiota may affect the renal structure.
[image: Figure 2]FIGURE 2 | Improvement in renal structure damage by the co-treatment of SB and SJ in SHR. (A–C) Renal tissue histology was measured by HE, Masson’s trichrome, and PAS staining. The representative images were taken from the renal tissue slides (Magnification, 40×). (D) IHC staining of collagen I or collagen III in the renal tissue; the dark brown staining indicates a positive stain. (E) Representative photographs of left kidney tissues. (F–H) Western blotting results of collagen I and collagen III and their respective quantification in kidneys. Data are presented as mean ± SD. ###p < 0.001. ##p < 0.01. #p < 0.05.
SB and SJ Contribute to Adjust the Disturbance of Intestinal Flora
In order to explore whether the treatment of SB and SJ combined with intestinal flora can invoke an even greater effect on inrenal injury, we sequenced the bacterial 16S rRNA V3-V4 region in feces. The analysis of alpha diversity and beta diversity indicated that the variety situation of intestinal flora. As shown in Figure 3A, alpha diversity in the SB + SJ group was higher than in the SHR group, indicating that SB + SJ treatment increased the phylogenetic diversity of gut bacteria. All SHR groups had high beta diversity in the composition of gut microbiota (Figure 3B), which corresponded with LEfSe results (Figures 3C,D) and the different abundances of bacterial phyla (Figure 3E). The phylum-level composition of intestinal flora indicated that the relative abundance of Firmicutes significantly increased and Bacteroidetes decreased in the SHRs compared with the WKY group, while the combination of SB and SJ lowered the ratio of Firmicutes/Bacteroidetes (F/B) at the phylum level in SHRs (p < 0.01) (Figures 3E,F). Compared to the WKY group, the relative abundance of Bacteroidaceae was decreased and that of Clostridiales was increased in the SHR group (Figures 4A–C). Compared to SHRs, the relative abundances of Prevotella-9 and Akkermansia were increased in the SB group (Figures 4D–F), while those of Corynebacterium and Prevotella-9 were increased in the SJ group (Figures 4G–I). Meanwhile, the relative abundance of Lactobacillus was increased and Clostridiales was decreased in the SB + SJ group (Figures 4J–L). Compared to SHRs, the relative abundance of Bifidobacterium was increased with CAP treatment (Figures 4M,N). Prevotella-9, Lactobacillaceae, and Bifidobacteriaceae are known as beneficial bacteria. Akkermansia, a genus in the phylum Verrucomicrobia, is also known as a beneficial gut microbe, and it has positive relationship with the mucin-producing goblet cells. Clostridiaceae, an indole-positive bacterium, is positively correlated with indole, which has negative effects on kidneys (Warren et al., 2006).
[image: Figure 3]FIGURE 3 | Regulation of gut microbiota by the co-treatment of SB and SJ in SHR. (A) The alpha diversity evaluated by PD whole tree. (B) Weighted UniFrac-based PCoA analysis of the gut microbiome (beta diversity) via 16S rRNA sequencing. (C) Cladogram of LEfSe on the gut microbiome. (D) Bar diagram of LEfSe on the gut microbiome. (E) The phylum-level composition of the microbiota. (F) The Firmicutes/Bacteroidetes ratio. ###p < 0.001. ##p < 0.01. #p < 0.05.
[image: Figure 4]FIGURE 4 | (A–C) Bar diagram of LEfSe on the gut microbiome between the WKY and SHR groups. (D–F) Bar diagram of LEfSe on the gut microbiome between the SB and SHR groups. (G–I) Bar diagram of LEfSe on the gut microbiome between the SJ and SHR groups. (J–L) Bar diagram of LEfSe on the gut microbiome between the SB + SJ and SHR groups. (M,N) Bar diagram of LEfSe on the gut microbiome between the CAP and SHR groups.
SB and SJ Contributes to Improve the Integrity of Intestinal Mechanical Barrier
Compared to the WKY group, staining of the small intestine and colon in the SHR group displayed more seriously impaired intestinal structures, including decreases in villus height and colonic goblet cells/crypts, which was partly improved by SB and SJ treatment (Figures 5A–C). One important factor comprising intestinal integrity is tight junction proteins. Therefore, we inspected the expression level of the major tight junction protein in the colon. Higher expression of occludin and ZO-1, which are biomarkers for intestinal barrier integrity, were found in the SB + SJ group compared to that in the SHR group (Figures 5D–G), indicating that hypertension may damage intestinal barrier integrity, and oral administration of SB and SJ may improve the intestinal barrier integrity in SHRs.
[image: Figure 5]FIGURE 5 | Histological changes showing restoration of the small intestine and colon and gut barrier dysfunction by the combination of SB and SJ in SHR. (A) HE staining of the small intestine. The representative images were taken from the gut tissue slides (Magnification, 10×). (B) HE staining of colon tissue (Magnification, 10×). (C) Alcian blue staining of goblet cells. (D) IHC staining of occludin in colon tissue; the dark brown staining indicates a positive stain by occludin. (E) The immunofluorescence staining of occludin in colon tissue (Magnification, 20×). (F–I) Western blotting results of occludin, ZO-1, and their respective quantification in the colon. Data are presented as mean ± SD. ###p < 0.001. ##p < 0.01. #p < 0.05.
SB and SJ Inhibit the Production of IS and Alleviate Oxidative Stress in Kidneys
Oxidative stress plays a prominent role in initiating renal fibrosis. IS accumulation occurs early stage of CKD and leads to renal dysfunction by causing fibrosis, inflammation, oxidative stress, and tissue remodeling (Milanesi et al., 2019). During IS production, enteric bacteria metabolize tryptophan from dietary protein into indole, which is absorbed from the portal vein, synthesized in the liver, and then cycled (Mishima et al., 2017). As shown in Figure 6A, SHRs demonstrated higher serum levels of IS and severe oxidative stress in kidneys. This was attenuated by the combination of SB and SJ. As a marker of oxidative stress, the level of renal MDA obviously increased in SHRs compared with that of the WKY group (Figure 6B). The levels of renal SOD, GPx, and CAT, which are considered as a measurement of antioxidant ability, were increased in the WKY group and markedly enhanced in the SB + SJ group (Figures 6C–E). Correspondingly, the effect of combined SB and SJ treatment was reversed by ABS.
[image: Figure 6]FIGURE 6 | Inhibition of serum IS and oxidative stress in kidneys by the combination of SB and SJ in SHR. (A) IS in serum. (B–E) The levels of MDA, SOD, GPx, and CAT in kidneys. Data are presented as the mean ± SD. ###p < 0.001. ##p < 0.01. #p < 0.05.
SB and SJ Promote the Production of SCFAs and Regulate the SCFAs Receptors
There is increasing evidence that intestinal microbiota is a key factor in host health and intestinal homeostasis. This is achieved through the release of short chain fatty acids which is the main bacterial metabolites to produce by specific colonic anaerobes after fermentation of dietary fiber and resistant starch, mainly including acetate, propionate, and butyrate. It also reports that SCFAs production was reduced in the course of CKD progression. As shown in Table 4, the levels of acetate, propionate, and butyrate in SHR were significantly decreased compared with that in WKY (p < 0.001, respectively). After treatment with SB + SJ, the levels of acetate, propionate, and butyrate were significantly increased (p < 0.001, respectively). There was no significant change in SCFAs level between the antibiotic treatment group and SHR group. The level of SCFAs in the SB + SJ + ABS group was significantly higher than that in the SHR group (p < 0.01, respectively), and there was a significant difference between the SB + SJ group and the SB + SJ + ABS group (p < 0.01, respectively).
TABLE 4 | Effects of the combination of SB and SJ on fecal SCFAs in SHR.
[image: Table 4]Histone deacetylase (HDAC) can deacetylate histone, which can bind to negatively charged DNA and inhibit gene transcription. As ligands of HDAC inhibitors, SCFAs can stimulate monocytes and neutrophils by inducing HDAC inhibition, resulting in the inactivation of NF-κB and reducing the expression of proinflammatory cytokines such as IL-1, MCP-1 and TNF-α. As shown in Figures 7A–C, it was observed the levels of TNF-α, IL-1β, and MCP-1 were higher in SHR serum compared with that in WKY, whereas the levels of inflammatory factors were significantly decreased after the treatment of combination of SB and SJ.
[image: Figure 7]FIGURE 7 | Inhibition of serum inflammation by the combination of SB and SJ in SHR. (A–C) Inflammatory markers, including TNF-α, IL-1β, and MCP-1, were assessed. Data are presented as the mean ± SD. ###p < 0.001. ##p < 0.01. #p < 0.05.
G protein coupled receptors (GPCRs) are SCFAs receptors, which widely exist in immune cells, intestinal epithelial endocrine cells and other types of cells. Among them, GPR41 can be activated by acetic acid, propionic acid and butyric acid. By activating GPCRs receptors, SCFAs can activate the transductional pathway of immune response and play an anti-inflammatory role in intestinal mucosa. In additional, studies have shown that one of the mechanisms of intestinal microorganisms is to regulate blood pressure through SCFAs. The role of SCFAs in blood pressure regulation involves two receptors: GPR41 and Olfr78. These two receptors showed opposite effects on blood pressure regulation, Olfr78 knockout mice were hypotension while GPR41 knockout mice have hypertension (pluznick, 2017). qPCR analysis results showed that the expression of Olfr78 was increased (Figure 8A) while GPR41 expression was reduced in SHR kidneys (Figure 8B). Compared with SHR group, the treatment of combination of SB and SJ significantly decreased the mRNA expression of Olfr78 (p < 0.001) and increased the expression of GPR41 (p < 0.001). Olfr78 expression in the SB + SJ + ABS group was significantly higher than that in the SB + SJ group, whereas the opposite was observed with GPR41 expression (Figure 8).
[image: Figure 8]FIGURE 8 | Short-chain fatty acid receptors are altered in the kidneys of SHR. (A) The mRNA expression of Olfr78. (B) The mRNA expression of GPR41. ###p < 0.001. ##p < 0.01. #p < 0.05.
All results suggested that the combination of SB and SJ treatment can increase the expression of SCFAs in SHR, and decrease the inflammatory factors, it also can increase the expression of GPR41 and decrease the expression of Olfr78 as well. These effects can be influenced by the changes of intestinal flora.
SB and SJ Can Promote the Expression of GLI1
To understand the functional composition of gut microbiota, PICRUSt software (https://picrust.github.io/picrust/index.html) was used to analyze the gene function of putative sample, after determining the species via RNA sequencing, we also analyzed the functional differences among groups using PICRUSt. The results of COG and KO categories showed that the common differential genes closely related to renal fibrosis, hat drawn our attention on the Hedgehog signal pathway (Figures 9A,B). Shh, a kind of protein encoded in the Hedgehog, expresses in the early stage of renal injury, indicating that Hedgehog signal pathway is involved in the process of renal injury. GLI1 is a key transcription factor, which plays an important role in mediating Hedgehog signal pathway (Edeling et al., 2016). Therefore, in the subsequent study, we focused on the Hedgehog signal pathway and transcription factor GLI1. Compared to the SHR group, We observed elevated the expression level of GLI1 in SHR kidney tissues (Figures 10A,B). In addition, SB and SJ co-treatment obviously decreased the expression of GLI1 (p < 0.01), while the expression of GLI1 in the SB + SJ + ABS group was markedly higher than that in the SB + SJ group (p < 0.001) (Figure 10C). The facts above confirmed that the treatment of SB and SJ can reduce GLI1 expression through regulating gut microbiota.
[image: Figure 9]FIGURE 9 | PICRUSt predictions of the functional composition of gut microbiota between the SB + SJ combination group and SHR group. (A) COG categories. (B) KO categories.
[image: Figure 10]FIGURE 10 | (A) IHC staining of GLI1 (Magnification, 40×). (B,C) Western blotting results of GLI1 and its quantification in kidneys. Data are presented as mean ± SD. ###p < 0.001. ##p < 0.01. #p < 0.05.
DISCUSSION
TCM is regarded as an important and indispensable complementary therapy for hypertensive nephropathy. The combination of SB and SJ that we have devised is a clinical experience prescription, which has been demonstrated to have effect on alleviating kidney injury in hypertensive patients. In our present study, SHRs used as a model of hypertensive nephropathy due to the gradual occurrence of kidney damage with increasing age (Feld et al., 1977; Hultstrom, 2012). As a classic anti-hypertension and kidney-protective drug, captopril, owing to its availability and affordability, has been used extensively in clinical practice; therefore, this drug was selected as a positive control in this work. Our results show that the combination alleviates the histological changes in glomeruli and the degree of renal fibrosis in SHR, suggesting that SB and SJ are conducive to the recovery of renal function and delayed pathological reconstruction.
Recent studies have shown that CKD tends to be accompanied by low-grade inflammation, intestinal flora disorder, and intestinal barrier dysfunction (Vaziri, 2012; Vaziri et al., 2016). Optimal homeostasis in the gut microbiota composition is crucial for protecting the internal homeostasis of the host, while any disturbance of this balance could lead to physiological and pathological conditions (Vaziri et al., 2016; Shen, 2017), and 12 healthy persons revealed that there were obvious distinctions in the abundance of 190 bacteria between end-stage renal disease (ESRD) and healthy controls. An imbalance in gut microbiota is quantified the changes via the ratio of F/B, which can be used as a biomarker for pathological conditions (Mariat et al., 2009; Hevia et al., 2014; Koliada et al., 2017). Here, the ratio of F/B in the colonic digest of the SB + SJ group was remarkably decreased compared to that in the SHR group. In addition, in order to clarify whether SB and SJ produced effects through the intestinal flora pathway, thus, we designed rescue experiments by establishing an antibiotic control group and antibiotic + SB + SJ combination group. ABS treatment was used to deplete intestinal microflora and simulate a germ-free spontaneous hypertensive nephropathy model.
LEfSe was employed to analyze the specific phylotypes. This analysis revealed that Prevotella-9 and Akkermansia were increased with SB treatment, while the relative abundance of Corynebacterium and Prevotella-9 were increased with SJ treatment. Lactobacillus was markedly increased and Clostridiaceae was decreased with co-administration of SB and SJ after 15 weeks, while Bifidobacterium was increased with captopril treatment. Among these microbiota, Lactobacillus and Akkermansia were associated with intestinal permeability and tight junction expression (Cani and de Vos, 2017; Robles-Vera et al., 2018), Clostridiaceae (Warren et al., 2006) and Bifidobacteriaceae (Kimura et al., 1995; Niwa, 2013) were linked to the indoxyl metabolic pathway. Next, we will discuss the role of dominant microflora in reversing kidney injury.
It is generally believed that the intestinal mucosal barrier is comprised of mechanical, chemical, and immune barriers. The intestinal mucosal barrier can prevent harmful microorganisms and toxic metabolites from entering the blood; however, the mucosal barrier is damaged in patients with CKD. Recent research has found that hypertension increases the permeability of the intestinal epithelial barrier (Santisteban et al., 2017; Kim et al., 2018), which is associated with inflammation and the pathological progression of many diseases, such as obesity, diabetes, and other metabolic disorders. Our study demonstrated that compared to the WKY rats, the intestinal barrier of SHRs was characterized by structural damage of colonic mucosa, mucous deficiency, and exfoliation of epithelial cells on the surface of the mucosa group. Through subsequent the gut microbiota analysis, we found that the SB + SJ co-treatment group could increase Lactobacillus, which is identified to participate in repairing the intestinal mucosal barrier. Robles-Vera et al. (Robles-Vera et al., 2018) found that Lactobacillus treatment obviously enhanced intestinal integrity and may prevent harmful bacteria and their antigens from passing through the intestinal epithelium. After treatment with SB + SJ and captopril, the mucosal damage in the intestinal barrier was repaired. Meanwhile, tight junction proteins, including occludin and ZO-1, were overexpressed. The results suggested that the mechanism by which the combination of SB + SJ aids in repairing the intestinal barrier might be associated with increasing the content of intestinal Lactobacillus.
The gut-renal axis theory holds that the kidneys and intestines influence each other. Intestinal flora disorders lead to changes in metabolites such as indole, trimethylamine N-oxide, and SCFAs. Increased intestinal permeability raises metabolite levels in the blood, thus accelerating the progression of kidney injury and complications (Mahmoodpoor et al., 2017).
IS is a metabolite from Enterobacteriaceae (Wikoff et al., 2009). IS can accumulate continuously in CKD and combine with proteins, damage renal tubular epithelial cells, and lead to renal interstitial fibrosis (Milanesi et al., 2019). Gut microbiota analysis showed that Bifidobacteriaceae, an indole-negative bacterium, was decreased, whereas Clostridiaceae, an indole-positive bacterium, was increased in SHRs. The serum level of IS was significantly increased in SHRs compared with WKY rats. Meanwhile, the oxidative stress pathway was activated by IS, related oxides such as MDA were increased, and SOD, GPx, and CAT were remarkably decreased. After intervention with SB + SJ and captopril, the above mentioned changes were reversed: Bifidobacteriaceae was increased, Clostridiaceae was decreased, IS serum levels were significantly decreased, and the oxidative stress pathway was inhibited. Meanwhile, the SB + SJ + antibiotics group and SB + SJ group showed a significant difference.
The probiotic metabolite SCFAs in the intestine of patients with CKD are reduced, and the decrease in SCFAs can activate systemic inflammation. In addition to bacterial metabolites, endotoxins from intestinal bacteria, such as lipopolysaccharide (LPS), can stimulate immune cells, especially macrophages and endothelial cells, to activate innate immune responses and secrete various pro-inflammatory cytokines (e.g., TNF-α and IL-1β) by forming a complex with Toll-like receptors, eventually leading to systemic inflammatory response and aggravating oxidative stress (Marchesi et al., 2016). We found high levels of pro-inflammatory cytokines in SHR serum, while after treatment with SB and SJ, these levels were reduced significantly. Rescue experiments revealed that the serum levels of TNF-α, IL-1β, and MCP-1 in the SB + SJ + antibiotic group were remarkably higher than those in the SB + SJ group, suggesting that the combination of SB and SJ decreased inflammatory cytokines by regulating gut microbial ecology.
Some research has confirmed that SCFAs produced by intestinal flora may regulate blood pressure by acting on two key SCFAs receptors, Olfr78 and GPR41 (Pluznick, 2014). Olfr78 is expressed in kidneys and regulates renin secretion, which is able to increase blood pressure (Pluznick et al., 2013), while GPR41 is involved in lowering blood pressure (Natarajan et al., 2016). In this study, we found that compared with the results of WKY rats, fecal SCFAs such as acetate, propionate, and butyrate were decreased in SHRs; correspondingly, the expression of Olfr78 mRNA was increased while that of GPR41 was decreased in SHRs. This change may be associated with improving vasoconstriction, leading to renal damage and a continuous hypertensive condition. With SB and SJ co-treatment, the mRNA expression of Olfr78 decreased while that of GPR41 remarkably increased compared with the untreated SHR group. GPR41 expression was significantly lower after SB and SJ co-treatment under the germ-free conditions. This indicated that SB and SJ can reverse renal injury through modulating blood pressure regulator receptors by increasing the levels of SCFAs, and this function is dependent on gut microbiota.
Moreover, accompanied by PICRUSt analysis, and COG and KO category predictions, we found clearly enhanced transcription factors in the SB + SJ group. GLI1 has aroused our interest among transcription factors due to its key role in mediating Hh signal pathway, which has a vital functional role in fibrosis development in kidneys (Edeling et al., 2016). IHC and Western blot results showed that GLI1 expression was increased in SHRs compared with those in WKY rats, and SB and SJ co-treatment reduced GLI1 expression significantly. Similarly, GLI1 expression in the SB + SJ + antibiotics group was notably higher than that in the SB + SJ group. It was confirmed that SB and SJ reduced GLI1 expression through regulating gut microbiota.
CONCLUSION
Our study demonstrated that oral administration of SB and SJ could lower blood pressure and reverse renal injury in SHRs. The mechanism is involved in the correction of gut microbiota and SCFAs or metabolites. Our study suggests that the rebuilding of the gut microbiota may be helpful to protect the intestinal mucosal barrier. The increase in dominant bacteria can reduce IS accumulation and further inhibit the activation of the oxidative stress pathway. In addition, the combination of SB and SJ can increase the content of SCFAs, which are able to inhibit the release of inflammatory factors and reduce blood pressure by decreasing the expression of Olfr78 and increasing that of GPR41 to alleviate kidney damage. The aforementioned actions are realized through regulation of the gut microbiota. However, our study has some limitations, for instance, although we have found the specific gut microbiota in a different group, the mechanism by which some flora affects kidney damage remains unclear and requires further investigation.
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GLOSSARY
ABS: Antibiotics
AJ: adhesion junction
BSA: bovine serum albumin
BUN: blood urea nitrogen
CAT: catalase
CAP: Captopril
CE: collision energy
CES: collision energy expansion
CKD: chronic kidney disease
COG: Clusters of Orthologous Groups
Cr: creatinine
Ct: comparative threshold cycle
DBP: diastolic blood pressure
DBS: dynamic background subtraction;
ESRD: end-stage renal disease
GJ: gap junction
GPCRs: G protein coupled receptors
GPR41: G protein couple receptor 41
GPx: glutathione peroxidase
HDAC: Histone deacetylase
IDA: information dependent acquisition
IHC: Immunohistochemistry
IL-1: interleukin-1
IS: Indoxyl sulfate
KO: KEGG Orthology
LefSe: Linear discriminate analysis effect size
LPS: lipopolysaccharide
mALB: microalbumin
MDA: malondialdehyde
MCP-1: monocyte chemotactic protein-1
NF-κB: nuclear factor kappa-B
Olfr78: olfactory receptor 78
OTUs: operational taxonomic units
PcoA: principal coordinate analysis
PICRUSt: Phylogenetic investigation of communities by reconstruction of unobserved states
SBP: systolic blood pressure
SCFAs: short chain fatty acids
SHR: spontaneously hypertensive rats
SB: Scutellaria baicalensis Georgi
SD: standard deviation
SJ: Sophora japonica L
SOD: superoxide dismutase
TCM: traditional Chinese medicine
TJ: tight junction
TNF–α: tumor necrosis factor–α
WKY: Wistar-Kyoto
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Hyperuricemia is an independent risk factor for renal damage and promotes the progression of chronic kidney disease. In this study, we investigated the effect of I-BET151, a small-molecule inhibitor targeting the bromodomain and extraterminal (BET) proteins, on the development of hyperuricemic nephropathy (HN), and the mechanisms involved. Expression levels of bromodomain-containing protein 2 and 4, but not 3 were increased in the kidney of rats with HN; administration of I-BET151 effectively prevented renal dysfunction, decreased urine microalbumin, and attenuated renal fibrosis as indicated by reduced activation of renal interstitial fibroblasts and expression of fibronectin and collagen I in HN rats. Mechanistic studies show that I-BET151 treatment inhibited transition of renal epithelial cells to a mesenchymal cell type as evidenced by preservation of E-cadherin and reduction of vimentin expression. This was coincident with reduced expression of TGF-β1 and dephosphorylation of Smad3 and ERK1/2. I-BET151 was also effective in inhibiting phosphorylation of NF-κB, expression of multiple cytokines and chemokines, and infiltration of macrophages to the injured kidney. Although there were increased serum levels of uric acid and xanthine oxidase, an enzyme that catalyzes production of uric acid, and decreased expression of renal organic anion transporter 1 and 3 that promote urate excretion in the model of HN, and reduced expression levels of urine uric acid, I-BET151 treatment did not affect these responses. Collectively, our results indicate that I-BET151 alleviates HN by inhibiting epithelial to mesenchymal transition and inflammation in association with blockade of TGF-β, ERK1/2 and NF-κB signaling.
Keywords: bromodomain and extra-terminal proteins, hyperuricemic nephropathy, I-BET151, renal fibrosis, epithelial-to-mesenchymal transition, inflammation
INTRODUCTION
Chronic kidney disease (CKD) is a global public health problem that affects about 10% of the population worldwide (Zhang et al., 2012). Hyperuricemia is an independent risk factor for renal damage and is tightly associated with the development and progression of CKD as well as many other diseases, such as diabetes and hypertension (Johnson et al., 2018; Srivastava et al., 2018). Uric acid is an end metabolic product of purine metabolism and is excreted from the kidney. Hyperuricemia can be caused by increased production of uric acid and decreased urinary excretion of uric acid. Uric acid is derived from dietary and endogenously synthesized purines; xanthine oxidase (XOD) plays a key role in the conversion of hypoxanthine to xanthine and xanthine to urate. The proximal tubule is the site of uric acid reabsorption and secretion. In normal kidney, approximately 90% uric acid is reabsorbed into blood; a portion of uric acid can be secreted into urine though the urate transporters. Organic anion transporter 1 (OAT1) and organic anion transporter 3 (OAT3) have been reported to be the two major transporters involved in uric acid secretion (Otani et al., 2017). Decreased expression of these transporters can lead to accumulation of uric acid in the body, resulting in hyperuricemic nephropathy (HN).
Increasing evidence indicates that hyperuricemia can induce kidney stones and is associated with glomerular hypertension, arteriolosclerosis, and tubulointerstitial fibrosis (Vargas-Santos and Neogi, 2017; Johnson et al., 2018). Renal tubulointerstitial fibrosis is characterized by excessive deposition of the extracellular matrix (ECM) in renal tissue (Wang, et al., 2017) and activation of renal interstitial fibroblasts (myofibroblasts). Myofibroblasts express α-smooth muscle actin (α-SMA) and is the main cell type that produces ECM proteins such as collagen I and fibronectin. Following injury, renal tubular cells with maladaptive repair can convert to a mesenchymal cell type that produces numerous profibrotic cytokines/chemokines, including transforming growth factor β1 (TGF-β1) and monocyte chemoattractant protein-1 (MCP-1) (Lovisa et al., 2015; Stone et al., 2016), interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) (Mulay et al., 2014; Liu et al., 2015). MCP-1 can induce infiltration of macrophages into injured kidneys; TGF-β1 can drive activation of renal fibroblasts and induce renal epithelial-mesenchymal transition (EMT) by activation of Smad3 signaling (Ryu et al., 2013; Meng et al., 2015). Other signaling pathways such as NF-kB and ERK1/2 can also be activated by high uric acid and involved in renal epithelial-mesenchymal transition and the pathogenesis of HN (Liu et al., 2017a; Liu et al., 2017b; Tao et al., 2019).
Studies have shown that the transcription of genes involved in inflammation and other pathological processes in renal diseases are regulated by epigenetic changes (Nangaku et al., 2017; Morgado-Pascual and Marchant, 2018). Epigenetic modifications, in particular histone acetylation, are dynamic processes in normal and diseased states (Reddy and Natarajan, 2015; Morgado-Pascual et al., 2019). It is well documented that histone acetylation is positively regulated by histone transferases and negatively regulated by histone deacetylases (Guo et al., 2019; Tang and Zhuang, 2019). The bromodomain and extraterminal (BET) proteins are epigenetic “readers,” which recognize and bind to acetylated lysine in histones and other proteins and then regulate gene transcription (Morgado-Pascual et al., 2019). Among BET family of proteins, including bromodomain-containing protein (BRD)2, BRD3, Brd4, and the testis-specific BRDT, Brd4 is best studied and has been identified to be in the chronically injured kidney (Xiong et al., 2016; Suarez-Alvarez et al., 2017; Morgado-Pascual et al., 2019). It has been reported that small-molecule inhibitors targeting BET such as I-BET and JQ1can inhibit many pathological processes by competitively binding to acetyl-lysine recognition motifs and disassociating BET proteins from chromatin. Studies have shown that BET inhibitor could ameliorate tissue fibrosis in the lung (Tang et al., 2013; Wang et al., 2018), liver (Ding et al., 2015), heart (Duan and McMahon, 2017) and other sites of inflammation (Hytti et al., 2016; Poghosyan et al., 2016; Suarez-Alvarez et al., 2017). Recently, we and others have demonstrated that abrogating BET with I-BET or JQ1 attenuates renal fibrosis following ischemia/reperfusion, angiotensin II injection or unilateral ureteral obstruction (UUO) (Wilflingseder and Willi, 2020) (Xiong et al., 2016; Wang et al., 2019). However, there are no reports assessing the pharmacological effect of BET inhibitors on the development of HN.
In this study, we investigated the effect of BET protein inhibition with a small-molecule inhibitor, I-BET151, on the development of HN. I-BET151 has a longer half-life in animals (Alqahtani et al., 2019) and is under clinical trial for the treatment of advanced or recurrent solid tumors (NCT02630251). Our results demonstrated that administration of I-BET151 effectively improved renal function and ameliorated renal fibrosis in association with inhibition of TGFβ/Smad3, ERK1/2 and NF-kB signaling and suppression of inflammation.
MATERIALS AND METHODS
Antibodies and Reagents
Antibodies to Brd3, Brd4, fibronectin, p-NF-κB (p65), NF-κB (p65), and CD68 were purchased from Abcam (Cambridge, MA, United States). Antibodies to collagen I, α-SMA were purchased from Affinity Biosciences (Cincinnati, OH, United States). Antibodies to smad3 and p-smad3 were purchased from Hangzhou HuaAn Biotechnology Co., Ltd. (Hangzhou, China). Antibodies to p-ERK1/2 and ERK1/2 were purchased from Cell Signaling Technology (Danvers, MA). Antibodies to E-cadherin, vimentin were purchased from Proteintech (Chicago, IL, United States). Antibodies to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was purchased from CWBIO (Beijing, China). Brd2 antibody was purchased from Boster Biological Technology (Wuhan, China), OAT1 and OAT3 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), I-BET151 was purchased from Target Mol (MA, United States). TNF-α, IL-1β, MCP-1, RANTES, and TGF-β1 ELISA kits were purchased from CUSABIO Technology LLC (Wuhan, China). The serum XOD kit was purchased from Jiancheng Technology (Nanjing, China).
Animals and Experimental Design
Six to eight week old male Sprague–Dawley (SD) rats, of weight 200–220 g, were purchased from experimental animal center of Southern Medical University, China. The rats were housed in a specific pathogen-free (SPF) laboratory at the Animal Experimental Center of Southern Medical University. The rats were allowed one week to adapt to the environment before experiments. Twenty-four male rats were randomly divided into four groups of six rats: sham group, sham treated with I-BET151 group, HN group, and HN treated with I-BET151 group. The HN rat model was established by oral administration of a mixture of adenine (0.1 g/kg) and potassium oxonate (1.5 g/kg) daily for 3 weeks as described in our previous study (Liu et al., 2015). To examine the efficacy of I-BET151 in HN rats, I-BET151 (5 mg/kg) in 50 μl dimethyl sulfoxide (DMSO) was given via peritoneal injection every day to the rats 1 h after the mixture of adenine and potassium oxonate exposure was taken by rats. For the sham alone group and HN alone groups, rats were injected with an equivalent amount of DMSO. Experimental protocols were approved by the Southern Medical University Experimental Animal Ethics Committee (Guangzhou, China).
Measurement of Renal Function
At day 21 after feeding a mixture of adenine (0.1 g/kg) and potassium oxonate, all rats were sacrificed and blood was taken for the measurement of serum creatinine, BUN, uric acid, and other biochemistry index by automatic biochemistry assay using kits purchased from Shanghai Roche Pharmaceuticals Lt (Shanghai, China). In addition, urine samples were collected for the measurement of microalbumin and uric acid using the kits purchased from Shanghai Roche Pharmaceuticals Lt (Shanghai, China) as well.
Histology and Immunohistochemistry
Formalin-fixed kidneys were dehydrated and embedded into paraffin blocks. Then, 3-μm thickness of sections were stained with hematoxylin–eosin (HE) and Masson’s trichrome. Tubular injury was scored on a scale from 0 to 3, where 0 = normal, 1 = injury <30%, 2 = injury 30–60%, 3 = injury >60%. For immunohistochemistry, the sections were transferred into a 10-mmol/L citrate buffer solution (pH = 6.0). Then, the sections were treated in a microwave for 20 min for antigen retrieval. After being blocked with 3% hydrogen peroxide for 20 min at room temperature, the sections were incubated with primary antibodies at 4°C overnight. Subsequently, the sections were washed with PBS three times and incubated with the secondary antibody for 30 min at room temperature. Thereafter, the sections were stained with 3,3′-diaminobenzidine (DAB, Golden Bridge Biotechnology Co., Beijing, China) and then counterstained with hematoxylin. Tubular Score and the assessment of Masson trichrome staining were performed according to our previous study (Liu et al., 2015).
Western Blotting Analysis
Renal tissues were sufficiently homogenized in RIPA lysis Buffer and total proteins were extracted using a commercial extraction kit (Key GEN Biotech, Nanjing, China). Protein concentrations were determined using the Bicinchoninic Acid (BCA) Protein Assay Kit (Beyotime, Shanghai, China). Equal amounts of total protein were separated in SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, United States). After blocking in 5% BSA, the membranes were incubated with primary antibodies overnight at 4°C. Thereafter, the immunoreactive bands were washed with TBST, incubated with corresponding secondary antibody (1:5,000, CWBIO) for 60 min at room temperature. Then, immunostained proteins were detected by a digital visualizer (Eastman Kodak Company, United States) using chemiluminescence detection reagents. All experiments were repeated three times.
Assessment of Serum Activity of XOD
Serum activity of XOD was determined according to the instructions provided by the manufacture (A002, Jiancheng, Nanjing, China).
ELISA Analysis
Serum cytokine levels were examined using ELISA kits according to the protocol provided by the manufacturer (CUSABIO Technology LLC, Wuhan, China).
RT-PCR
Total RNA was extracted using TRIzol (TaKaRa, Dalian, China). mRNAs were converted to cDNA using the Transcriptor First Strand cDNA synthesis kit (TaKaRa).
Quantitative real-time PCR was performed using SYBR Green PCR master mix (Applied Biosystems) in a BioRadiCycleriQ Detection System. The primer sequences are as follows: OAT1 forward 5′-GAG​CTG​TAC​CCC​ACA​GTG​ATT-3′, reverse 5′-GAA​CTC​TGC​AGT​CAT​ACT​CAC​C-3′; OAT3 forward 5′-AGT​CCT​CGG​AAT​AGC​CAA​CC-3′, reverse 5′-TGT​ACG​AAG​CGG​AGA​CAC​TT-3′; GAPDH forward 5′-CCT​CGT​CTC​ATA​GAC​AAG​ATG​GT-3′, reverse 5′-GGG​TAG​AGT​CAT​ACT​GGA​ACA​TG-3′.
Statistical Analysis
Data are expressed as mean ± standard error of mean (SEM) and were analyzed using the SPSS 20 software. Comparisons among groups were performed using one-way ANOVA. p < 0.05 were considered statistically significant.
RESULTS
Expression of BET Proteins in the Kidney of HN Rats and the Effect of I-BET151
Brd2, Brd3 and Brd4 are three major members mediating a variety of biological responses of the BET family proteins (Morgado-Pascual et al., 2019). As first step toward understanding the effect of I-BET151, a highly selective BET inhibitor, on the pathogenesis of HN, we examined the expression of Brd2, Brd3 and Brd4 in the kidneys of rats with or without HN. As shown in Figures 1A–D, basal levels of Brd3 and Brd4, but not Brd2 were clearly detected in the kidney of rats without HN. Renal expression levels of Brd2 and Brd4 were increased after feeding a mixture of adenine (0.1 g/kg) and potassium oxonate, while administration of I-BET151 abolished their expression. In contrast, Brd3 expression levels remained the same in the kidney of HN and not affected by I-BET151 treatment. Immunohistochemistry staining shows that increased expression of Brd4 was primarily distributed in the nucleus of renal epithelial cells; I-BET151 treatment reduced its expression (Figures 1E,F). Thus, hyperuricemia mainly induces expression of Brd2 and Brd4, which was sensitive to I-BET151 inhibition.
[image: Figure 1]FIGURE 1 | I-BET151 reduces Brd4 levels in the kidney of HN rats. (A) A rat model of HN was established and treated with I-BET151 as indicated in “Material and Methods.” After 3 weeks, kidneys were taken for immunoblot analysis for Brd2, Brd3, Brd4 or GAPDH. Expression levels of Brd2 (B), Brd3 (C), Brd4 (D) were quantified by densitometry analysis and then normalized with GAPDH. (E) Photomicrographs (original magnification, ×400) illustrate immunohistochemical Brd4 staining of kidney tissues. (F) Brd4 staining graphic presentation of quantitative data. Data are represented as the mean ± SEM. *p < 0.05; **p < 0.01.
Administration of I-BET151 Improves Renal Function and Alleviates Proteinuria and Renal Pathology in HN Rats
To demonstrate the functional role of BET proteins in HN, we assessed the effect of I-BET151on renal function and proteinuria as well as renal pathological changes in HN rats. As shown in Figure 2, levels of serum creatinine, blood urea nitrogen (BUN) and urine microalbumin were increased in the HN rats comparted with control rats; I-BET151 treatment significantly reduced the levels of serum creatinine, BUN and urine microalbumin (Figures 2A–C). In addition, HE staining revealed glomerulosclerosis, tubular atrophy, tubular dilatation, and inflammatory cell infiltration in the kidney of rats with HN (Figures 2D,E). I-BET151 treatment also reduced these pathological changes.
[image: Figure 2]FIGURE 2 | I-BET151 improves renal function and alleviates proteinuria and renal pathology in HN rats. HN rats were treated with I-BET151 for 3 weeks and then blood, urine and kidneys were collected. Levels of (A) serum creatinine, (B) blood urea nitrogen (BUN), and (C) urine microalbumin were examined using biochemical assays. (D) Photomicrographs illustrating hematoxylin–eosin (HE) and Masson’s trichrome staining of kidney tissue from the different groups (original magnification ×200). (E) Tubular changes were scored as described in “Materials and Methods.” (F) The graph shows the percentage of Masson-stained tubulointerstitial area (blue) relative to the whole area from 10 random cortical fields (original magnification×400). Data are represented as the mean ± SEM. *p < 0.05; **p < 0.01.
Because renal interstitial fibrosis is the common pathological feature of all types of CKD, including HN (Eddy, 2014; Liu et al., 2015; Meng et al., 2016; Liu et al., 2017b), we examined the effect of I-BET151 on the development of renal fibrosis in rats with HN. Masson’s staining demonstrated that HN rats had severe renal interstitial fibrosis as indicated by expanded interstitium and deposition of fibrillar collagens in the kidney (Figures 2D,F). Administration of I-BET151 largely reduced these pathological changes.
Collectively, these results indicated that I-BET151 can effectively improve renal function and attenuate renal histological damage and renal fibrosis in HN rats.
I-BET151 Inhibits Renal Fibroblast Activation and Attenuates Expression of ECM Proteins in the Kidney of Rats with HN
To confirm the role of BET proteins in mediating renal fibrosis, we further examined the effect of I-BET151 on renal fibroblast activation and expression of ECM proteins by immunoblot analysis and immunochemistry. As shown in Figure 3A, rats with HN displayed an increase in the expression of α-SMA, a hallmark of myofibroblasts (active fibroblasts) in the kidney and I-BET151 abolished this response. Similarly, expression of collagen 1 and fibronectin, two ECM components, was also upregulated in the kidney of hyperuricemic rats, and I-BET151 treatment reduced their expression. Immunochemistry demonstrated similar inhibition of I-BET151 on the expression of fibronectin and α-SMA. Taken together, these data illustrated that I-BET151 is a potent inhibitor that inhibits renal fibroblast activation and accumulation of ECM proteins in kidneys of HN rats.
[image: Figure 3]FIGURE 3 | I-BET151 treatment reduces expression of fibronectin, collagen I and α-SMA in kidneys of HN rats. (A) Kidney tissue lysates were subjected to immunoblot analysis with specific antibodies against α-SMA, fibronectin, collagen I, or GAPDH. Expression levels of fibronectin (B), collagen I (C), α-SMA (D) were quantified by densitometry and normalized with GAPDH. (D) Photomicrographs (original magnification ×400) illustrate immunohistochemical fibronectin staining of kidney tissues. (E) Photomicrographs illustrating Fibronectin and α-SMA immunochemical staining of kidney tissue. Fibronectin (F) and α-SMA (G) positive areas relative to the whole area was quantified. Data are represented as the mean ± SEM. *p < 0.05; **p < 0.01.
I-BET151 Inhibits Renal Tubular Epithelial-to-Mesenchymal Transition in the Kidney of HN Rats
It has been reported that partial EMT occurs in renal tubular cells and contributes to renal interstitial fibrosis in CKD, including HN (Ryu et al., 2013; Stone et al., 2016; Wang et al., 2017). Partial EMT is characterized by loss of epithelial features with decreased expression of E-cadherin and acquired mesenchymal phenotype with increased expression of vimentin. As shown in Figures 4A–C, immunoblot analysis of the renal tissue indeed revealed that HN injury resulted in downregulation of the epithelial cell marker, E-cadherin and upregulation of vimentin, a mesenchymal marker, indicating that partial EMT of renal tubular cells occurs in HN. Treatment with I-BET151 blocked this response. Consistent with this observation, immunohistochemistry staining also showed that I-BET151 administration preserved E-cadherin expression levels and reduced expression of vimentin to the basal level in the kidney of HN (Figures 4D–F). Therefore, we suggest that I-BET151 inhibits the renal EMT that occurs in the kidney of HN rats.
[image: Figure 4]FIGURE 4 | I-BET151 inhibits renal tubular epithelial-to-mesenchymal transition in the kidney of HN rats. (A) Kidney tissue lysates were subjected to immunoblot analysis with specific antibodies against E-cadherin, vimentin or GAPDH. (B) Expression levels of E-cadherin (B) or vimentin (C) were quantified by densitometry and normalized to GAPDH. (D) Photomicrographs (original magnification, ×400) illustrate immunohistochemical staining of E-cadherin and vimentin in in kidney tissues. Graphic presentation of quantitative data for the staining of E-cadherin (E) and vimentin (F). Data are represented as the mean ± SEM. *p < 0.05; **p < 0.01.
I-BET151 Abrogates the TGF-β/Smad3 Signaling Pathway in the Kidneys of HN Rats
TGF-β1 is the most potent fibrogenic factor and induces tissue fibrosis via activation of Smad3 (Lan, 2011; Ding et al., 2014; Meng et al., 2015). ERK1/2 also contributes to hyperuricemia-mediated renal injury (Liu et al., 2017b). To explore the effect of I-BET151 on the activation of TGF-β/Smad3 and ERK1/2 signaling pathways in rats with HN, we first examined the effect of I-BET151 on TGF-β1 expression in the kidney of HN rats by ELISA. Figure 5A shows that TGF-β1 expression was increased in the kidney of HN rats, and I-BET151 treatment decreased its expression. Next, we examined the effect of I-BET151 on phosphorylation of Smad3 and ERK1/2 in the kidney of HN rats. Western blot analysis of kidney lysates indicated that hyperuricemic-induced injury resulted in phosphorylation of Smad3 and ERK1/2, which was inhibited by I-BET151 treatment, whereas expression of total Smad3 and ER1/2 remained the same in all groups (Figures 5B–D). In addition, immunochemical staining showed that HN-induced p-ERK1/2 was mainly located in the glomerulus and renal tubules and I-BET151 reduced its expression (Figures 5E,F). Based on these findings, our results suggest that I-BET151 can inhibit activation of TGF-β/Smad3 and ERK1/2 signaling pathway in the kidney of HN rats.
[image: Figure 5]FIGURE 5 | I-BET151 abrogates the TGF-β/Smad3 signaling pathway in kidneys of HN rats. (A) Protein was extracted from kidneys and subjected to measurement of TGF-β1 by ELISA as indicated. (B) Expression levels of p-Smad3 were quantified by densitometry and normalized to Smad3. (C) The kidney tissue lysates were subjected to immunoblot analysis with specific antibodies against p-Smad3, Smad3, p- ERK1/2, ERK1/2, or GAPDH. (D) Expression levels of P-ERK1/2 were quantified by densitometry and normalized to ERK1/2. (E) Photomicrographs (original magnification, ×400) illustrate immunohistochemical staining for p-ERK1/2 in kidney tissues. (F) p-ERK1/2 staining graphic presentation of quantitative data. Data are represented as the mean ± SEM. *p < 0.05; **p < 0.01.
I-BET151 Suppressed the Activation of NF-κB, Expression of Proinflammatory Cytokines/Chemokines and Infiltration of Mononuclear Cells in the Kidney of HN Rats
Hyperuricemia-induced inflammation is associated with kidney injury (Jalal et al., 2013; Spiga et al., 2017). NF-κB is a key transcription factor that can drive expression of numerous proinflammatory cytokines/chemokines (Huang et al., 2013; Xu et al., 2016). To investigate whether I-BET151 would suppress the activation of NF-κB and inflammatory response in the kidney of HN rats, we examined the expression of phosphorylated NF-κB (p-NF-κB) by immunoblot blot, expression of some proinflammatory cytokines/chemokines by ELISA assay and mononuclear cell infiltration by staining CD68, a marker of activated macrophages. Figure 6 showed that HN injury induced phosphorylation of NF-κB, upregulation of MCP-1, RANTES, ICAM-1, TNF-α, and IL-1β as well as increased CD68-positive macrophages in the kidney of HN rats. I-BET151 treatment remarkedly suppressed NF-κB phosphorylation without altering expression of total NF-κB, reduced expression levels of all above mentioned cytokines/chemokines, and mononuclear cell infiltration. Collectively, our data suggest that I-BET151 can effectively inhibit HN-induced inflammatory responses in rats.
[image: Figure 6]FIGURE 6 | I-I-BET151 suppresses the activation of NF-κB and expression of proinflammatory cytokines/chemokines and infiltration of mononuclear cells in the kidney of HN rats (A) Kidney tissue lysates were subjected to immunoblot analysis with specific antibodies against p-NF-κB (p65), NF-κB (p65), or GAPDH. (B) Expression levels of p-NF-κB (p65) were quantified by densitometry and normalized to NF-κB (p65). Protein levels of (C) MCP-1, (D) RANTES, (E) TNF-α, and (F) IL-1β were measured by the ELISA. (G) Photomicrographs (original magnification, ×400) illustrate immunohistochemical staining of CD68 in kidney tissues. (H) CD68 staining graphic presentation of quantitative data. Data are represented as the mean ± SEM. *p < 0.05 vs. sham group and sham + I-BET151 group. **p < 0.05 vs. HN group.
I-BET151 Treatment Affects Neither Serum Xanthine Oxidase Activity nor Urate Transporters in HN Rats
Hyperuricemia is linked with upregulation of serum XOD activity, an enzyme that catalyzes the oxidation of hypoxanthine to xanthine and can further catalyze the oxidation of xanthine to uric acid, and downregulation of organic anion transporter (OAT) 1 and 3 that are involved in renal excretion of uric acid (Wu et al., 2017). As such, we further examined the effect of I-BET151 on the serum and urine uric acid levels and serum XOD activity and renal expression of OAT in HN rats. As shown in Figures 7A–H, serum levels of uric acid and XOD activity were increased whereas urine levels of uric acid as well as renal gene and protein levels of OAT 1 and OAT3 were reduced in HN rats; I-BET151 administration did not significantly affect changes of them. Therefore, it seems that neither production nor excretion of uric acid is subject to the regulation of I-BET151 targeted BET proteins.
[image: Figure 7]FIGURE 7 | I-BET151 reduces serum uric acid and XOD activity and promotes uric acid excretion in HN rats. Levels of serum uric acid (A) and urine uric acid (C) were examined using an automatic biochemical assay. (B) Serum XOD activity was examined using a XOD kit. (D) OAT1 and (E) OAT3 mRNA expression in renal tissue from the different groups were determined by RT-PCR and normalized to GAPDH). Kidney tissue lysates were subjected to immunoblot analysis with specific antibodies against OAT1, OAT3 and GAPDH (F). Expression levels of OAT1 (G) and OAT3 (H) were quantified by densitometry and normalized to GAPDH. Data are represented as the mean ± SEM. **p < 0.01.
DISCUSSION
The family of BET proteins functions as epigenetic readers and regulate expression of many genes associated with renal and other diseases (Ferri et al., 2016; Morgado-Pascual et al., 2019). In the current study, we evaluated the effects of BET protein inhibition by using I-BET151, a small-molecule BET inhibitor, on the development of HN and the mechanisms involved. Our results show that I-BET151 treatment improved renal function, reduced urine microalbumin levels, and alleviated interstitial fibrosis and inflammatory responses in the kidney of HN rats. BET inhibition also inhibited hyperuricemia–induced activation of TGF-β/Smad3, NF-κB and ERK1/2 signaling pathways. To our knowledge, this study is the first to demonstrate the effects of BET inhibition on the development and progression of HN.
BET proteins are frequently deregulated in disease states, in particular cancer, and contribute to aberrant chromatin remodeling and gene transcription (Morgado-Pascual et al., 2019) (Ferri et al., 2016). Although BRD2, BRD3, and BRD4 have been documented to be ubiquitously expressed (Morgado-Pascual et al., 2019), our data demonstrated that Brd3 and Brd4, but not Brd2 were expressed in the normal kidney of rats by immunoblot analysis. In response to hyperuricemia, renal expression of Brd2 was induced, Brd4 upregulated, but Brd3 expression was not altered; administration of I-BET151 abolished expression of Brd2 and Brd4, but did not affect Brd3 expression in the kidney of HN. Coincident with Brd2 and Brd4 repression, I-BET151 improved renal function and attenuated renal fibrosis. Therefore, it appears that Brd2 and Brd4 are BET proteins critically involved in the pathogenesis of HN. In support to this conclusion, we have recently demonstrated that transfection of siRNA specific to Brd4 inhibits serum- or TGF-β1-induced activation of renal interstitial fibroblasts in culture (Xiong et al., 2016). Additional investigations are needed to elucidate the role of individual BET proteins in HN and other kidney diseases by genetic approaches. Currently, it remains unclear about the mechanism of I-BET151 elicited decline of Brd2 and Brd4 expression. Since BET proteins can recognize acetylated lysine residues and interact with many chromatin remodeling proteins and some transcriptional factors, it is anticipated that the interaction of Brd2 and Brd4 with transcriptional factors and histone modifiers would initiate a signal that regulates expression of these two BET proteins through a feed-back loop, while inhibition of such interactions may block this process, leading to downregulation of Brd2 and Brd4.
The mechanism by which I-BET151 attenuates pathogenesis of HN may be multifaceted. It is well known that transition of renal epithelial cell type to a mesenchymal type is an essential step for the initiation and progression of renal fibrosis, and uric acid can induce phenotypic transition of renal tubular cells via decreased synthesis and enhanced degradation of E-cadherin (Ryu et al., 2013). In this study, we found that I-BET151 treatment prevented downregulation of E-cadherin and inhibited upregulation of vimentin, a mesenchymal marker, in the kidneys of HN rats. In line with this observation, I-BET151 also inhibited activation of renal interstitial fibroblasts as evidenced by decreased expression levels of α-SMA, and diminished expression of ECM proteins, including collagen I and fibronectin, in the kidney of HN rats. As such, we suggest that I-BET151 may inhibit hyperuricemia-induced transition of renal epithelial cell to a profibrotic phenotype, and subsequently decreased production and release of some profibrotic growth factors/cytokines that stimulate fibroblast activation and excessive production of ECM proteins. In addition, although administration of I-BET151 reduced hyperuricemia-induced pathological changes, it did not significantly affect serum uric acid levels in HN rats. This suggests that I-BET151 may protect against HN through attenuating uric acid-induced renal injury via interfering with some key profibrotic signaling pathways rather than reducing serum uric acid levels.
A key signaling pathway that mediates profibrotic response of renal epithelial cells and activation of renal fibroblast is the TGFβ/Smad3 (Meng et al., 2015; Gu et al., 2020). In this study, we demonstrated that treatment with I-BET151 diminished hyperuricemia-induced TGF-β1 expression and phosphorylation of Smad3. In agreement with this observation, I-BET151 also effectively suppressed activation of Smad3 signaling in a murine model of UUO-induced renal fibrosis (Xiong et al., 2016). These data strongly suggest that I-BET-151 elicited inhibition of HN is associated with inactivation of the TGFβ/Smad3 signaling pathway. Given that TGF-β1 is the primary ligand that interacts with TGF receptors and then initiates activation of Samd3, it is possible that I-BET151 targeted BETs is coupled to the regulation of TGF-β1 expression and production. In this regard, we observed that I-BET151 was effective in suppressing phosphorylation of ERK1/2, a critical intracellular signaling molecule that drives TGF-β1 expression (Morita et al., 2019). In addition, as ERK1/2 can interact with Smad3 to TGF-β1-stimulated multiple biological functions including renal fibrosis (Nakagawa et al., 2005), I-BET151 may also inhibit renal fibrosis through interfering with ERK1/2-mediated regulation of Smad3 and other profibrotic machinery downstream of TGFβ receptors. The detailed mechanism by which BET proteins regulate the activation of TGFβ/Smad3 signaling needs further investigations.
The BET protein has been shown as an important coactivator of the inflammatory transcriptional program (Zou et al., 2014). NF-κB-mediated signaling promotes the transcription of pro-inflammatory cytokines/chemokine such as IL-1, IL-6, TNF-α and MCP1 and plays a crucial role in the inflammatory response induced by uric acid (Zhou et al., 2012; Liu et al., 2017a). It has been reported that Brd4 binding to acetylated lysine-310 of RelA is essential to activate specific NF-κB target genes (Huang et al., 2009; Zou et al., 2014); pharmacological inhibition of BET could thus be a unique pharmacological strategy to block NF-κB activation via disrupting the interaction of Brd4 with nuclear acetylated-RelA. In this study, we indeed demonstrated that I-BET151 treatment inhibited phosphorylation of NF-κBp65 and expression of MCP-1, RANTES, TNF-α, and IL-1β in the kidney of HN rats. In addition, I-BET151 was also effective in reducing macrophage infiltration into the injured kidney. This suggests that suppression of proinflammatory responses would be another important mechanism by which I-BET151 attenutes development and progression of HN.
Hyperuricemia is an independent risk factor of renal damage and can exacerbate the progression of CKD (Srivastava et al., 2018). Previous studies have demonstrated that uric acid–lowering therapy may retard the progression of CKD (Bose et al., 2014; Sampson et al., 2017). Serum uric acid levels are largely determined by uric acid production and renal excretion in urine. As such, we evaluated the effects of I-BET151 on the activity of serum XOD, a fundamental enzyme promoting uric acid production and expression of OAT1 and OAT3, two organic anion transporters associated with renal excretion of uric acid. Our results show that the activity of serum XOD was increased whereas renal OAT1 and OAT3 were reduced in HN rats, however, I-BET151 treatment did not significantly reduce the activity of serum XOD in HN rats and increased expression of OAT1 and OAT3. These results suggest that I-BET151-eiliciated renoprotection is not associated with alteration of serum uric acid levels.
Numerous studies have implicated the BET bromodomain family of proteins in regulating biological processes such as inflammation and tissue fibrosis. Given that BET proteins can bind to acetylated residues in histone and some transcription factors, leading to their activation, therapies aimed at inhibiting BET protein function may represent a novel therapeutic strategy for chronic kidney disorders including HN. Recently, several small molecule inhibitors of BET proteins have been developed and demonstrate anti-fibrotic properties in liver (Ding et al., 2015), lung (Sanders et al., 2020) (Wang et al., 2018), kidney (Xiong et al., 2016) (Zhou et al., 2017) and heart (Duan & McMahon, 2017). Human phase I clinical trials also demonstrate that BET inhibitors have minimal and reversible clinical toxicity in human cancer patients (Boi et al., 2015). Most adverse effects are nausea, fatigue and other significant observed toxicities include asthenia, anorexia and reversible thrombocytopaenia (Morgado-Pascual et al., 2019; Ameratunga & Braña, 2020). Currently, more than twenty clinical trials are underway to evaluate the efficacy of BET inhibitors in tumors; two trials are testing this class of drugs for cardiovascular diseases and CKD (NCT02586155 and NCT03160430). As such, BET inhibitors may be developed as treatments for HN and other chronic fibrotic kidney diseases.
CONCLUSION
Our results demonstrate that I-BET151 alleviates the progression of HN in a rat model. This effect was associated with inhibition of TGF-β signaling, renal tubular EMT and inflaammation, but not related to reduction of serum uric acid levels. Thus, BET inhibition may have therapeutic potential for the prevention and treatment of HN.
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Background: Chronic kidney disease (CKD) has become a worldwide burden due to the high co-morbidity and mortality. Diabetic nephropathy (DN) is one of the leading causes of CKD, and pre-dialysis is one of the most critical stages before the end-stage renal disease (ESRD). Although Chinese herbal medicine (CHM) use is not uncommon, the feasibility of using CHM among pre-dialysis DN patients remains unclear.
Materials and methods: We analyzed a population-based cohort, retrieved from Taiwan’s National Health Insurance Research Database, to study the long-term outcome of using CHM among incident pre-dialysis DN patients from January 1, 2004, to December 31, 2007. All patients were followed up to 5 years or the occurrence of mortality. The risks of all-cause mortality and ESRD were carried out using Kaplan-Meier and competing risk estimation, respectively. Further, we demonstrated the CHM prescriptions and core CHMs using the Chinese herbal medicine network (CMN) analysis.
Results: A total of 6,648 incident pre-dialysis DN patients were analyzed, including 877 CHM users and 5,771 CHM nonusers. With overlap weighing for balancing all accessible covariates between CHM users and nonusers, we found the use of CHM was associated with lower all-cause mortality (0.22 versus 0.56; log-rank test: p-value <0.001), and the risk of mortality was 0.42 (95% CI: 0.36–0.49; p-value <0.001) by adjusting all accessible covariates. Further, the use of CHM was associated with a lower risk of ESRD (cause-specific hazard ratio: 0.59, 95%CI: 0.55–0.63; p-value <0.001). Also, from the 5,901 CHM prescriptions, we found Ji-Sheng-Shen-Qi-Wan, Astragalus mongholicus Bunge or (Astragalus membranaceus (Fisch.) Bge.), Plantago asiatica L. (or Plantago depressa Willd.), Salvia miltiorrhiza Bunge, and Rheum palmatum L. (or Rheum tanguticum (Maxim. ex Regel) Balf., Rheum officinale Baill.) were used as core CHMs for different CHM indications. Use of core CHMs was associated with a lower risk of mortality than CHM users without using core CHMs.
Conclusions: The use of CHM seemed feasible among pre-dialysis DN patients; however, the beneficial effects still need to be validated by well-designed clinical trials.
Keywords: Chinese herbal medicine, diabetic nephropathy, end-stage renal disease, mortality, network analysis, pre-dialysis
INTRODUCTION
Chronic kidney disease (CKD) has become a worldwide burden due to the high co-morbidity and mortality (Bikbov et al., 2020). CKD has been thought of as a syndrome and may originate from various etiologies (Vallon and Komers, 2011). Diabetic nephropathy (DN) is one of CKD's leading causes, accounting for 20–30% of CKD patients (Soldatos and Cooper, 2008). Twenty patients will be diagnosed with end-stage renal disease (ESRD) in every 10,000 diabetes mellitus (DM) patients each year, according to the U.S. Renal Data System report in 2010 (Gregg et al., 2014). On the other hand, pre-dialysis is one of the most critical stages before the occurrence of ESRD (Singhal et al., 2014); nonetheless, only some medications were studied about the safety and even benefits for CKD patients in the pre-dialysis status, such as renin-angiotensin-aldosterone system (RAAS) blockage agents and ketoanalogues supplements (Wu et al., 2013; Li et al., 2019a). The information is far less when speaking of pre-dialysis DN patients.
On the other hand, although traditional Chinese medicine (TCM) use, including Chinese herbal medicine (CHM), acupuncture, or tuina, is not uncommon among Asian populations, including Taiwan, the feasibility of using CHM among pre-dialysis CKD patients remains unclear. Most clinical and bench studies showed that the use of TCM might be beneficial for CKD patients but lacking in the information of specified stages or long-term outcomes (Chen et al., 2019). Previous studies proved that CHM might be useful in improving renal function and delaying the starting time of renal replacement therapy. For example, Liu-Wei-Di-Huang-Wan, a decoction containing six CHMs, delayed 1 year of kidney failure development in type 2 DM patients (Hsu et al., 2014a). Lin et al. suggested that CHM may have reno-protective effects in CKD patients before the occurrence of ESRD (Lin et al., 2015). Also, an analysis based on hospital data concluded that Jia-Wei-Xiao-Yao-San (JWXYS) and Bu-Yang-Huan- Wu-Tang (BYHWT) were the top two decoctions prescribed to CKD patient and could stabilize renal function decline (Yang et al., 2014; Chen et al., 2018). Furthermore, a systematic review and meta-analysis research that included 20 studies with 2,719 patients from nine databases shows that albuminuria improved under CHM use and estimated glomerular filtration rate (eGFR) was better using CHM along with RAAS blockers without analyzing the long-term outcomes (Zhang et al., 2019).
We previously reported that TCM treatments might be associated with better outcomes among all DN patients without knowing the feasibility of using CHM among pre-dialysis DN patients (Chen et al., 2019). This study aims to assess the associations of CHM use with the long-term outcome among incident pre-dialysis DN patients, such as all-cause mortality and the occurrence of ESRD. Besides, the prescriptions made for the pre-dialysis DN patients were analyzed to disclose the core CHMs used for these patients.
MATERIALS AND METHODS
Data Source
All data were obtained from the National Health Insurance Research Database (NHIRD), a population-based clinical database in Taiwan famous for its high integrity and is commonly used for epidemiological studies (Chen et al., 2012; Wu et al., 2012; Chang et al., 2018; Hsieh et al., 2019). TCM is fully reimbursed in Taiwan, while two kinds of CHM were approved: single herb (SH) and herbal formula (HF). HFs are composed of SHs in a classic and theoretical manner corresponding with CHM prescription theory, working together as monarch, minister, assistant, and guide, for example, Jia-Wei-Xiao-Yao-San (JWXYS) and Bu-Yang-Huan- Wu-Tang (BYHWT) mentioned in this study. On the other hand, SHs, as the name implies, are prepared from single material recorded in the CHM classics, such as Astragalus mongholicus Bunge, Plantago asiatica L., Salvia miltiorrhiza Bunge, and Rheum palmatum L.. HFs are pre-mixed before marketing, and therefore TCM doctors can combine HFs or SHs freely based on each patient’s condition.
Study Designs and Ethical Considerations
Figure 1 illustrates the research protocol and data processing flow. From 2004/1/to 2007/12/31, type 2 DM patients with two consecutive diagnoses of CKD in out-patient services or one diagnosis in hospitalization after that were defined as having DN (Chen et al., 2019). The International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) codes were used to recognize these patients (type 2 DM: 250.x, except 250.x1 and 250.x3; CKD: 580.x-588.x, 250.4x, 274.1x, 283.11, 403.x1, 404.x2, 404.x3, 440.1, 442.1, 447.3, 572.4, 642.1x, 646.2x and 791.0). Furthermore, we used the initiation of prescribing EPO as the recognition of pre-dialysis DN patients (Hsu et al., 2014b; Lin et al., 2017). The initiation of using erythropoietin (EPO) without receiving permanent dialysis was regarded as pre-dialysis status because EPO is only approved for stage 5 CKD pre-dialysis patients with a hematocrit level <28% and serum creatinine level >6 mg/dl or patients receiving permanent dialysis therapy in Taiwan (Hsu et al., 2014b). Patients were included if diagnosed with incident diabetic nephropathy (DN) with EPO but without permanent dialysis from 2004/1/1 to 2007/12/31. CHM users were recognized by whoever used CHM for DN during the pre-dialysis status. On the other hand, patients were excluded if data were missing/error in gender, age, or mortality date, he or she ever received renal transplantation, or ever used other TCM modalities, such as acupuncture or tuina. Subjects who used CHM less than 30 days before getting dialysis were excluded as well. No consent was needed because the patients' identification number was encrypted, and therefore it is impossible to trace patients from the database. The research proposal was reviewed and approved by the Institutional Review Board (IRB) of the Chang-Gung Memorial Foundation (IRB No. 202001791B1).
[image: Figure 1]FIGURE 1 | Flow diagram of this study.
Outcome Assessment
Our study's primary outcome was all-cause mortality, and the occurrence of permanent dialysis, presenting the occurrence of ESRD, was set as the secondary outcome. The date for applying catastrophic illness certificates of permanent dialysis was regarded as the start of ESRD. In Taiwan, the certificate has to be applied by the nephrologists for the patients when their renal function is not expected to recover for at least 3 months, and therefore it becomes a reliable proxy to recognize patients entering ESRD (Wen et al., 2008; Chen et al., 2019). Every subject was followed for 5 years or until the deceased. To assess the duration effect, the use of CHM was further divided into two groups upon CHM duration: using CHM for over or less than 60 days.
Study Covariates
Gender, age, co-morbidities, insured level, place of residence, and concurrently used medications were obtained from the NHIRD as covariates in this study. The insured level was divided into three levels, reflecting the income since premium depends on earnings. Co-morbidities potentially related to outcomes were investigated, such as hypertension, hyperlipidemia, heart failure, coronary artery disease (CAD), cerebrovascular disease (CVD), hyperuricemia, or cancer. Following medication use was extracted as well: insulin analogs, oral hypoglycemia agents (OHA), statin/fibrate for hyperlipidemia, angiotensin-converting enzyme inhibitor (ACEi)/angiotensin II receptor blocker (ARB), other anti-hypertensive drugs, nonsteroidal anti-inflammatory drug (NSAID), cyclooxygenase-2 (COX-2) inhibitor, acetaminophen, and aspirin. As the representative of socio-economic status, the insured levels and residence places were acquired for every patient and divided into 3 and 2 separately as previous works (Lin et al., 2017; Chen et al., 2019).
Bias Assessment
Data obtained from the nationwide clinical database (NHIRD) contains the whole population that prevented selection bias and referral bias. The possible recall bias noted from study data obtained through questionnaires retrospectively could be eliminated since every record of admission, out-patient visits, and management had been continuously and automatically updated in the NHIRD in the prospective manner (Sedgwick, 2012). Detection bias was minimized since EPO's precise regulation for these subjects to be covered by the national health insurance program. Furthermore, patients would only be included if they survived more than 90 days as landmark time during the follow-up period to avoid immortal bias (Suissa, 2007).
Statistical Analysis
Two parts of the analysis were conducted in this study: outcomes assessment and the Chinese herbal medicine network (CMN) analysis. Baseline demographic features were presented either as mean with standard deviation for continuous variables and count with percentage for categorical variables; Student’s t-test and X2 statistics were used to compare the differences between CHM users and nonusers. Propensity score with overlap weighting was used to balance CHM users' and nonusers' baseline status and obliterate the imbalanced case numbers (Li et al., 2017). All viable demographic features in the database, such as age, gender, co-morbidities, and medications, were used to generate propensity scores with overlap weights for using CHM. With overlap weighting, Kaplan-Meier estimation and Cox regression were used to calculate the accumulative probability and hazard ratio (HR) of mortality, in which all accessible covariates were used to adjust the HR in the Cox regression model. Multivariate cox regression stratified by covariates and sensitivity tests were done to confirm the associations between using CHM and the all-cause mortality. Models with different covariates balancing methods (1:1 propensity score matching and the inverse-probability-of-the-treatment-weighting [IPTW] method) and different populations (with 180-day landmark analysis, without excluding patients who died with 90 days after the recognition of pre-dialysis, and without excluding patients with other TCM modalities) were used as sensitivity tests in this study.
Additionally, analysis of the CMN could reveal the treatment principle and core CHM for pre-dialysis DN, and we only included the patients using CHM for pre-dialysis DN. By excluding patients who ever used other TCM modalities, we could avoid the influences on prescription analysis caused by CHM prescriptions not indicating for DN or DM, but for related symptoms. The build-up of CMN was described extensively in our previous reports (Chen et al., 2015). Association rule mining was used to find out the common CHM combinations, and social network analysis was used to graphically demonstrate and analyze the CMN (Chen et al., 2015). Commonly used CHM were clustered according to the relations between CHMs, and core CHM could be found as the CHM with high prevalence and high degree centrality, meaning other CHMs were used when core CHM was prescribed. The associations between core CHMs and all-cause mortality were also examined individually. Stata (StataCorp. 2019. Stata Statistical Software: release 16. College Station, TX: StataCorp LLC) and NodeXL were used to perform the analysis in this study, and the statistics with p-value < 0.05 was regarded as significant results.
RESULTS
Baseline Demographic Features
From 2004/1/1 to 2007/12/31, a total of 6,648 incident pre-dialysis DN patients were analyzed in the final stage of our study. Table 1 summarizes all analyzed subjects' baseline demographic features, in which 877 CHM users and 5,771 nonusers were identified. There were more men (54.6%) and elderly patients age more than 70 years old (57.4%) among CHM nonusers compared to CHM users, with 45.2% of men and 29% of patients over 70 years old (p-value < 0.001). For underlying co-morbidities, CHM nonusers had about 8–13% higher rates of hypertension versus nonusers, heart failure, CAD, and CVD than CHM users (p-value all <0.001), while no significant differences were noted on hyperlipidemia, hyperuricemia, and malignancies between the two groups. The percentages of using insulin, OHAs, Statin, other anti-hypertensive agents, and aspirin of CHM nonusers were higher, while no significant difference in using NSAIDs, acetaminophen, and COX-2 inhibitors (Table 1).
TABLE 1 | The baseline demographic features of Chinese herbal medicine (CHM) users and nonusers.
[image: Table 1]Use of CHM Associated with Lower 5-Year Mortality and the Occurrence of ESRD
At the end of the 5-year follow-up, a total of 3,420 subjects were deceased among 6,648 subjects, finally analyzed, in which 260 subjects were CHM users, and 3,160 subjects were CHM nonusers (Figure 1). With overlap weighting to balance the differences of all covariates, the use of CHM was associated with a lower probability of all-cause mortality than CHM nonusers (0.22 versus 0.56, by Kaplan-Meier estimation; log-rank test: p-value < 0.001) (Figure 2). While considering all accessible covariates, the risk of the all-cause mortality was still lower among CHM users (adjust hazard ratio [aHR]: 0.42, 95% CI: 0.36–0.49, p-value < 0.001, Table 2). Furthermore, this result had a duration-dependent effect. The risks of all-cause mortality reduced while increasing the duration of use of CHM, and the tendency remained consistent in the models either with or without overlap weighting and adjusting the demographic covariates (Table 2).
[image: Figure 2]FIGURE 2 | 5-year follow-up for all-cause mortality among pre-dialysis diabetic nephropathy (DN) patients, by Chinese herbal medicine (CHM) users and nonusers.
TABLE 2 | Risks of all-cause mortality among Chinese herbal medicine (CHM) users, concerning the accumulative duration of CHM.
[image: Table 2]Besides, CHM users were associated with a lower probability for ESRD during the 5-year follow-up period. There were 775 CHM users, and 5,238 CHM nonusers finally entered the ESRD (Figure 1). The median time to ESRD occurrence was 1.14 for CHM users and 0.32 for CHM nonusers (p-value < 0.001). Using competing risk analysis with covariate balancing, the estimated probability of the ESRD occurrence was 0.88 for CHM users and 0.91 for CHM nonusers (Figure 3). The cause-specific hazard ratio (CSHR) for CHM users was 0.59, with adjusting covariates in the competing risk regression model (95% CI: 0.55–0.63, p-value <0.001). The association between CHM use and lower mortality seemed consistent in the sensitivity tests. We examined the results using a 1:1 propensity score matching and IPTW method with the same covariates used in the overlap weighting, 180-day landmark analysis, and analysis on different populations (Table 3). Although the subjects were not the same in the different models, the risks of mortality reduction seemed more prominent among CHM users than patients with all kinds of TCM modalities (aHR for CHM users: 0.42, 95%CI: 0.36–0.49 versus 0.71 for subjects with all kinds of TCM modalities, 95%CI: 0.67–0.74; Tables 2,3, respectively). Besides, the same associations could be found in the stratified multivariate regression across the subjects separate by age, gender, hypertension, hyperlipidemia, heart failure, CAD, CVD, and hyperuricemia (Figure 4).
[image: Figure 3]FIGURE 3 | 5-year follow-up for the occurrence of end-stage of renal disease (ESRD) among pre-dialysis diabetic nephropathy (DN) patients by using competing risk analysis after balancing covariates with overlap weighting (Abbreviations: CSHR, cause-specific hazard ratio; CI, confidence interval).
TABLE 3 | Sensitivity tests.
[image: Table 3][image: Figure 4]FIGURE 4 | Forest plot of stratified multivariate analysis.
Chinese Herbal Medicine Network (CMN) for Pre-dialysis DN Patients
A total of 5,901 prescriptions were prescribed with 531 kinds of CHMs, and 5.9 CHMs were used in each prescription on average (standard deviation: 2.8). The top 100 prevalent CHM combinations were used to construct CMN, and SNA was done to reveal the core CHMs (Figure 5). CHM combinations used for CMN are listed in the Supplementary File S1, and the CHMs of each cluster are listed in Supplementary File S2. The composition of HF in the network is listed in the Supplementary File S3. CHM with larger circles meant higher prevalence in the CMN, thicker connecting lines represented higher prescription frequency, and darker connection lines indicated closer relations between connected CHMs. By incorporating CHM indications with CMN, seven CHM clusters could be found as warming kidney to remove water, tonifying qi and yang, purgating to expel water, draining dampness by diuresis, facilitating blood circulation, toxifying yin, and last but not least, toxifying and activating qi with blood (Figure 5). Ji-Sheng-Shen-Qi-Wan, Astragalus mongholicus Bunge (or Astragalus membranaceus (Fisch.) Bge), Plantago asiatica L. (or Plantago depressa Wild.), Salvia miltiorrhiza Bunge, and Rheum palmatum L. (or Rheum tanguticum (Maxim. ex Regel) Balf., Rheum officinale Baill.) were the core CHMs in different clusters due to their high prevalence and degree centrality within clusters (Table 4). The possible pharmacologic mechanisms were summarized in Table 4 (last assessed date: 2020/8/1). Moreover, subjects using core CHMs seemed to have associations to lower mortality compared to subjects without using core CHMs (Figure 6).
[image: Figure 5]FIGURE 5 | Graphic demonstration of the Chinese herbal medicine (CHM) for pre-dialysis DN patients. The connections between every CHM formed the Chinese herbal medicine network (CMN), in which thicker and darker lines means higher prevalence and stronger connections. CHMs with closer relationships were gathered into different clusters, presented by using different colors. The full name of CHMs is listed in Supplementary File S2, and the composition of herbal formula (HF) is listed in Supplementary File S3.
TABLE 4 | The core Chinese herbal medicine (CHM) and the potential pharmacologic mechanisms for pre-dialysis diabetic nephropathy (DN) patients.
[image: Table 4][image: Figure 6]FIGURE 6 | The associations of using core Chinese herbal medicine (CHM) or other CHMs with all-cause mortality reference to CHM nonusers. Generally, subjects using core CHM with every cluster had lower risks. Cluster 6 and 7 are presented as two CHMs in combination rather than core CHM since there were only two CHMs in clusters 6 and 7. The composition of herbal formula (HF) is listed in Supplementary File S3.
DISCUSSION
This is the first study to report the feasibility of using CHM among incident pre-dialysis DN patients to the best of our knowledge. Previous studies showed that ACEi, ARB (Wu et al., 2013), and ketoanalogue supplementation are beneficial to pre-dialysis patients (Wu et al., 2017). For example, the PREPARE-2 study showing a reduced lower mortality risk of both dual RAS blockade and single ACEi usage (Voskamp et al., 2017). Nevertheless, no study in Chinese herbal medicine treating pre-dialysis DN patients were explored. Our study result indicated that even in the pre-dialysis population, the use of CHM during the pre-dialysis stage is positively associated with lower all-cause mortality rate during a 5-year follow-up period, which was consistent with previous studies about the general CKD or DM population (Hsu et al., 2014a; Chen et al., 2019). Our target population is similar to the previous research, with 85.2% of all patients having hypertension and 62.9% taking ACEi/ARB, suggesting that CHM might be feasible for pre-dialysis DN patients. The strict prohibition on CHM with possible renal toxicity, such as Aristolochia acid, from 20 years ago in Taiwan may also improve the safety of using CHM (Jhuang et al., 2019). However, clinical trials were expected to further solid proof for CHM protecting renal function and reduce the mortality rate.
Trying to lower the mortality rate of DN patients, especially in pre-dialysis patients, is of great importance (Hsu et al., 2016). The prevalence and incidence of dialysis are high in Taiwan, while DM accounted for about 40% of ESRD. In 2014, the DM population in Taiwan had reached 2.2 million, and the all-cause mortality rate of DM patients was 2.2 and 3.28% in female and male, respectively, making it 2.6 and 3.2 years shorter in life expectancy compared to the entire population if DM was diagnosed at the age of 40-year-old (Li et al., 2019b). That would be a significant loss given that the DM population base is enormous. Combining the positive findings for incident pre-dialysis DN patients in this study and our previous work about positive associations between TCM users among all incident DN patients, the considerable potential of using CHM among DN patients could be exploited.
The delayed course to ESRD among CHM users may be one of the causes of lower all-cause mortality. First of all, among the DM patients, the mortality rate of those under renal replacement therapy is not only higher than the average population (Saran et al., 2020) but even higher during the first few months initiating renal replacement therapy, especially in the elderly patients, no matter peritoneal dialysis or hemodialysis (Khan et al., 1995; Rosansky et al., 2011; Robinson et al., 2014). Moreover, the famous IDEAL study, a sizable randomized-controlled trial (RCT), recruiting patients from 32 centers throughout Australia and New Zealand from 2000 to 2008, shows that early initiation of dialysis treatment would not improve survival (Cooper et al., 2010). A study from Park et al. showed a consistent result that starting dialysis earlier does not improve clinical outcomes in pre-dialysis patients aging over 65-year-old (Park et al., 2017). Many researchers reviewed this issue during the past two decades, even suggested that early initiation, while the GFR is not low enough, would increase the mortality rate (Liberek et al., 2011; Rosansky et al., 2011; Peng et al., 2019). A study that reviewed over 300,000 patients starting dialysis from 1996 to 1999 suggested an increased risk of death if starting the dialysis therapy at a higher eGFR level, despite the high or low risk of the populations (Kazmi et al., 2005). Though there is no definite GFR cut point of when should dialysis initiated, the 2014 Canadian Society of Nephrology advocates to treat symptoms and signs before eGFR declines below 15 ml/min/1.73 m2 and commence dialysis therapy when eGFR below 6 ml/min/1.73 m2 or when symptoms occur (Nesrallah et al., 2014). The 2015 KDOQI guidelines did not emphasize starting dialysis according to the eGFR; instead, it stresses the observation of uremic signs and symptoms and evidence of protein-energy wasting, metabolic abnormalities, or volume overload (National Kidney, 2015). Therefore, when CHM may potentially postpone the starting time of dialysis, it is perhaps not only beneficial to maintaining GFR but also relieving the symptoms.
From the analysis on the CMN from prescriptions made for pre-dialysis DN patients, we can find the core CHM for these patients, in which the importance could be proven by subgroup analysis based on CHM users with or without using core CHMs and the potential pharmacology mechanisms. Seven clusters were identified in our analysis. The first cluster with core CHM of Ji-Sheng-Shen-Qi-Wan made a difference in reducing all-cause mortality risk of 69% compared to the other CHM, which reduced 50% risk. Ji-Sheng-Shen-Qi-Wan was proved to have the effect of delaying the onset of diabetes mellitus (Hirotani et al., 2013), and ameliorate insulin resistance via the nitric oxide pathway (Hu et al., 2010). In this cluster, the other two significantly related CHM were Zhu-Ling-Tang and Wu-Lin-San, which served to remove dampness and promote urination while correcting Ying and Yang in the body. In vivo study also showed that Wu-Lin-San reduced nuclear factor-kB, transforming growth factor-beta, and fibronectin accumulation in the kidney of diabetic rats induced by streptozotocin (Liu et al., 2009).
The second cluster with core CHM of Astragalus mongholicus Bunge (or Astragalus membranaceus (Fisch.) Bge.) reduced 76% of risk compared to 51% for the other CHM. Studies reported that Astragalus mongholicus Bunge reduced inflammation and prevented renal interstitial fibrosis (Wang et al., 2015b; Shan et al., 2016; Zhou et al., 2017), regulated cell apoptosis and cell cycle arrest (Tay et al., 2019) and last but not least, it promoted repair function by activating the Nrf2-Keap1 signaling pathway and inhibiting inflammation (Han et al., 2019). The third cluster with core CHM of Rheum palmatum L (or Rheum tanguticum (Maxim. ex Regel) Balf. or Rheum officinale Baill.), had aHR of 0.25 while the other CHM was 0.47. Rheum palmatum L. was reported to modulate MAPK and P13K-AKT pathway (Hamzeh et al., 2014; Sun et al., 2016) that reduced inflammation and renal fibrosis (Tu et al., 2017). The study also suggested that Rheum officinale Baill. reduced expression of transforming growth factor beta 1 (TGF-β1), connective tissue growth factor (CTGF), and α-SMA in rats, possibly by preventing the declination of L-carnitine and L-acetylcarnitine in plasma of chronic renal failure rats (Zhang et al., 2016). Moreover, the fourth cluster with core CHM of Plantago asiatica L. or Plantago depressa Wild. lessen 67% risk while the other CHM showed 56%. Though no direct study of Plantago asiatica L. related to DN was done, other studies showed that it exerted an anti-hyperuricemic effect (Xia et al., 2017) and helped regulate cholesterol, triglyceride, low-density lipoprotein cholesterol, and free fatty acid in obese and metabolic abnormal mice induced by high-fat diet (Yang et al., 2017). The fifth cluster with core CHM of Salvia miltiorrhiza Bunge had aHR of 0.28, and the other CHM was 0.48. Studies suggested that Salvia miltiorrhiza Bunge inhibits high glucose-induced renal tubular epithelial cell fibrosis by regulating TGF-β/Smad expression, NF-κB signaling pathway, and glycogen synthase kinase (GSK)3β overactivity (Wang et al., 2015a; Jiang et al., 2016a; Jiang et al., 2016b; Xu et al., 2016; Cao et al., 2017; Nie and Li, 2018). Since cardiovascular events are closely related to mortality and morbidity in diabetes patients, CHM beneficial to cardiovascular system may be helpful, such as Salvia miltiorrhiza Bunge exerting cardiovascular protective activity (Wang et al., 2017) on blood pressure and atherosclerosis.
Our study's advantages are the authentic nature and relatively large sample size, which is essential for pre-dialysis patients since randomized-controlled trials may not be feasible and efficiently designed for pre-dialysis patients. Nonetheless, the use of CHMs for pre-dialysis patients should still be cautioned and prescribed by certificated TCM doctors or practitioners even though we reported the CMN for pre-dialysis DN. Herbal toxicity, not only renal toxicity, should still be noticed (Hudson et al., 2018; Yang et al., 2018; Enioutina et al., 2020). An example is aconitine, a suspicious compound related to kidney toxicity (Yang et al., 2018). Aconitine could be found in Ji-Sheng-Shen-Qi-Wan, the core CHM and commonest CHM used in the pre-dialysis stage, and Aconitum carmichaeli Debeaux, one of the SH commonly used with other CHM in CMN cluster 2. But our results showed use of Ji-Sheng-Shen-Qi-Wan-based prescription may be more beneficial than prescriptions without Ji-Sheng-Shen-Qi-Wan, and this fact reflected the importance of studying CHM combinations. Additionally, there were reports about hypokalemic nephropathy induced by glycyrrhetinic acid (a compound contained in Glycyrrhiza uralensis Fisch. ex DC.), and renal interstitial fibrosis caused by anthraquinone compounds contained in Rheum officinale Baill. Both these two SHs were commonly used to deal with diseases. It seems that not all CHMs in CMN were undoubtedly beneficial to patients, and proper combinations of CHMs seemed crucial to achieving effectiveness. Besides, some reports showed the suspicious liver injury caused by possible drug-drug interactions between extracts of Panax ginseng C.A.Mey. and atorvastatin or valsartan (Laube and Liu, 2019; Jeon et al., 2020). Use of Panax ginseng C.A.Mey. was not uncommon for pre-dialysis DN patients, and hypertension and hyperlipidemia were both commonly seen among these patients; the side effects may also be kept in mind when using these CHMs.
There are still several limitations. First, we used the starting use of EPO as the surrogate for the pre-dialysis stage among our patients. Although the number of eligible subjects may be underestimated since not all pre-dialysis patients would receive EPO, we can select the subjects with the most precise diagnosis of the pre-dialysis stage to obtain the most approximate estimations. Secondly, though self-paid CHM is not included in the national health data, the bias should be insignificant due to the large price gap between self-paid and insurance copayment, at least more than five times the price on average (Chen et al., 2019). Third, the exact blood pressure level, glycohemoglobin level, body mass index, creatinine level, and proteinuria were not available from the NHIRD since this database has been built-up for insurance purposes. Therefore, it was impossible to make sure every subjects' initial status was similar at the laboratory examination level or validated the laboratory data results. For this issue, we used overlap weighting, IPTW, and 1:1 PSM methods to overcome the confounding bias; however, there would still be unmeasurable covariates since these propensity score models were based on demographic features, such as gender, age, socio-economic status, co-morbidities, and medications. The effects of CHM for pre-dialysis patients might still be exaggerated since there were prominent differences in baseline features of CHM users and nonusers. For example, the CHM users were younger and with fewer co-morbidities; this may be related to the inconvenience of obtaining TCM care among elderly patients since they may need other people for hospital delivery (Chen et al., 2007). This may imply poor physical or nutrition conditions among these populations and may also cause worse outcomes than younger patients; however, these factors are not available in this database. Therefore, it is essential to validate the causal relationships between CHM use and reduced mortality/ESRD risks for pre-dialysis DN patients.
CONCLUSION
Our study demonstrates that compared to conventional western medicine therapy, add-on CHM management may be of considerable potential. However, more clinical evidence is still needed, especially from well-designed clinical studies. Based on the core CHM explored in this study, further clinical studies could be designed more efficiently.
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Polyporus Umbellatus Protects Against Renal Fibrosis by Regulating Intrarenal Fatty Acyl Metabolites
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Background: Chronic renal failure (CRF) results in significant dyslipidemia and profound changes in lipid metabolism. Polyporus umbellatus (PPU) has been shown to prevent kidney injury and subsequent kidney fibrosis.
Methods: Lipidomic analysis was performed to explore the intrarenal profile of lipid metabolites and further investigate the effect of PPU and its main bioactive component, ergone, on disorders of lipid metabolism in rats induced by adenine. Univariate and multivariate statistical analyses were performed for choosing intrarenal differential lipid species in CRF rats and the intervening effect of n-hexane extract of PPU and ergone on CRF rats.
Results: Compared with control group, decreased creatinine clearance rate indicated declining kidney function in CRF group. Based on the lipidomics, we identified 65 lipid species that showed significant differences between CRF and control groups. The levels of 12 lipid species, especially fatty acyl lipids including docosahexaenoic acid, docosapentaenoic acid (22n-3), 10,11-Dihydro-12R-hydroxy-leukotriene C4, 3-hydroxydodecanoyl carnitine, eicosapentaenoic acid, hypogeic acid and 3-hydroxypentadecanoic acid had a strong linear correlation with creatinine clearance rate, which indicated these lipid species were associated with impaired renal function. In addition, receiver operating characteristics analysis showed that 12 lipid species had high area under the curve values with high sensitivity and specificity for differentiating CRF group from control group. These changes are related to the perturbation of fatty acyl metabolism. Treatment with PPU and ergone improved the impaired kidney function and mitigated renal fibrosis. Both chemometrics and cluster analyses showed that rats treated by PPU and ergone could be separated from CRF rats by using 12 lipid species. Intriguingly, PPU treatment could restore the levels of 12 lipid species, while treatment with ergone could only reverse the changes of six fatty acids in CRF rats.
Conclusion: Altered intrarenal fatty acyl metabolites were implicated in pathogenesis of renal fibrosis. PPU and ergone administration alleviated renal fibrosis and partially improved fatty acyl metabolism. These findings suggest that PPU exerted its renoprotective effect by regulating fatty acyl metabolism as a potential biochemical mechanism. Therefore, these findings indicated that fatty acyl metabolism played an important role in renal fibrosis and could be considered as an effective therapeutic avenue against renal fibrosis.
Keywords: lipidomics, chronic renal failure, fatty acid metabolism, Polyporus umbellatus, ultra-performance liquid chromatography, mass spectrometry, ergone
INTRODUCTION
Chronic renal failure (CRF) is an irreversible and progressive disease which results in serious complications and its prevalence has risen worldwide (Ortiz et al., 2014; Bansal et al., 2019). CRF indicates that patients have inevitably reached end-stage renal disease and require replacement therapies such as hemodialysis and renal transplantation (Webster et al., 2017). Renal fibrosis including tubulointerstitial fibrosis and glomerulosclerosis are the main pathological features of CRF and is characterized by an excessive accumulation and deposition of extracellular matrix components (Humphreys, 2018; Tang et al., 2019), which are mediated by I- aberrant cellular activities such as fibroblast activation, epithelial-to-mesenchymal transition and monocyte/macrophage infiltration and II- activation of molecules or pathways such as renin-angiotensin system, aryl hydrocarbon receptor, non-coding RNAs, tryptophan metabolism, lipid metabolism, transforming growth factor ß (TGF-β)/Smad and Wnt/β-catenin signaling (Chen et al., 2017a; Chen et al., 2019; Edeling et al., 2016; Miao et al., 2020; Zhao, 2013). Although few targeted therapies have been used to delay renal fibrosis, the mentioned-above important findings have revealed the fibrotic cellular and molecular mechanisms underlying the CRF (Nastase et al., 2018; Feng Y. L. et al., 2020).
As fundamental components of the biological membrane lipids play important roles in biological system including composing membrane bilayer, mediating signal transduction, providing functional implementations of membrane proteins and their interactions (Zhao et al., 2014b; Zhao et al., 2015a). In the past several decades, only levels of total cholesterol, triglyceride, low-density lipoprotein cholesterol and high-density lipoprotein cholesterol were determined for investigating the effects of many diseases on lipid metabolism. In 2003, novel lipidomics, a branch of metabolomics, is defined as “the full characterization of lipid molecular species and of their biological roles with respect to expression of proteins involved in lipid metabolism and function, including gene regulation” (Han and Gross, 2003). Lipidomics enables us to systematically identify a wide spectrum of lipid species by using new analytical techniques such as ultra-performance liquid chromatography coupled with high-definition mass spectrometry (UPLC-HDMS) (Zhao et al., 2014c). Based on the metabolomics or lipidomics, several important studies have demonstrated the lipid disorders such as fatty acid metabolism, glycerophospholipid metabolism and sphingolipid metabolism was implicated in CRF by using UPLC-HDMS (Chen et al., 2016; Zhao et al., 2015b; Zhao et al., 2015c).
Traditional Chinese medicines (TCM), as a multi-component drug, can hit multiple targets with multiple components (Chen et al., 2018a; Chen et al., 2018b). In agreement with the holistic thinking of TCM, metabolomics and lipidomics have shown potential in evaluation of therapeutic effects and molecular mechanism of TCM against CRF and renal fibrosis (Chao et al., 2020; Chen et al., 2019b; Dou et al., 2018; Feng et al., 2019; Zhang et al., 2016; Zhang et al., 2018). Polyporus umbellatus (PPU) is prepared from the dried sclerotia of Polyporus umbellatus (Pers.) Fries, also known as Grifola umbellata (Pers.) Pilát (Polyporaceae) (He et al., 2016; Li et al., 2019). It is distributed in Asia, Europe and North America, and is used in China and other countries for centuries to treat a variety of chronic diseases, such as edema, scanty urine vaginal discharge, cloudy painful urinary dysfunction, jaundice, diarrhea, etc (Zhao, 2013). Earlier studies demonstrated that PPU possessed diuretic effect and protected against renal fibrotic effect (Yuan et al., 2004; Zhao, 2013). We have previously reported the significant diuretic activity treated by n-hexane extract of PPU as well as ergosta-4,6,8 (14),22-tetraen-3-one (ergone). Ergone is one of the bioactive steroids that has been isolated from n-hexane extract of PPU (Zhao et al., 2009a; Zhao et al., 2010b). Ergone has been proven to prevent kidney injury and the subsequent renal fibrosis (Zhao et al., 2011b).
In the current study, UPLC-HDMS method was first developed for the determination of intrarenal lipid species in CRF rats induced by adenine. Univariate and multivariate statistical analysis were performed for choosing differential lipid species in adenine-induced CRF rats compared with control rats, and the differential lipid species were identified accordingly. We further demonstrated the intervening effect of n-hexane extracts of PPU and ergone on differential lipid species in CRF rats to reveal the biochemical mechanism of PPU against renal fibrosis.
MATERIALS AND METHODS
Chemicals and Reagents
Adenine (batch Number: A8626, Purity 99.0%) and formic acid solution (ref BCBB6918, purity 50%) were purchased from Sigma Chemical Co., Ltd. LC-grade methanol and acetonitrile were purchased from the Baker Company. Ultra high purity water was prepared using a Milli-Q water purification system. Other chemicals were of analytical grade and their purity was above 99.5%.
Preparation of N-hexane Extract and Ergone of Polyporus Umbellatus
PPU (lot nos 079001) was purchased from Shaanxi Best Enterprise Group Co., Ltd. and was identified by Prof. Feng Wei (National Institutes for Food and Drug Control). A voucher specimen (Z150319) was deposited at the Faculty of Life Science and Medicine, Northwest University, Xi’an, Shaanxi. Crushed PPU (2.3 kg) was extracted three times with methanol at room temperature. The combined extracts were concentrated in vacuum to yield 25.65 g of brown crude extract. The methanol extract of sclerotias was dissolved in 80% MeOH and extracted (partitioned) with n-hexane. 15.48 g of the n-hexane extract were obtained.
The dried n-hexane extract (15 g) was chromatographed on a silica gel column (200–300 mesh). Elution was performed using a solvent mixture of n-hexane/chloroform (2000 ml) with increasing amount of chloroform and similar fractions, identified by TLC G254, were combined to yield 5 main fractions [A, B, C, D, E]. Successive fractions were collected and dried under vacuum using a rotary evaporator. The fraction with n-hexane/chloroform B, C, D and E were tested for their biological activity. Fractions B were further purified by column chromatography, and compound ergone was separated and identified (Supplementary Figure S1) based on our previous study (Zhao et al., 2009a). Ergone purity is 99.9% determined by using high performance liquid chromatography as described previously (Zhao et al., 2009a).
Animals and Sample Collection
All procedures involving animals were carried out according to the Guide for the Care and Use of Laboratory Animals of the State Committee of Science and Technology of the People’s Republic of China. The protocol was approved by Northwest University institutional animal care and use committee (Permit Number: SYXK 2010-004). Male Sprague-Dawley (SD) rats were obtained from the Central Animal Breeding House of Xi’an Jiaotong University (Xi’an, China). They were maintained at a constant humidity (ca. 60%) and temperature (ca. 23°C) with a 12 h light/dark cycle.
Male Sprague-Dawley rats (body weight 190–210 g) underwent an adaptation period of several days, during which they were fed a commercial feed. Rats aged 6–7 weeks were divided into 9 groups (n = 8/group) after measuring of body weight: control group, CRF model group, n-hexane extracted PPU-treated CRF group (CRF + PPU), ergone-treated CRF group (CRF + ERG), and uremic clearance granule-treated CRF group (CRF + UCG). Except for the control group, the rest of the groups were given 200 mg/kg body weight of adenine dissolved in 1% (w/v) gum acacia solution by oral gavage once everyday continuously for 3 weeks, which produced experimental renal failure in the animal for 3 weeks. Control group was similarly given with an equal volume of gum acacia solution. During the adenine of gastric gavage after 3 h, the rats in CRF + ERG group were administered ergone of 46, 92, and 184 mg/kg by oral gavage, respectively. CRF + PPU group were administered n-hexane extracts of 5, 10, and 20 mg/kg by oral gavage, respectively. CRF + UCG group were administered uremic clearance granule of 3600 mg/kg by oral gavage. The group of control and CRF were only administered by oral gavage with the 1% (w/v) gum acacia solution. Body weight was measured daily for all rats. Rats were anesthetized with 10% urethane, and blood samples were obtained by carotid artery cannula, and the left kidney was harvested after in situ cardioperfusion. Then, the removed kidneys were immediately washed with physiological saline and stored at −80°C for the following histological and lipidomic study.
Renal Function Evaluation
Serum creatinine was measured by Olympus AU6402 automatic analyzer. Additionally, CCr was calculated to evaluate renal function and the therapeutic effects of PPU and ergone.
Histological Evaluation
A portion of each fresh kidney was immersed in 10% neutral, buffered formaldehyde solution, then dehydrated, embedded in paraffin, cut in 5 µm sections. Hematoxylin–eosin staining (H&E) and Masson’s trichrome staining were performed as described in detail previously (Dou et al., 2018). Briefly, Sections of 5 μm of paraffin-embedded tissues were mounted on glass slides, rehydrated with distilled water, and stained with Masson’s trichrome method according to Bancroft et al. technique to assess the degree of fibrosis. Fibrotic areas were measured using the Motic Med 6.0 CMIAS pathology image analysis system (Motic, Beijing, China). Data can then be exported directly into Microsoft Excel can be calculated. The data are then subjected to the appropriate statistical analyses. Immunohistochemical staining was performed as described in detail previously (Dou et al., 2018).
Lipidomic Analysis
The mass data acquired were imported to Markerlynx XS (Waters Corporation, MA, United States) within the Masslynx software for peak detection and alignment. Data analysis methods were shown in our reported literature (Zhao et al., 2013c). The lipidomic procedure including sample preparation, metabolite separation and detection, data preprocessing and statistical analysis for metabolite identification was performed following previous protocols with minor modifications (Zhang et al., 2016; Dou et al., 2018).
Statistical Analysis
All statistical analyses were accomplished using the software in GraphPad Prism v 6.0 (GraphPad Software, San Diego, CA, United States, RRID: SCR_002798) and SPSS statistical software version 20 (SPSS Inc. IBM, United States). The number of repetitions for each data set was 8, and the results were expressed as mean ± SEM unless otherwise stated.
The acquired raw data from UPLC-HDMS analysis in negative ion modes (Zhao et al., 2013c) were first pre-processed by Markerlynx XS and Progenesis QI (Waters, Manchester, United Kingdom.). Sparse partial least squares-discriminant analysis (sPLS-DA) and principal component analysis (PCA) was performed to discriminate among control, CRF, CRF + PPU, and CRF + ERG groups. A two-tailed unpaired Student's t test is used for the comparison between two groups and statistically significant differences among more than two groups are analyzed using one-way ANOVA followed by Dunnett’s post hoc tests. Variables were selected by one-way analysis of variance (ANOVA) with a threshold of p < 0.05 in SPSS 20 (SPSS Inc. IBM, United States). Fold change (FC) was calculated based on mean ratios for CRF/controls. Variables were further selected by Mann-Whitney U test with a threshold of p < 0.05. The resultant p values from ANOVA were further adjusted by a false discovery rate (FDR) based on the Hochberg-Benjamini method. Significantly altered variables were identified. Differential lipids were visualized using heatmap analysis with MetaboAnalyst software (version 4.0). PLS-DA-based receiver operating characteristics (ROC) analysis was performed for the selection of differential variables, and ROC curves were plotted using SPSS. Significantly variables were identified by comparing MS data, MSE fragments, molecular weights and elemental compositions with the available database and reference chemicals. In addition, linear correlation analysis was performed between relative intensity of lipids and CCr.
RESULTS
Adenine Led to Declining Renal Function
In mammalian metabolism, adenine can be oxidized to 2,8-dihydroxyadenine through xanthine dehydrogenase. The very low solubility o f 2,8-dihydroxyadenine causes precipitation in the tubules of the kidney and blocks the tubules. The CCr was significantly decreased in the CRF group compared with control group, which indicated impaired renal function in rats induced by adenine (Figure 1A).
[image: Figure 1]FIGURE 1 | Adenine led to declining renal function and changed lipid metabolic profiling in CRF rats. (A) CCr in the control and adenine-induced CRF groups. ##p < 0.01 compared with control group. (B) PCA of two components of 2193 variables from control and adenine-induced CRF groups. (C) PCA of two components of 65 lipid species from control and adenine-induced CRF groups. (D) Clustering analysis of 65 lipid species form control and adenine-induced CRF groups. (E) Heatmap of 65 lipid species between control and adenine-induced CRF groups. Red and green indicate increased and decreased levels, respectively.
Adenine Mediated the Changed Lipid Metabolic Profiling in Chronic Renal Failure Rats
The 2193 variables were obtained in the negative ion mode by using UPLC-HDMS. In order to gain an overview of the intrarenal metabolic profiling, PCA was used in the UPLC-HDMS data analysis. Based on 2193 variables, Figure 1B showed the PCA score plot between CRF group and control group. The results showed that CRF group was separated clearly from control group, which indicated that excess adenine led to significantly altered renal metabolism. Therefore, the changes in intrarenal metabolic profiling could reflect the changed renal metabolism.
Adenine Led to Decreasing the Levels of Lipid Species in Chronic Renal Failure Rats
We further identified the altered metabolites. Initially, 243 variables in negative ion mode have a p < 0.05 based on the combination of one way ANOVA and Mann–Whitney U test. Subsequently, 114 out of 243 metabolites were selected based on the combination of Bonferroni-adjusted FDR methods and the ROC curves (AUC >0.800). Further, after excluding xenobiotics and different fragment ions from the same metabolites, 65 lipid species were identified based on our previous studies (Table 1) (Zhao et al., 2013a). These lipid species included 49 fatty acyls, 14 glycerophospholipids, 1 steroids and 1 phospholipid could be considered as differential lipid species in kidney issues to distinguish CRF group from control group. 65 lipid species were significantly altered in kidney tissues of CRF rats. Compared with the control group, 63 lipid species were significantly decreased in kidney tissues of CRF group, while two lipid species were significantly increased in kidney tissues of CRF group. In PCA score plot, CRF and control groups were separated clearly by using 65 lipid species (Figure 1C), which is in line with clustering analysis (Figure 1D). The heatmap presented the relative intensity of 65 identified lipid species showing the relative increase (red) or decrease (green) in CRF rats compared with control rats (Figure 1E). The results indicated that intrarenal lipid metabolic profiling was significantly altered in CRF rats.
TABLE 1 | Identification of differential lipid species in kidney tissues of control and adenine-induced CRF rats.
[image: Table 1]Adenine Affected Fatty Acid Metabolism in Chronic Renal Failure Rats
In order to further understand the functional role of differential lipids, we mapped the pathways overrepresented by the identified lipid species from CRF rats, constructed the identified lipid metabolic networks to determine the set that was most enriched by these lipid species. By analyzing known pathways, the image information outcome presented the biological pathway information associated with CRF. The pathway overrepresentation analysis of lipids showed that lipid metabolism was significantly overrepresented in adenine-induced CRF rats, and was related to fatty acid metabolism, arachidonic acid metabolism, fatty acyl-CoA biosynthesis, phospholipases, fatty acid activity, α-linolenic acid and linolenic acid metabolism, synthesis of prostaglandins and thromboxanes and inflammatory mediator regulation of TRP channels etcetera (Figure 2A). These findings suggested that lipid metabolism was severely perturbed in CRF rats.
[image: Figure 2]FIGURE 2 | Differential lipid species were associated with fatty acid metabolism. (A) Lipid metabolic networks were constructed by using Cytoscape, Reactome, KEGG and NetPath. Adenine-induced CRF were mainly associated with fatty acid metabolism, arachidonic acid metabolism. (B) Lipid metabolite sets enrichment overview including α-linolenic acid and linoleic acid metabolism, arachidonic acid metabolism, glycerolipid metabolism, fatty acid elongation in mitochondria, fatty acid biosynthesis, fatty acid metabolism, steroid biosynthesis and bile acid biosynthesis. The size and color of each circle is based on enrichment ratio and p-values, respectively. Enrichment ratio is computed by hits/expected, where hits indicates observed hits; expected indicates expected hits.
Metabolite sets enrichment overview of the altered lipid species highlights α-linolenic acid and linoleic acid metabolism, arachidonic acid metabolism and glycerolipid metabolism as being significantly enriched in kidney tissues in CRF vs. control group (Figure 2B). Most of the altered lipid species included fatty acid metabolism, indicating that fatty acid metabolism was severely perturbed in CRF rats based on the combination of lipid metabolic networks and metabolite sets enrichment overview.
The Dysregulation of Fatty Acids Correlated With Declining Renal Function in Chronic Renal Failure Rats
To further verify the potential differential lipid species that may be associated with impaired renal function in CRF rats, we carried out the linear correlation analysis between the levels of each lipid species and CCr. Twelve out of 65 lipid species showed strong linear correlation coefficients (R > 0.800). The twelve lipid species which included prostaglandin H3 (PGH3), 10,11-Dihydro-12R-hydroxy-leukotriene C4 (DHLC4), 3-hydroxydecanoyl carnitine, pentadecanoylcarnitine, 3-hydroxydodecanoyl carnitine, undecanoylcarnitine, hypogeic acid, 3-hydroxyhexadecadienoylcarnitine, 3-hydroxypentadecanoic acid, docosahexaenoic acid (DHA), docosapentaenoic acid (22n-3) (DPA) and eicosapentaenoic acid (EPA) were identified as the top-ranked candidates in the regression model. PCA score plot and clustering analysis indicated that twelve differential lipid species could separate CRF group from control group (Figures 3A,C). The heatmap presents the relative intensity of 12 lipid species showing the relative increase (red) or decrease (green) in CRF rats compared with control rats (Figure 3B). The correlation analysis presented the correlation coefficients of twelve lipid species showing the correlation coefficients more than 0.800 that were indicated by using hash sign (Figure 3D).
[image: Figure 3]FIGURE 3 | CCr-associated with 12 lipid species were associated with impaired renal function. (A) PCA of two components of 12 lipid species from control and adenine-induced CRF groups. (B) Heatmap of 12 lipid species between control and adenine-induced CRF groups. Red and green indicate increased and decreased levels, respectively. (C) Clustering analysis of 12 lipid species between control and adenine-induced CRF groups. (D) Correlation of 12 lipid species among control and adenine-induced CRF groups.
To assess the predictive performance of 12 lipid species, ROC analysis was performed. ROC results showed that these lipid species have a high AUC value, sensitivity and specificity, indicating that lipid species were robust in distinguishing CRF group from control group (Figure 4). Taken together, these results indicated the significant changes in lipid metabolic profiling and these specific lipid species could be considered to be associated with CRF caused by adenine.
[image: Figure 4]FIGURE 4 | ROC curve of differential lipid species. Analysis of PLS-DA based ROC curves of 12 lipid species in control and adenine-induced CRF groups. The associated AUC, 95% CI, sensitivity and specificity values were indicated.
Treatment With Polyporus Umbellatus and Ergone Improved Impaired Renal Function
The illumination of the underlying disease mechanisms is necessary to establish novel therapeutic strategy for discovering new drug against renal fibrosis. We next assessed the effects of PPU and ergone on impaired renal function and the dysregulation of 12 lipid species in rats with the adenine-induced CRF. Urinary volume, kidney weight index and serum creatinine levels were significantly increased, while body weight was significantly decreased in the adenine-induced CRF group compared with control group (Figure 5). However, urinary volume, kidney weight index and serum creatinine levels were markedly decreased in the different doses of PPU- and ERG-treated groups compared with CRF group. Body weight was significantly increased in the different doses of PPU- and ERG-treated groups compared with the untreated CRF group (Figure 5). These results indicated that impaired renal function was improved after treatment with PPU and ERG. Furthermore, these data indicated that the intervening effect presented a dose-dependent effects of PPU and ergone treatment. Therefore, the PPU of 184 mg/kg dose was chosen as the optimal dose for next experiments. Similarly, the ergone of 10 mg/kg dose showed a stronger intervening effect compared with ergone of 5 mg/kg dose, whereas the intervening effect of 20 mg/kg dose was similar to the effect of 10 mg/kg dose. Therefore, the ergone of 10 mg/kg dose was used for next experiments.
[image: Figure 5]FIGURE 5 | Treatment with PPU and ergone improved impaired renal function. Body weight, urine volume, kidney weight index and serum creatinine levels in the control, CRF, CRF + PPU and CRF + ERG groups. ##p < 0.01 compared with control group, *p < 0.05, **p < 0.01 compared with CRF group.
Treatment With Polyporus Umbellatus and Ergone Ameliorated Renal Fibrosis
H&E straining showed that CRF rats exhibited severe tubular atrophy and dilation, epithelial denudation, inflammatory cell infiltration, granuloma formation and interstitial fibrosis in the kidney tissues (Figure 6A). Masson’s trichrome staining showed severe tubulointerstitial fibrosis in the kidney tissues of CRF rats (Figure 6B). In contrast, these pathological damages were ameliorated in the PPU and ERG treated CRF groups (Figures 6A,B). Adenine administration resulted in a significant increased intrarenal protein expression of fibronectin, collagen I and α-SMA. Treatment with PPU and ergone reduced deposition of these protein compared with the untreated CRF rats (Figure 6C).
[image: Figure 6]FIGURE 6 | Treatment with PPU and ergone ameliorate renal fibrosis. (A) Representative images of H&E stained kidney sections from control, adenine-induced CRF, CRF + PPU, and CRF + ERG groups. Magnification, ×400. (B) Representative images of Masson’s trichrome stained kidney sections from control, adenine-induced CRF, CRF + PPU, and CRF + ERG groups. Magnification, ×200. (C) Immunohistochemical analyses with anti-α-SMA, collagen I and fibronectin antibodies of rat kidney tissues in the control, adenine-induced CRF, CRF + PPU, and CRF + ERG groups. Magnification, ×400.
Treatment With Polyporus Umbellatus and Ergone Improved Aberrant Fatty Acid Metabolism in Chronic Renal Failure Rats
The sPLS-DA score plot of 12 lipid species showed PPU- and ERG-treated groups were located between untreated CRF and control groups and further PPU-treated groups was much closer to the control group (Figure 7A), which was consistent with the results of the clustering analysis (Figure 7B) and heatmap analysis (Figure 7C). Relative intensity analysis showed that the levels of 12 lipid species were significant decreases in CRF group compared with control group (Figure 7D). Metabolism of the of 12 lipid species were markedly increased in PPU-treated group compared with CRF group, however, only the levels of fatty acyl metabolites were markedly increased in the ERG-treated group compared with CRF group (Figure 7D). These results indicated that distinct clustering among PPU- and ERG-treated groups and CRF group was achieved in the intervention period, which indicated that lipid metabolic pattern significantly changed after the treatment of PPU and ERG in adenine-induced CRF rats. Intriguingly, the n-hexane extract could improve renal function by improve both fatty acids and carnitine-derived lipid species, while ergone could only targeting improve fatty acids.
[image: Figure 7]FIGURE 7 | Treatment with PPU and ergone improved aberrant fatty acid metabolism in CRF rats. (A) sPLS-DA of two components of 12 lipid species from control, CRF, CRF + PPU, and CRF + ERG groups. (B) Clustering analysis of 12 lipid species among control, CRF, CRF + PPU, and CRF + ERG groups. (C) Heatmap of 12 lipid species among control, CRF, CRF + PPU, and CRF + ERG groups. Red and green indicate increased and decreased levels, respectively. (D) Relative intensity analysis of 12 lipid species among the control, CRF, CRF + PPU, and CRF + ERG groups. #p < 0.05, ##p < 0.01 compared with control group; *p < 0.05, **p < 0.01 compared with CRF group.
DISCUSSION
Natural products or TCM have been used as a medical therapy for various diseases, including the prevention and treatment of renal diseases since the beginning of civilization (Chen et al., 2018a; Chen Y. Y. et al., 2019; Feng Z. et al., 2020; Hu et al., 2020; Liu et al., 2019; Newman and Cragg, 2016; Yang et al., 2019). A number of natural products such as Polyporus umbellatus, Poria cocos, and Alisma orientale have shown renoprotective properties (Chen et al., 2020; Chen et al., 2019a; Tian et al., 2014; Wang et al., 2018; Wang et al., 2013; Zhao, 2013). PPU is widely used either alone or in combination with other TCM to treat CRF (Ahn et al., 2012). The extract and isolated compounds have shown a wide spectrum of pharmacological activities including antitumor, diuretic and renoprotective effects (Li et al., 2019; Zhao, 2013; Zhao et al., 2012; Zhao et al., 2011a). Its mechanisms of action were found to be related to its anti-inflammatory effect, suppressive epithelial-mesenchymal transition, reconstructed the balance of matrix metalloproteinases and tissue inhibitor of metalloproteinases, and pro-fibrotic and anti-fibrotic factors (Li et al., 2019; Zhao, 2013).
Adenine is a nitrogen whose final metabolite is uric acid. Normally, adenine is efficiently salvaged by adenine phosphoribosyltransferase and is present at very low levels in blood and urine (Zhao et al., 2013b). When the level of adenine is elevated, it can be oxidized to 2,8-dihydroxyadenine. Adenine and 2,8-dihydroxyadenine are excreted in urine. However, due to its very low solubility of 2,8-dihydroxyadenine can lead to its precipitation in renal tubules (Zhao et al., 2014a). Yokzawa et al. reported a new animal model of CRF induced by an adenine rich diet, which can produce metabolic abnormalities resembling chronic renal insufficiency in humans (Yokozawa et al., 1986). In the present study, CRF model was induced by adenine in rats. Adenine consumption led to CRF by inducing aberrant physiological and biochemical parameters and finally renal fibrosis in CRF rats. UPLC-HDMS-based on lipidomics was used to identify differential lipid species in kidney tissues of adenine-induced rats and investigate the effects of n-hexane extract and ergone on differential lipid species to reveal the biochemical mechanisms of their action. We identified 65 differential lipid species in kidney tissues that could distinguish CRF rats from control rats, which suggested that renal injury in CRF rats was associated with altered lipid profile in the renal tissues. Fatty acid metabolism was mainly perturbed in CRF rats based on the combination of lipid metabolic networks and metabolite sets enrichment overview. CCR is a usually index for the indication of kidney function. Twelve differential lipid species were selected based on the linear correlation analysis by using CCr. After n-hexane extract and ergone administration, renal function and fibrosis were significantly improved. These results showed that declining renal function, renal fibrosis and metabolic disturbance of lipids occurred in kidney tissues of rats with adenine-induced CRF, and n-hexane extract and ergone can improve renal function of CRF rats by alleviating renal fibrosis and regulating lipid metabolism.
These differential lipid species in kidneys were mainly related to the pathway of fatty acid metabolism, which showed that fatty acid metabolism of CRF rats was severely disturbed. The n-hexane extract and ergone interfered in fatty acid metabolism in CRF rats. Lipid metabolism plays a key role in CRF, which has been demonstrated by many studies (Chen et al., 2017b; Chen H. et al., 2017; Kang et al., 2015). Normally, fatty acid uptake, oxidation and synthesis are tightly balanced to avoid intracellular lipid accumulation. Significantly decreased levels of polyunsaturated fatty acids, eicosanoid and acylcarnitine were observed in adenine-induced CRF rats, which is consistent with previous reports (Zipser et al., 1983; Kang et al., 2015; Chen et al., 2016). These changes were restored by treatment with n-hexane extract and ergone.
Untargeted lipidomics has been applied to the lipid disorders of the patients with chronic kidney disease (Afshinnia et al., 2016; Duranton et al., 2019; Afshinnia et al., 2020). Afshinnia et al. found that a distinct panel of lipids may improve prediction of progression of chronic kidney disease beyond estimated glomerular filtration rate and urine protein-to-creatinine ratio (Afshinnia et al., 2016). A relationship between polyunsaturated fatty acids and renal inflammation and fibrosis has been hypothesized (Baggio et al., 2005). Several clinical studies have suggested that ω-3 polyunsaturated fatty acid exhibited beneficial effects on patients with end-stage renal disease (Lok et al., 2012). Polyunsaturated fatty acids including EPA, DPA, and DHA are essential ω-3 fatty acid found in fish oils. The levels of EPA, DPA, and DHA were significantly decreased in adenine-induced CRF rats. The ω-3 fatty acid supplementation prevented these changes in lipid species related to inflammation and metabolic lipid disorders. Lee, H et al. found that ω-3 fatty acid supplementation induced the upregulation of six transmembrane protein of prostate 2 protein expression in 5/6 nephrectomized rats, which was associated with an attenuation of inflammation-related markers (Lee et al., 2018). EPA serves as the precursor for the prostaglandin-3 (which inhibits platelet aggregation), thromboxane-3, and leukotriene-5 groups. A diet rich in EPA lowered serum lipid levels, reduced incidence of cardiovascular disorders, prevented platelet aggregation, and inhibited arachidonic acid conversion into the thromboxane-2 and prostaglandin-2 families. DPA is an intermediary between EPA and DHA. As a precursor of prostanoids which was only formed from DPA (Zhao et al., 2013a). Deficiency of DPA in experimental animals caused damage mainly attributable to faulty cellular membranes. Outcomes include sudden failure of growth, lesions of the skin, kidney, and connective tissue, erythrocyte fragility, impaired fertility, and the uncoupling of oxidation and phosphorylation (Halade et al., 2018). Experiments using tubular epithelial cells indicated that inhibition of fatty acid oxidation causes ATP depletion, cell death, intracellular lipid deposition, and dedifferentiation to pro-fibrotic phenotype (Mori et al., 2009). In contrast, restoration of fatty acid metabolism by pharmacological manipulations protected mice from tubulointerstitial fibrosis (Kang et al., 2015). The ω-3 polyunsaturated fatty acids could reverse endothelial dysfunction in chronic kidney disease by improving endothelial nitric oxide synthase function and ameliorating oxidative stress (Zanetti et al., 2017). The lipid profile in patients with CRF is amenable to favourable modification by ω-3 polyunsaturated fatty acids.
PGH3 can be enzymatically converted by platelets into thromboxane A3. PGH3 and thromboxane A3 increased platelet cyclic AMP in platelet-rich plasma and thereby inhibited aggregation by other agonists and suppressed platelet phospholipase-A2 activity or events leading to its activation. PGH3 could synthesize PGI3 by blood vessel enzyme. PGI3 is effective coronary vasodilators. They could also inhibit the aggregation of platelet rich plasma and increase the activity of platelet adenylate cyclase. Takeshita A et al. study strongly suggests the potential therapeutic efficacy of recombinant thrombomodulin for the treatment of CRF and subsequent organ failure (Takeshita et al., 2020).
Lipid species including 3-hydroxydecanoyl carnitine, 3-hydroxydodecanoyl carnitine, undecanoylcarnitine and 3-hydroxyhexadecadienoylcarnitine belongs to the family of acyl carnitines, which are organic compounds containing a fatty acid with the carboxylic acid attached to carnitine through an ester bond. Acyl carnitines are essential compounds for fatty acid metabolism (Wang et al., 2019). Several steps are involved in the oxidation of long chain fatty acids by mitochondria. First, fatty acid such as palmitoyl in the presence of CoA, ATP and acyl-CoA synthetase penetrated the outer membrane of the mitochondria and reaches the intermediate space as fatty acid CoA (Smogorzewski et al., 1988). This compound in the presence of carnitine and carnitine palmitoyl transferase is converted into fatty acid-carnitine and CoA (Smogorzewski et al., 1988). The fatty acid-carnitine transverses the inner membrane of the mitochondria, a process which is facilitated by acyl carnitine translocate. In the matrix of the mitochondria, fatty acid-carnitine is again converted into fatty acid CoA and carnitine by carnitine palmitoyl transferase. The fatty acid CoA enters the ß-oxidation step. Thus, the inhibition of the oxidation of long-chain fatty acids by n-hexane extract could be interfered by hormone in these steps, while ergone improved the metabolism of fatty acids without affecting the transport of fatty acids to mitochondria. Afshinnia F et al. showed that the increase of saturated C16-C20 free fatty acid levels, damage ß-oxidation of free fatty acid and reverse distribution into complex lipids may be the key mechanism of lipid metabolism changes leading to CKD progression (Afshinnia et al., 2018).
Our current findings have revealed the therapeutic effects and mechanisms of PPU and ergone against renal fibrosis. However, all the experiments evaluating the effects of PPU and ergone were carried out in animal model, which can be seen as a potential limitation. Further interventional effects in patients with CRF should be performed in the future to evaluate the proposed therapeutic effects.
CONCLUSION
A lipidomics approach based on UPLC-HDMS and chemometrics method was applied to study the biochemical mechanism of impaired kidney function and renal fibrosis in adenine-induced CRF rats. A clear separation of adenine-induced CRF and control groups was achieved based on identified differential 65 lipid species in kidney tissues. Furthermore, twelve differential lipid species were correlated with declining renal function. Combined with biochemistry and histopathology results, the significantly changes in lipid species were related to perturbation of fatty acid metabolism. The observed changes were reversed by treatment with n-hexane extract and ergone. These findings demonstrated the association of altered intrarenal lipid metabolism with impaired kidney function and therapeutic mechanism of n-hexane extract and ergone against renal fibrosis. Interestingly, inflammation related metabolic pathways have also changed significantly, which is worthy of further study. In combination with traditional therapies, the application of lipidomic profiling throughout the drug discovery and development process and extending into the clinic is likely to lead to improved pharmacotherapy by supporting individualized drug treatment.
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Astragaloside II (AS II), a novel saponin purified from Astragalus membranes, has been reported to modulate the immune response, repair tissue injury, and prevent inflammatory response. However, the protective effects of AS II on podocyte injury in diabetic nephropathy (DN) have not been investigated yet. In this study, we aimed to investigate the beneficial effects of AS II on podocyte injury and mitochondrial dysfunction in DN. Diabetes was induced with streptozotocin (STZ) by intraperitoneal injection at 55 mg/kg in rats. Diabetic rats were randomly divided into four groups, namely, diabetic rats and diabetic rats treated with losartan (10 mg·kg−1·d−1) or AS II (3.2 and 6.4 mg·kg−1·d−1) for 9 weeks. Normal Sprague-Dawley rats were chosen as nondiabetic control group. Urinary albumin/creatinine ratio (ACR), biochemical parameters, renal histopathology and podocyte apoptosis, and morphological changes were evaluated. Expressions of mitochondrial dynamics-related and autophagy-related proteins, such as Mfn2, Fis1, P62, and LC3, as well as Nrf2, Keap1, PINK1, and Parkin, were examined by immunohistochemistry, western blot, and real-time PCR, respectively. Our results indicated that AS II ameliorated albuminuria, renal histopathology, and podocyte foot process effacement and podocyte apoptosis in diabetic rats. AS II also partially restored the renal expression of mitochondrial dynamics-related and autophagy-related proteins, including Mfn2, Fis1, P62, and LC3. AS II also increased the expression of PINK1 and Parkin associated with mitophagy in diabetic rats. Moreover, AS II facilitated antioxidative stress ability via increasing Nrf2 expression and decreasing Keap1 protein level. These results suggested that AS II ameliorated podocyte injury and mitochondrial dysfunction in diabetic rats partly through regulation of Nrf2 and PINK1 pathway. These important findings might provide an innovative therapeutic strategy for the treatment of DN.
Keywords: diabetic nephrology, astragaloside II, podocyte injury, mitochondrial dynamics, mitophagy
INTRODUCTION
Diabetic nephrology (DN) is one of the most common causes of end-stage renal disease (ESRD) (Lindblom et al., 2015; Papadopoulou-Marketou et al., 2017). Podocytes are highly specialized, terminal differentiated cells that play essential roles in maintaining glomerular filtration barrier integrity (Liu et al., 2017). Podocyte apoptosis played critical roles in the progression of DN (Susztak et al., 2006). In the hyperglycemic state, podocytes undergo cytoskeletal rearrangement, increased apoptosis, and abnormal autophagy, which are manifested as foot process effacement and podocyte loss (Herman-Edelstein et al., 2011). Mitochondria are dynamic organelles that undergo dynamic cyclic balance of fusion and fission, modulated by profission proteins (Fis1 and Drp1) and profusion proteins (OPA1 and Mfn1/2) (Zhan et al., 2015; Xiao et al., 2017). Mitochondrial dysfunction is strictly essential for the development of diabetes and its complications (Bhargava and Schnellmann, 2017). Podocytes are sensitive to mitochondrial impairment (Zhou et al., 2019). Evidence was obtained from excessive mitochondrial fragmentation in podocytes of the STZ-induced mice model (Wang et al., 2012). Excessive mitochondrial fission is a key mediator that produces a massive amount of reactive oxygen species (ROS) and apoptogenic proteins (e.g., caspase-3), eventually activating the death pathway of mitochondria (Xiao et al., 2017). These studies suggest that the perturbation of mitochondrial dynamics is likely associated with renal function deterioration and podocyte injury.
Moreover, increased mitochondrial fragments caused by mitochondrial damage promote autophagic clearance of mitochondria (Youle and van der Bliek, 2012). Dysfunctional mitochondria are specially targeted for degradation via PTEN-induced putative kinase1 (PINK1)/Parkin pathway (Higgins and Coughlan, 2014). An average reduction of autophagic vacuoles volume densities in diabetic rats was observed (Han et al., 1992). Inhibition of autophagy can be reversed by insulin replacement in the kidneys of diabetic rats, suggesting that glucose has a certain degree of influence on cellular autophagy (Han et al., 1992). Mitophagy inhibition also occurred in damaged diabetic podocytes, which thereby developed marked glomerulosclerosis and albuminuria (Zhou et al., 2019). Therefore, the damage of autophagy/mitophagy is one of the most important factors leading to podocyte injury in DN.
Furthermore, there was a potential relationship between P62 and Kelch-like ECH-associated protein 1 (Keap1)/nuclear factor erythroid-derived-2-like 2 (Nrf2) pathway that associated with oxidative stress (Jiang et al., 2015). Nrf2 is a key regulator of cellular antioxidant response and binds to the adaptor protein Keap1, which is inactive under physiological conditions (Sun et al., 2016). However, large amounts of intracellular P62 are accumulated when autophagy is suppressed, causing the conformational change of Keap1, resulting in increased release of Nrf2, thereby initiating downstream gene expression, including PINK1 protein associated with mitophagy (Sun et al., 2016; Lin et al., 2018). Thus, protecting podocyte injury by alleviating mitophagy may be an effective therapeutic strategy for treating DN.
Diabetes or diabetic nephrology is considered as “consumptive thirst (Xiaoke)” in Traditional Chinese medicine (TCM) ancient literature. The relevant disease name, symptoms, complications, and treatment of consumptive thirst were recorded in Huangdi’s Internal Classic, the foundation of basic Chinese medical theories (Luo and Wang, 2018). TCM has a long history in the treatment of diabetic complications in China. Increasing evidence demonstrated that the Chinese herbs “benefiting vital energy and activating blood circulation (Yiqi Huoxue)” ameliorated proteinuria in patients with diabetic nephrology (Fan et al., 2009). Astragalus membranaceus (huang qi) is one of the most widely used ‘‘benefiting vital energy (Yiqi)” herbs in TCM to treat various diseases. Astragalus membranaceus was found to have renal protective effects on DN (Li et al., 2011). It has been reported that Astragaloside II (AS II), one of the active constituents of Astragalus membranaceus, exerted anti-inflammatory and wound-healing effects in inflammatory bowel disease (Lee et al., 2017; Qiao et al., 2019). AS II also reversed P-glycoprotein-mediated multidrug resistance of human hepatic cancer cells (Huang et al., 2012) and induced osteogenic activities of osteoblasts (Kong et al., 2012). However, the beneficial effects of AS II on podocyte injury in DN have not been investigated yet. In the present study, we aimed to study the effects of AS II on podocyte injury and mitochondrial dysfunction in DN and then provide a novel strategy for treating DN.
MATERIALS AND METHODS
Drug Preparation
AS II (with a purity of over 98%) was purchased from Shanghai Jingke Chemical Technology Co., Ltd. (Shanghai, China), and was suspended in olive oil (Osaka, Japan), as a vehicle for administration to rats. Losartan was purchased from Merck Sharp & Dohme Limited (Merck Sharp & Dohme, Australia) and suspended in 0.5% methylcellulose solution. Streptozotocin (STZ) was purchased from Sigma-Aldrich Company (Sigma-Aldrich, United States) and was dissolved in the citrate buffer (0.1 M, pH 4.5) (Chen et al., 2014).
Animals and Treatment
All the animal experiments were carried out according to the Guide for the Care and Use of Laboratory Animals proposed by National Institutes of Health (NIH) and were approved by the Animal Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. Healthy 8-week-old male Sprague-Dawley rats weighing 200–250 g were housed under a constant 12 h light–dark cycle at a temperature between 21 and 23°C and allowed free access to food and water. Diabetes was induced in rats by a single intraperitoneal injection of STZ at 55 mg/kg, according to our previous study (Xie et al., 2020). Seventy-two hours after intraperitoneal injection of STZ, the blood glucose level was measured from the tail vein, and rats with a blood glucose level above 16.7 mmol/L were considered as diabetic rats (Xie et al., 2020). The diabetic rats were then randomly divided into four groups (n = 7/each group): 1) STZ-induced diabetic rats (STZ), received an equal volume of olive oil; 2) diabetic rats treated with losartan at 10 mg·kg−1·d−1; 3) diabetic rats treated with low-concentration of AS II at 3.2 mg·kg−1·d−1 (ASIIL); 4) diabetic treated with high-concentration of AS II at 6.4 mg·kg−1·d−1 (ASIIH). Normal rats were chosen as the normal control (Con, nondiabetic rats). All treatment interventions were administrated at two weeks after STZ injection and were administered via oral gavage to rats for nine weeks. Rats were kept in individual metabolic cages for 24 h urine collections at the end of 0 and 9 weeks of treatments. Rats were then anesthetized with pentobarbital sodium and the blood samples were collected through the abdominal aorta for measuring biochemical parameters by using an automatic biochemistry analyzer, and the kidneys were harvested immediately.
Urine and Blood Biochemical Characteristics
Urine was centrifuged at 3,500 rpm for 10 min at 4°C and the supernatants of urine were measured for the urinary albumin and urinary creatinine by an automatic biochemistry analyzer (Hitachi Model 7600-120E, Japan). Urinary albumin excretion was expressed as urinary albumin/creatinine ratio (ACR). Blood was centrifuged at 3,500 rpm for 10 min at 4°C and the supernatants of blood were measured for blood glucose (GLU) by an automatic biochemistry analyzer (Hitachi Model 7600-120E, Japan).
Renal Histology
The kidneys were fixed in 10% buffered formalin and embedded in paraffin, cut into 4 μm sections, and stained with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS). The protocol of HE and PAS staining was described previously (Zhai et al., 2019). Sections were dried for 30 min at 65°C and then were deparaffinized and rehydrated through dimethylbenzene (I), dimethylbenzene (II), 100% ethanol (I), 100% ethanol (II), 95% ethanol, 90% ethanol, 80% ethanol, and deionized water, 10 min for each step. Subsequently, kidney sections were stained by HE and PAS and detected by light microscopy (Leica, Germany). To assess and calculate the injury of renal histology in HE and PAS staining, 20 cortical fields (×400 magnification) were chosen randomly by two blinded investigators. The sections from each renal tissue were graded and scored for the mesangial matrix index according to the following scale: Score 0, no lesion; Score 1+, <25% of the glomerulus sclerosis; Score 2+, 25–50% of the glomerulus sclerosis; Score 3+, 50–75% of the glomerulus sclerosis; Score 4+, >75% of the glomerulus sclerosis (Fujihara et al., 2000).
Transmission Electron Microscopy Studies
Morphological and structural characteristics of podocyte were examined by transmission electron microscopy (TEM). Renal cortices were cut into 1 mm3 pieces on ice and immediately fixed in 2.5% glutaraldehyde for 2 h at 4°C and washed twice in the same buffer. After dehydration with different concentrations of ethyl alcohol, renal cortices were embedded in epoxy resin 48 h at 60°C. Ultrathin sections were stained with uranyl acetate and lead citrate and examined by TEM. The number of foot processes (FP) in kidney sections was counted by a blinded observer as previously described (Chen et al., 2014).
Immunohistochemistry
Paraffin-embedded kidney tissues were deparaffinized and rehydrated, xylene, ethanol, and quenched by 3% H2O2 for 15 min. The sections were blocked by 10% goat serum for 1 h at room temperature. Then, the sections were incubated overnight at 4°C with the following primary antibodies: WT1 (1:200, ABclonal, China), nephrin (1:1,000, Abcam, United States), cleaved-caspase-3 (1:200, Abcam, United States), p62 (1:50, Proteintech, China), LC3 (1:600, Proteintech, China), Mfn2 (1:2000, Proteintech, China), Fis1 (1:100, Abcam, United States), PINK1 (1:200, Proteintech, China), parkin (1:1,000 Proteintech, China), Nrf2 (1:200, Abcam, United States), and Keap1 (1:1,500, Servicebio, China). The secondary antibodies (Dako, United States) were added to the sections, which were incubated for 1 h at 37°C. Finally, the sections were counterstained using diaminobenzidine and hematoxylin staining and then were rinsed after dehydration. Images were then collected using a light microscope (Leica, Germany). The positive-staining cells in each kidney section were semiquantified by ImageJ software (NIH, Bethesda, MD, United States).
Immunofluorescence Staining and TUNEL Assay
Triple immunofluorescence labeling, including terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, WT1, and 4,6-diamidino-2-phenylindole (DAPI), was used to examine the podocyte apoptosis. TUNEL assay was conducted on frozen sections of kidney samples (4 μm) according to the manufacturer’s instructions (In Situ Apoptosis Detection Kit, Merck, S7165). Afterward, the sections were incubated with the primary antibody of WT1 diluted in PBS (1:100, ABclonal, China) at 4°C overnight. Then, secondary antibodies conjugated to Alexa Fluor 488 (abcam, United States) were added to the sections for 1–2 h and counterstained with DAPI. The triple-positive cells (WT1, TUNEL, and DAPI) were identified as the apoptotic podocytes. All fluorescent images were visualized under a confocal microscope (Olympus, Japan) by two blinded investigators.
Western Blotting Assay
Kidney tissues were homogenized in RIPA lysis buffer containing protease and phosphatase inhibitor cocktail on ice with a homogenizer. The supernatants were collected after centrifuging at 12,000 rpm for 24 min at 4°C. Protein concentration of the supernatants was calculated by the bicinchoninic acid (BCA) kit assay (Biosharp, China). The tissue lysates, mixed with an equal amount of 5× SDS loading buffer, were denatured in boiling water for 10 min. Samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred onto polyvinylidene difluoride (PVDF) membranes, which were then blocked with Tris-buffered saline Tween-20 (TBST) containing 5% nonfat milk for 1 h at RT. Next, membranes were incubated overnight at 4°C with the following primary antibodies: nephrin (1:1,000, Abcam, United States), cleaved-caspase-3 (1:1,000, Abcam, United States), p62 (1:1,000, Abcam, United States), LC3 (1:1,000, Abcam, United States), Mfn2 (1:1,000, Cell Signaling Technology, United States), Fis1 (1:1,000, Abcam, United States), PINK1 (1:200, Abcam, United States), parkin (1:1,000, Abcam, United States), Nrf2 (1:1,000, Abcam, United States), Keap1 (1:1,000, Abcam, United States), and β-actin (1:5,000, Abcam, United States). After washing for 5–10 min three times with TBST, membranes were incubated with HRP-bounded secondary antibodies (Abcam, United States) for 1 h at RT and washed 5–10 min for three times with TBST again. Finally, proteins were visualized by ECL and ImageJ was used to determine band intensity. Each blot was independently repeated three times.
Real-Time Quantitative PCR Analysis
Total RNA was extracted from kidney tissues using TRIzol (Invitrogen, Carlsbad, CA) and reverse-transcribed to cDNA with a Reverse Transcription Kit (Takara, Japan) following the manufacturer’s protocol. Real-time PCR was performed by Light Cycler 480 system (Roche, United States) using SYBR Green Master Mix (Vazyme, United States). The primer sequences are as follows: nephrin: 5′-CGT​GCT​GGT​GAT​GAC​TGT​ACG (forward) and 5′-CGT​TCT​TGT​TCT​CCG​ATT​GTG (reverse); cleaved-caspase-3: 5′- CTC​GGT​CTG​GTA​CAG​ATG​TCG (forward) and 5′-TGG​CTC​AGA​AGC​ACA​CAA​AC (reverse); Mfn2: 5′-ACC​ATC​AGT​AGC​CAA​TCT​GGA​C (forward) and 5′-AGA​GCA​GGG​ACA​TCT​CGT​TTC (reverse); Fis1: 5′-CTG​GAC​TCA​TTG​GAC​TGG​CTG​TG (forward) and 5′-AGG​AAG​GCG​GTG​GTG​AGG​ATG (reverse). The target gene expression was calculated using the 2−ΔΔct method and normalized to β-actin.
Statistical Analysis
Data were analyzed using GraphPad Prism software (version 7.0) and presented as means ± standard deviation (SD). Differences between two groups were compared by unpaired Student's t-tests and differences among multiple groups were performed using one-way analysis of variance (ANOVA). Data were considered statistically significant if p < 0.05.
RESULTS
Effects of AS II on Serum and Urine Levels of Biochemical Characteristics in Diabetic Rats
To identify the renoprotective effects of AS II in STZ-induced diabetic rats, the levels of blood glucose (GLU) and urinary ACR were examined. Compared with the normal control rats, ACR level at baseline was markedly increased in diabetic rats (Figure 1A). However, treatment with AS II or losartan significantly reduced the level of ACR at the end of 9 weeks after STZ injection (Figure 1B). These data suggested that AS II treatment attenuated albuminuria in STZ-induced diabetic rats. However, no significant difference in the level of GLU was observed between AS II and losartan treatment groups, which indicated that AS II had no direct effect on the levels of blood glucose (Figure 1C).
[image: Figure 1] FIGURE 1 | Effects of AS II on serum and urine levels of biochemical characteristics in diabetic rats. (A) ACR levels of each group before medicine intervention. (B) ACR levels after 9 weeks of treatment. (C) The changes of blood glucose (GLU) levels after treatment for 9 weeks. All data were expressed as mean ± SD (n = 7). ∗p < 0.05 vs. control group; p < 0.05 vs. STZ group.
Effects of AS II on Renal Histopathology and Podocyte Injury
We performed histological examination of renal tissues from all groups. As shown in HE and PAS staining (Figures 2A,B), diabetic rats were characterized with severe pathological changes, such as the accumulation of extracellular matrix (ECM) deposition, mesangial matrix expansion, and cell proliferation. For AS II- and losartan-treated diabetic rats, the situation of these pathological changes was significantly improved, as shown by quantitative analysis (Figures 2C,D). Furthermore, we observed the changes in podocytes morphology through TEM to further verify the role of AS II in DN progression. As presented in Figures 2E,F, the diabetic rats exhibited apparent podocyte loss, FP fusion, and effacement at 9 weeks after STZ injection. However, AS II treatment considerably reversed these changes in STZ-induced diabetic rats.
[image: Figure 2]FIGURE 2 | AS II alleviated renal histopathology and podocyte injury in STZ-induced diabetic rats. (A, B) Representative HE and PAS staining of glomerular and extracellular matrix expansion and accumulation (original magnification ×400). Black arrowheads indicated mesangial expansions. (C, D) Semiquantitative analysis of mesangial area changes in HE and PAS staining, respectively. (E, F) Ultrastructure photos of glomerular podocytes taken by transmission electron microscopy (TEM) (original magnification ×7,000, bars = 1 µm) and its semiquantitative analysis of podocyte FP density. Black arrowheads indicated changes in podocyte morphology. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group; #p < 0.05 vs. STZ group.
To further assess the protective effects of AS II on podocytes in diabetic rats, we analyzed the expression of nephrin, which is a podocyte-specific protein and essential for the functional and morphological integrity of glomerular filtration barrier (Wang et al., 2018). As shown in Figures 3A,B, the number of nephrin-positive puncta was consistently decreased in diabetic rats compared with the normal rats, indicating the number of podocytes per glomerulus was dramatically downregulated and glomerular filtration barrier function was damaged. However, this change was notably revered by AS II and losartan treatment. Consistent with these observations, western blot and RT-qPCR results also confirmed that nephrin expression was decreased in diabetic rats, while AS II and losartan treatment remarkably reversed these changes (Figures 3C–E). These data suggested that AS II protected against diabetic podocyte abnormalities in function and structure.
[image: Figure 3]FIGURE 3 | AS II restored nephrin protein expression in diabetic rats. (A, B) Representative photomicrographs of immunohistochemistry staining of nephrin (original magnification ×400) and the quantitative analysis of nephrin-positive area in each group. (C, D) The protein expression of nephrin was demonstrated by western blot and semiquantitative analyses in each group (fold change); β-actin served as a loading control. (E) Quantitative analysis of the mRNA level of nephrin in different groups. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group, #p < 0.05 vs. STZ group.
AS II Attenuated Podocyte Apoptosis in the Kidneys of Diabetic Rats
Triple immunofluorescence labeling, including TUNE, WT1, and DAPI, was used to examine the podocyte apoptosis in diabetic rats. Cleaved-caspase-3 (c-caspase-3) is an active form of caspase-3. It is well known for its role in apoptosis pathway, which is related to the deterioration of DN (Ghosh et al., 2009). In this study, we observed the expression of c-caspase-3 protein was significantly elevated in STZ-induced type 1 DN model compared to the normal rats, whereas AS II and losartan treatment dramatically reversed this change, as reflected by immunohistochemistry staining (Figures 4A,B). Moreover, western blot and RT-qPCR also showed the expression of c-caspase-3 was increased in diabetic rats, while AS II and losartan administration inhibited these effects (Figures 4C–E). Furthermore, double immunofluorescent staining of WT1 and TUNEL showed increased podocyte apoptosis in the kidneys of diabetic rats, but this change was reversed by AS II and losartan treatment (Figure 4F). These results demonstrated the significant antiapoptotic effect of AS II on podocytes in diabetic rats.
[image: Figure 4]FIGURE 4 | AS II attenuated podocyte apoptosis in diabetic rats. (A, B) Representative photomicrographs and semiquantitative analysis of c-caspase-3 by immunohistochemistry staining in each group (original magnification ×400). (C, D) The protein expression of c-caspase-3 was demonstrated by western blot and semiquantitative analyses in each group (fold change); β-actin served as a loading control. (E) Quantitative analysis of the mRNA levels of c-caspase-3 in each group. (F) Representative triple immunofluorescence labeling, including the TUNEL assay, WT1, and DAPI on frozen kidney sections. The cells with DAPI (blue), WT1 (green), and TUNEL (red) were identified as the apoptotic podocytes. Confocal microscopy was used to assess the rate of podocyte apoptosis: original magnification ×400, bars = 20 µm. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group; #p < 0.05 vs. STZ group.
AS II Restored Mitochondrial Morphology Changes and Dynamics-Associated Proteins Expression
To preferably understand the protective effects of AS II on mitochondrial biology, the changes of mitochondrial morphology and dynamics were observed by TEM, immunohistochemistry staining, western blot, and RT-qPCR assays. In Figure 5A, enlarged mitochondria in podocytes in parallel with the destruction of mitochondria cristae were found in diabetic rats, whereas these changes achieved amelioration partly after 9 weeks AS II and losartan treatment.
[image: Figure 5]FIGURE 5 | AS II restored the mitochondrial morphology and dynamics-associated proteins expression in diabetic rats. (A) Representative TEM micrographs of mitochondria morphology alterations in podocytes of each group (original magnification ×10,000, bars = 500 nm). (B–E) Representative photomicrographs and semiquantitative analysis of immunohistochemistry staining of Mfn2 and Fis1 (original magnification ×400). (F–K) Representative western blot and RT-qPCR analyses of Mfn2 and Fis1 in different groups (fold change); β-actin served as a loading control. Black arrowheads indicated changes in mitochondrial morphology. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group; #p < 0.05 vs. STZ group.
Given that Fis1 is essential for mitochondrial fission, while mitochondrial fusion is mediated by Mfn2, we then investigated the expression of Fis1 and Mfn2 to evaluate the effect of AS II on mitochondrial dynamics. The results showed that diabetic rats exhibited a significant reduction of Mfn2 protein, while Fis1 expression was upregulated compared with nondiabetic rats. However, AS II and losartan treatment increased the expression of Mfn2 and conversely decreased the expression of Fis1 in the kidneys of diabetic rats (Figures 5B–K). In summary, these data indicated the protective effect of AS II on mitochondrial morphology and dynamics changes in diabetic rats.
AS II Ameliorated Autophagy Insufficiency and Restored Mitophagy-Associated Protein Expression in Diabetic Rats
We further examined the level of autophagy-related proteins in kidney tissues, such as LC3 and P62 proteins, to verify the effect of AS II on autophagy in DN. As is shown in Figures 6A–D, the expression of LC3 in diabetic rats was less than that in normal control rats. On the contrary, P62 expression was significantly increased after STZ injection. Nevertheless, AS II and losartan treatment obviously reversed the expression of LC3 and attenuated the level of P62 protein. Consistently, western blot results also showed that the ratio of LC3-II/LC3-I was decreased in diabetic rats, along with the increased P62 expression, while these alterations were partially reversed after 9-week treatment of AS II and losartan (Figures 6E–G). These data suggested that AS II exerted a beneficial effect on DN via reversing insufficient autophagy in diabetic rats.
[image: Figure 6]FIGURE 6 | AS II ameliorated autophagy insufficiency through regulating autophagy-related protein expression. (A–D) Representative photomicrographs and semiquantitative analysis of immunohistochemistry staining for LC3 and P62 (original magnification ×400). (E–G) Western blot and semiquantitative analyses of LC3II/I ratio and P62 in each group (fold change). β-Actin served as a loading control. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group; #p < 0.05 vs. STZ group.
Moreover, the expressions of PINK1 and Parkin related to mitophagy were apparently decreased in diabetic rats, whereas AS II and losartan treatment led to the enhancement of PINK1 and Parkin expression (Figures 7A–G). Because the expression of PINK1 is positively regulated by Nrf2 under oxidative stress conditions (Liu et al., 2018), we then investigated the level of Nrf2 and its upstream regulator Keap1 in the kidneys of diabetic rats. In our study, both immunohistochemistry staining and western blot results showed that the expression of Nrf2 was downregulated in diabetic rats, accompanied by increasing Keap1 level. However, AS II and losartan treatment increased the expression of Nrf2, further decreasing Keap1 level (Figures 8A–G). Taken together, the above results elucidated that the enhancement of antioxidant stress ability and mitophagy activation through comodulation of Nrf2 and PINK1 might be one of the possible mechanisms for the renoprotective effects of AS II.
[image: Figure 7]FIGURE 7 | AS II stimulated the activation of mitophagy in diabetic rodents. (A–D) Representative photomicrographs and semiquantitative analysis of immunohistochemistry staining for PINK1 and Parkin (original magnification ×400). (E–G) Representative image of Western blot and semiquantitative analyses of PINK1 and Parkin in kidneys (fold change); β-actin served as a loading control. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group; #p < 0.05 vs. STZ group.
[image: Figure 8]FIGURE 8 | Effects of AS II on oxidative stress in diabetic rats. (A–D) Representative photomicrographs and semiquantitative analysis of immunohistochemistry staining for Nrf2 and Keap1 (original magnification ×400). (E–G) Western blot and semiquantitative analyses of Nrf2 and Keap1 in each group (fold change); β-actin served as a loading control. All data were expressed as mean ± SD. ∗p < 0.05 vs. control group; #p < 0.05 vs. STZ group.
DISCUSSION
Astragalosides have a wide range of pharmacological properties, such as anti-inflammatory, antiviral, and immunomodulatory activities (Lee et al., 2017; Qi et al., 2017). Astragaloside IV, one of the saponins from Astragalus membranaceus, has been reported to protect against DN in animal models (Wang et al., 2015; Song et al., 2018; Fan et al., 2019). However, the beneficial effects of AS II on podocyte injury and mitochondrial dysfunction in DN have not been studied yet. In this study, we investigated the protective effect of AS II on mitochondrial dynamics-related and autophagy-related proteins, as well as podocyte apoptosis and morphological changes in STZ-induced diabetic rats. The main findings of our study were that AS II ameliorated podocyte injury and mitochondrial dysfunction in diabetic rats partly through regulation of Nrf2 and PINK1 pathways. These novel findings might provide a promising therapeutic approach for the treatment of DN.
Firstly, we examined the protective effect of AS II on albuminuria in diabetic rats. According to the recent KDIGO 2020 Clinical Practice Guideline (2020), ACEi or angiotensin receptor blocker (ARB) therapy is recommended for patients with diabetes and chronic kidney disease. As one of the ARBs, losartan has been reported to have significant renal benefits in both type 1 and type 2 diabetic patients with nephropathy (Andersen et al., 2000; Brenner et al., 2001). Moreover, losartan was used as a positive control in our previous study (Zhai et al., 2019). Thus, we used losartan as a standard in this study. AS II significantly decreased the ratio of urine albumin to urine creatinine (ACR) in diabetic rats at 9 weeks after STZ injection. AS II also ameliorated glomeruli pathological changes. These results demonstrated that AS II delayed the progression of DN through improving renal abnormalities in function and structure in diabetic rats.
Secondly, we investigated the beneficial effect of AS II on podocyte injury and mitochondrial dysfunction in diabetic rats. Podocyte apoptosis is considered to be the major mechanism of podocyte loss, which exacerbated renal function decline and proteinuria (Li et al., 2019). Podocyte apoptosis is determinant in DN progression (Lei et al., 2018). Cleaved-caspase-3 (c-caspase-3) protein is the most important apoptosis executing protease in the cascade of apoptosis (Gu et al., 2016). Thus, we detected the renal expression of c-caspase 3. Using Triple immunofluorescence labeling including TUNE, WT1, and DAPI in kidney tissues, we further confirmed that AS II inhibited podocyte apoptosis in diabetic rats. Taken together, AS II attenuated podocyte apoptosis in the kidneys of diabetic rats.
We next investigated the effects of AS II on autophagy in diabetic rats. Autophagy is a highly regulated lysosomal degradation system (Gong et al., 2019). It is a process of degrading and recycling superfluous or damaged organelles or proteins in cells (Gong et al., 2019). Dysregulation of autophagy might contribute to glomerular pathological injuries under diabetic conditions (Yang et al., 2018). The rate of materials degradation via autophagy is called autophagy flux, which is monitored by measuring LC3 and P62 expression to distinguish autophagosomes from autolysosomes (Lumkwana et al., 2017; Kim et al., 2018). Notably, the number of autophagosomes is positively correlated with the level of LC3-II (Lumkwana et al., 2017). Moreover, P62 is an autophagy receptor, which served as an indicator of autophagic degradation (Kim et al., 2018). Therefore, we evaluated the level of autophagy in kidney tissues via detecting the ratio of LC3-II/LC3-I and P62 expression. The disturbances in mitochondrial homeostasis play a critical role in the pathogenesis of DN (Higgins and Coughlan, 2014). In addition, mitophagy is a kind of selective autophagy that eliminates damaged or dysfunctional mitochondria; thus, impairment of the mitophagy system leads to the aggravated progression of DN (Higgins and Coughlan, 2014; Sharma, 2017). As a regulated factor of mitophagy, PINK1 promotes the selective removal of mitochondria via displaying outer membrane accumulation and initiating Parkin protein translocation (Ren et al., 2017). In our study, decreased expression of PINK1 and Parkin protein in diabetic rats predicted the impairment of mitophagy, which was ameliorated by AS II treatment. Furthermore, mitophagy deficiency leads to damaged mitochondria accumulation, resulting in oxidative stress in the kidney (Flemming et al., 2018). Xiao et al. (2017) indicated that Nrf2 protein positively regulated the expression of PINK1 under oxidative stress conditions. Nrf2 is a key factor associated with oxidative stress and regulated by Keap1 (Kim et al., 2018). Thus, it is likely that AS II exerts beneficial effects on mitophagy through enhancing the ability of antioxidative stress via modulation of Nrf2 and PINK1 pathways.
There is mounting evidence of gender-specific aspects in renal diseases. It was reported that intact males developed proteinuria and kidney injury, whereas females were protected from injury (Baylis, 1994). Both our previous study (Zhai et al., 2019) and the other study (Thomson et al., 2016) used male rats to establish STZ-induced diabetic models. Therefore, only male rats were used in our study, and severe hyperglycemia and albuminuria and increased podocyte apoptosis were developed in male diabetic rats. By referring to published literature (Lee et al., 2017), we used different doses of AS II in our preliminary experiments. We found that 3.2 and 6.4 mg/kg of AS II could ameliorate albuminuria and did not cause apparent toxicity to the kidney. Therefore, we selected these two doses of AS II in this study.
Our previous study found that Astragalus membranaceus ameliorated albuminuria in diabetic rats and did not cause apparent toxicity to the kidney and liver (Zhai et al., 2019). Our clinical study further demonstrated that aqueous extract of Astragali Radix (ARE), the root of Astragalus membranaceus, induced obvious natriuresis and did not markedly affect mean arterial blood pressure, heart rate, and plasma concentration of creatinine in healthy men, suggesting that ARE is a safe natriuretic agent (Ai et al., 2008). A previous study reported that 30 or 50 mg/kg of AS II had very limited system toxicity on mice (Qiao et al., 2019). In this study, only 3.2 or 6.4 mg/kg of AS II was administered to the diabetic rats and these doses of AS II did not cause apparent toxicity to the kidney as shown in HE and PAS staining about the injury of renal histology. Thus, these findings suggested that AS II might be safe for the treatment of DN.
However, there are limitations in our study. Firstly, we only investigated the effects of AS II in vivo, and additional studies are needed to determine the underlying mechanism of AS II in vitro. Secondly, we did not investigate the effects of AS II on the normal control group and these effects will be investigated in further study.
Taken together, this study clearly demonstrated that AS II ameliorating podocyte injury and mitochondrial dysfunction in STZ-induced diabetic rats partly through comodulation of Nrf2 and PINK1. These novel findings might pave the way to a novel therapeutic strategy for the treatment of DN.
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Background: Kidney fibrosis is the common final pathway of chronic kidney disease (CKD), and is characterized by inflammation, mesenchymal transition with myofibroblast formation and epithelial to mesenchymal transition (EMT). Centella asiatia (CeA) is an herb that has a reno-protective effect. However, its mechanism of action in kidney fibrosis has not been elucidated.
Aim: To elucidate the effect of CeA in amelioration of kidney fibrosis in a unilateral ureteral obstruction (UUO) model and focus on mesenchymal transition and inflammation.
Methods: Unilateral ureteral obstruction was performed in male Swiss-background mice (age: 2–3 months, weight: 30–40 g, UUO group n = 6) to induce kidney fibrosis. Two doses of CeA extract with oral administration, 210 and 840 mg/kg body weight were added in UUO (U+C210 and U+C840 groups, each n = 6). The sham operation procedure was performed for the control group (SO, n = 6). The mice were euthanized at day-14 after operation. Tubular injury and interstitial fibrosis area fractions in kidney tissues of the mice were quantified based on periodic acid-Schiff (PAS) and Sirius Red (SR) staining. Immunostaining was performed for examination of fibroblast (PDGFR-β), myofibroblast (α-SMA), Monocyte Chemoattractant Protein-1 (MCP-1) and macrophage (CD68), meanwhile double immunofluorescence was performed with PDGFR-β and α-SMA. Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed to examine mRNA expression of TGF-β, Collagen-1, Snail, E-cadherin, vimentin, fibroblast-specific protein 1 (FSP-1), CD68, toll-like receptor 4 (TLR4), and MCP-1.
Results: We observed a significantly higher interstitial fibrosis area fraction and tubular injury (p < 0.001) with fibroblast expansion and myofibroblast formation in the UUO group than in the SO group. These findings were associated with higher mRNA expression of TGF-β, Collagen-1, Snail, vimentin, FSP-1, CD68, TLR4, and MCP-1 and lower mRNA expression of E-cadherin. The U+C840 group had a significantly lower tubular injury score and interstitial fibrosis area fraction, which associated with downregulation of mRNA expression of TGF-β, Collagen-1, Snail, vimentin, FSP-1, CD68, TLR4, and MCP-1, with upregulation of mRNA expression of E-cadherin. Immunostaining observation revealed the U+C840 group demonstrated reduction of macrophage infiltration and myofibroblast expansion.
Conclusion: CeA treatment with dose-dependently ameliorates mesenchymal transition and inflammation in kidney fibrosis in mice.
Keywords: Centella asiatica, unilateral ureteral obstruction, inflammation, mesenchymal transition, kidney fibrosis
INTRODUCTION
Chronic kidney disease (CKD) is a global public health problem, and its incidence is increasing concomitantly with the aging population, even in Indonesia. The World Health Organization estimated approximately 58 million deaths due to kidney diseases and around 35 million deaths were attributed to CKD (Neuhofer and Pittrow, 2006; Levey et al., 2007). A survey conducted by the US Centers for Disease Control and Prevention reported an increase in the prevalence of CKD from 12% in 1988–1994 to 15% in 2003–2006, especially in people aged 60 years or above. Meanwhile, a survey conducted by Indonesia Nephrology Association reported that approximately 12.5% of the population or 25 million people in Indonesia have decreased renal function. Adults with diabetes, hypertension, or both, have a higher risk of developing CKD than those without these conditions. Other risk factors leading to CKD are cardiovascular disease, obesity, and a familial history of CKD (Centers for Disease Control and Prevention, 2014). Globally, diabetes mellitus is known as a major cause of CKD. In the last decade in Indonesia, diabetic nephropathy was considered the main cause of CKD, although in recent years, the cause has gradually shifted to hypertension (PERNEFRI, 2015).
Fibrosis is defined as a wound healing response that goes out of control, and there is abundant accumulation of extracellular matrix (ECM) in the affected tissue. Kidney fibrosis might cause loss of normal renal function due to the replacement of normal tissues with fibrosis scars (Wynn, 2007), as the hallmark of progressive renal diseases (Darby et al., 2014). Some studies have reported tubulointerstitial involvement in the deterioration of renal function, more than its glomerular counterpart. Renal tubular fibrosis is characterized by the accumulation of ECM, which consists of type I, II, III, and IV collagen; proteoglycans; and fibronectin (Darby et al., 2014). Myofibroblast roles are principle ECM producing cells (Darby et al., 2014), which derive from fibroblast and pericyte through mesenchymal/myofibroblast transition (Humphreys, 2018). Interstitial fibroblasts are recognized as primary matrix-producing cells as the sources of the ECM (Strutz and Zeisberg, 2006). The damage of tubulointerstitial due to fibrosis and tubular injury becomes a good predictive value of CKD due to its reverse correlation with deterioration of renal function (Duffield and Humphreys, 2012), furthermore myofibroblast formation with de novo α-smooth muscle actin (α-SMA) synthesis is strongly associated with kidney diseases and fibrosis progression (Djudjaj and Boor, 2018).
Unilateral ureteral obstruction (UUO) is an experimental model that is used to generate progressive renal fibrosis. Renal fibrosis is a hallmark of progressive renal diseases caused by various etiologies and is characterized by inflammation, transformation of myofibroblasts, and ischemic conditions (Ishidoya et al., 1995). The UUO model is useful to present the progression of renal disease biomarkers, which require intervention before there is an irreversible renal injury, as well as the effect of new therapies. The use of the UUO model permits manipulation of timing, severity, and duration of the obstruction. A time period of 1–2 weeks is needed to induce severe hydronephrosis in mice using this model (Chevalier et al., 2009). UUO might cause hemodynamic changes in the kidney and induce macrophage infiltration, leading to tubulointerstitial fibrosis. Various cytokines such as tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), IL-1, transforming growth factor β (TGF-β), monocyte chemoattractant protein 1 (MCP-1), IL-8, regulated on activation, normal T cell expressed and secreted protein, toll-like receptor 4 (TLR4), cluster of differentiation 68 (CD68), and other proinflammatory cytokines are known to contribute to CKD (Devarajan, 2006).
The UUO technique can simulate renal failure (Klahr et al., 1988), By causing a progressive renal fibrosis, and is associated with the mesenchymal transition of epithelial cells through epithelial–mesenchymal transition (EMT) in renal tubules and ECM synthesis (Sato et al., 2003). EMT is defined as the intersection of inflammatory conditions with progressive renal fibrosis and cancer. Cellular characteristics of EMT include loss of epithelial cell polarity, transition of cuboid cells to fibroblastic cells, decrease of epithelial cell markers, and enhancement of mesenchymal markers (Kalluri and Neilson, 2003). EMT might enhance expression of some transcription factors, including heat shock protein 47, collagen 1 (α1), collagen 2 (α2), N-cadherin, and vimentin and also increases cytoskeletal protein synthesis (Robson et al., 2006). Further, EMT may lead to loss of epithelial cell markers such as E-cadherin, syndecan-1, and zonula occludens-1 (ZO-1). Tubular injury promotes EMT in hyperuricemia models, as demonstrated by the upregulation of vimentin and downregulation of E-cadherin (Setyaningsih et al., 2018).
Centella asiatica or CeA is a medicinal herb that has been used in the eastern part of the world for a long time and has recently become popular in the West. The herb has also been used by the Javanese and people from other regions of Indonesia. Since the 19th century, CeA has been used in the treatment of various skin conditions such as leprosy, eczema, psoriasis, and ulcers. It has also been used to treat other medical conditions such as diarrhea, fever, and genitourinary tract infections. This herb belongs to the Umbelliferae (Apiaceae) family and can be grown in tropical and subtropical countries, especially in humid places. Most parts of CeA are useful for medication, including flowers, leaves, stems, and roots. The primary active components of CeA are triterpenoid saponins, which might have effects on the process of wound healing through inhibition of collagen production at the wound site. Other components of CeA, such as centellosides and its derivatives, are found to be effective in treating venous hypertension. Topical use of CeA might be effective in wound healing, by enhancing the production of type I collagen and decreasing inflammatory responses and myofibroblast production (Gohil et al., 2019). However, the application of CeA in the treatment of kidney fibrosis has not been elucidated yet, especially in relation with mesenchymal transition and inflammation. Therefore, in this study, we investigated the effect of CeA treatment on kidney fibrosis.
MATERIALS AND METHODS
Animal Experiment
This study was approved by the Medical and Health Research Ethics Committee of the Faculty of Medicine, Public Health and Nursing, Universitas Gadjah Mada, Yogyakarta, Indonesia, based on a statement letter of ethical expedience (KE/FK/0300/EC/2017). Male Swiss mice (n = 24, age: 2–3 months, weight: 30–40 g) were obtained from the Experimental Animal Care Unit (UPHP) LPPT of Universitas Gadjah Mada. These mice were randomly divided into four groups: sham operation group (SO, n = 6), UUO group (n = 6), UUO group treated orally with CeA extract at a dose of 210 mg/kg body weight (U+C210 group, n = 6), and UUO group treated orally with CeA extract at a dose of 840 mg/kg body weight (U+C840 group, n = 6). The mice were housed in a 50 × 30 × 15 cm plastic cage according to their grouping, with a maximum of three mice per cage, for 14 days. The cage environment was maintained under a 12:12 h natural light:dark cycle at 21°C and a humidity level of 40–60%. The mice were provided with standard American Institute of Nutrition Rodent Diet AIN 93A food and water ad libitum.
UUO was performed on the mice of three groups (UUO, U+C210, and U+C840 groups) to induce kidney fibrosis. Briefly, the mice were anesthetized by intraperitoneal administration of sodium pentobarbital (10 mg/kg body weight). The left flank region was dissected, and the left ureter was visualized and ligated at two sites. The abdomen was closed with sutures. The sham operation procedure was performed for the control group (SO).
Kidney Harvesting
The mice were anesthetized with intraperitoneal administration of sodium pentobarbital (10 mg/kg body weight), and the abdomen and thorax were dissected to visualize the heart and kidney. The organs were perfused with 0.9% NaCl from the left ventricle using a Perista pump (Atto®; Catalog. No. SJ-1211H). The left kidney was harvested, and half of it was kept in RNAlater™ (Ambion, Cat. No. AM7021) stabilization solution for RNA and protein extraction, and the other half was fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for paraffin processing of the tissue.
Fibrosis Area Fraction and Tubular Injury Score Quantification
Paraffin sections of 4-μm thickness were deparaffinized and stained with Sirius Red (SR) to quantify the fraction area of interstitial fibrosis. Images of 15 randomly selected fields were captured using OptiLab software (Olympus, Cat. No. CX22) at ×400 magnification. The tubular injury score was assessed on the base of histopathology of the tubules and was graded from 0 to 4 (0: no change; 1: changes affecting <25% of the section; 2: changes affecting 25–50% of the section; 3: changes affecting 51–75% of the section; and 4: changes affecting >75% of the section). The tubular injury score was also assigned according to the tubulointerstitial lesions (tubular atrophy, tubular dilatation, loss of brush border, intraluminal casts, interstitial inflammation, and fibrosis). The interstitial fibrosis area fraction was quantified using ImageJ software.
Western Blot Analysis
Kidney protein was extracted from the tissues according to the manufacturer’s protocol, using Pro-Prep™ (Intron Biotechnology, Cat. No. 17081). Fifty milligrams of the kidney tissue were homogenized with 600 μl of Pro-Prep™ solution and centrifuged at 15,000 rpm at 4°C for 20 min. The supernatants were stored at −80°C until they were assayed. A total of 40 g of protein was separated using 10% sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane (PVDF). Then, the membrane was incubated with mouse monoclonal α-smooth muscle antibody (α-SMA) (Sigma, Cat. No. A2547, 1:500 dilution) and rabbit polyclonal β-actin antibody (Abcam, Cat. No. ab8227, 1:1,000 dilution). Next, the membrane was incubated with blocking serum and horseradish peroxidase (HRP)-labeled secondary antibody. Finally, the proteins were visualized using ECL Prime Western Blotting Detection Reagents (GE Healthcare, Cat. No. RPN2232). The blots were photographed with a Geldoc machine (Geldoc Syngene Gbox Seri Chemi xrq).
RNA Extraction
The RNA from the kidney tissue was extracted with TRIzol RNA solution (GENEzol™, Cat. No. GZR100), and the concentration was quantified with NanoDrop™. The cDNA was synthesized using ReverTra Ace™ (Toyobo®, Cat. No. TRT-101) with the addition of random primers (TAKARA®, Cat. No. 3801) and deoxynucleoside triphosphate (dNTP, TAKARA®, Cat. No. 4030). Reverse transcriptase-polymerase chain reaction (RT-PCR) was carried out to examine the following genes:
 | 
[image: ]The amount of the reagents was based on the instructions on the kit (GoTaq Master Mix, Cat. No. M7122). The PCR conditions were as follows: initial denaturation at 94°C for 2 min, 35 cycles of denaturation at 94°C for 10 s, annealing for 30 s, and extension at 72 °C for 1 min. The final extension phase ended at 72°C for 10 min.
Immunohistochemical Staining of Macrophages and Myofibroblasts
The kidney tissue was embedded in 4-μm thick paraffin sections. Then, it was deparaffinized and rehydrated using xylene and alcohol series. The specimens were stained with SR to measure the fraction area of interstitial fibrosis and with periodic acid-Schiff (PAS) to determine tubular injury. This step was followed by antigen retrieval, blocking peroxidase using 3% H2O2 in PBS solution, and blocking non-specific antigen using Background Sniper for immunostaining. The slides were incubated with α-SMA (1:400 dilution, Sigma, Cat. No. A2547) and CD68 (1:400 dilution, Abcam, Cat. No. ab955), PDGFR-β (1:200 dilution, Abclonal, Cat. No. A2180), MCP-1 (1:100 dilution, Abcam, Cat. No. ab25124) as the primary antibodies; TrekAvidin-HRP label, conjugated to anti-rabbit Trekkie universal Link (Biocare Medical®), as the secondary antibody; and diaminobenzidine tetrahydrochloride (DAB). The α-SMA immunostaining was applied to measure myofibroblast expansion, and CD68 antibody was used for counting macrophage cells. The quantification was performed from 15 fields for each sample at ×400 magnification, using ImageJ software.
Immunofluorescence of α-SMA and PDGFR-β
The paraffin section of the kidney was deparaffinized and rehydrated using xylene and alcohol in gradients. Next, the sections were heated using citrate buffer pH 6 for 20 min for antigen retrieval and followed by blocking non-specific antigen using blocking serum for 20 min. Then, the slides were incubated with primary antibodies, PDGFR-β (1:200 dilution, Abclonal, Cat. No. A19531) and α-SMA (1:400 dilution, Sigma, Cat. No. A2547), overnight. On the following day, the slides were incubated with secondary antibody, goat-anti-mouse (Abclonal, Cat, No. AS076), and goat-anti-rabbit (Abclonal, Cat. No. AS039) for 1 h, and DAPI staining for 20 min. Finally, the slides were observed under a confocal microscope (Zeiss, Cat. No. LSM900).
Statistical Analysis
The data collected were analyzed using one-way analysis of variance (ANOVA) test, if normally distributed, and Kruskal-Wallis test, if not normally distributed. The values of p < 0.05 were considered statistically significant. Statistical analyses were performed using SPSS Software version 22.0 (SPSS Inc., Chicago, United States).
RESULTS
CeA Extract Attenuates Interstitial Fibrosis in a Dose-Dependent Manner
The UUO group showed an increase in collagen deposition in the tubulointerstitial area. The interstitial area fraction of fibrosis (p < 0.01) increased significantly in the UUO group compared with the SO group. The administration of CeA showed a dose-dependent decrease in collagen deposition. The CeA-treated group demonstrated lower interstitial fibrosis area fraction. The interstitial fibrosis decreased to greater extent in the U+C840 group compared with the U+C210 and UUO groups (Figure 1). The UUO group had significantly higher mRNA expression of not only TGF-β and Collagen-1 when compared to the SO group (p < 0.05) but also a significantly higher protein level of α-SMA (p = 0.000) when compared to the SO group. CeA treated group, especially U+C840 group had significant lower mRNA expression of TGF-β and Collagen-1, and α-SMA protein expression (p < 0.05) compared to UUO group (Figure 1).
[image: Figure 1]FIGURE 1 | CeA treatment attenuated fibrosis. (A) Representative picture of tubulointerstitial fibrosis based on Sirius Red staining demonstrated red color staining of fibrosis in interstitial areas. (B) Quantification of interstitial fibrosis area fraction from SR staining. (C) Western blot analysis of aSMA protein expression. (D) Representative results and analysis of Collagen-1 and TGF‐β mRNA expression based on RT‐PCR. *p < 0.05 vs SO; **p < 0.001 vs SO, #p < 0.05 vs UUO; ##p < 0.01 vs UUO, ‡p < 0.05 vs U+C210, ‡‡p < 0.01 vs U+C210.
CeA Extract Attenuated Mesenchymal Transition
We suggested that an increase in myofibroblast transition in our model. Immunostaining of fibroblast and myofibroblast markers (PDGFR-β and α-SMA) revealed postive staining in interstitial areas of UUO groups which showed mesenchymal cells expansion and myofibroblast formation (Figure 2A). Furthermore, double immunofluorescence staining demonstrated colocalization between PDGFR-β and α-SMA staining which revealed myofibroblast transition from fibroblast (Figure 2B). The transition associated with the upregulation of mRNA expression of mesenchymal cell transition markers, such as Snail and fibroblast-specific protein 1 (FSP-1), with higher expression in UUO group compared to SO group (p < 0.05). The CeA treatment downregulated mRNA expression of Snail (p = 0.000) and FSP-1 (p = 0.000) as shown by lower expression of snail and FSP-1 compared with the UUO group (Figures 2C,D).
[image: Figure 2]FIGURE 2 | CeA treatment attenuated mesenchymal transition with downregulation of FSP-1 and snail mRNA expression. (A) Immunotaining of fibroblast (PDGFR-β) and myofibroblast (α-SMA). Fibroblast were stained in interstitial areas of SO group, meanwhile fibroblast expansion occurred in UUO as shown by expansion of positive staining in interstitial areas (white arrows). Positive staining of α-SMA showed smooth muscle cells of vessels (black arrows) in SO, meanwhile α-SMA revealed myofibroblast in interstitial areas of UUO group (grey arrows). (B) Double immunofluorescence staining demonstrated colocalization of fibroblast (red) and myofibroblast (green) which revealed fibroblast to myofibroblast transition. (C,D) Representative picture and semiquantitative analysis of RT-PCR analysis showed Snail and FSP-1 mRNA expressions.
CeA Extract Reduced Tubular Injury and Epithelial–Mesenchymal Transition
Tubular injury occurred in the UUO group and was characterized by tubular dilatation, intraluminal cast formation, epithelial cell effacement, brush border loss, and inflammatory cell accumulation. In a semi-quantitative analysis of tubular injury, the score was significantly higher in the UUO group than in the SO group. The CeA-treated groups had lower tubular injury scores, and the U+C840 group had noticeably lower tubular injury score than those of the UUO and U+C210 groups (Figure 3).
Tubular injury is associated with morphological changes in epithelial cells, such as epithelial cell effacement and EMT. EMT might occur in UUO, as shown by the significantly lower mRNA expression of E-cadherin and higher mRNA expression of vimentin in the UUO group compared with the SO group. Meanwhile, the CeA-treated groups demonstrated higher mRNA expression of E-cadherin and lower mRNA expression of vimentin when compared to the UUO group, although only the U+C840 group showed a significant difference (Figure 3).
[image: Figure 3]FIGURE 3 | CeA treatment ameliorated tubular injury with upregulation of E-cadherin. (A) Representative figures of tubular injury shown by PAS staining. SO group demonstrated normal kidney architecture with brush border and intact tubules (black arrows). UUO group represented tubular injury with brush border loss, tubular dilatation and tubular epithelial cells effacement (white arrows). Ameliration of tubular injury in CeA treated group with brush border availability. (B) Bar charts showing tubular injury score. (C,D) Representative pictures and densitometry analysis of gel electrophoresis results of Vimentin and E‐Cadherin mRNA expressions based on RT‐PCR. *p < 0.05 vs SO; **p < 0.001 vs SO, #p < 0.05 vs UUO; ##p < 0.01 vs UUO, ‡p < 0.05 vs U+C210, ‡‡p < 0.01 vs U+C210.
CeA Extract Treatment Attenuates Inflammation
Immunostaining showed expression of MCP-1 in epithelial cells and interstitial areas of UUO group, which associated with macrophage infiltration (CD68 positive staining) (Figures 4A,B). CeA treated groups showed lower expression with downregulation of MCP-1 immunostaining and reduction of macrophage infiltration. Quantification of inflammation cascade using RT-PCR (Reverse transcriptase PCR) demonstrated significant higher mRNA expression of TLR-4, MCP-1 and CD68 in UUO group. The U+C840 group demonstrated attenuation of inflammation as shown by a significantly lower mRNA expression of TLR4, MCP-1, and CD68 compared to UUO (Figure 4).
[image: Figure 4]FIGURE 4 | CeA treatment attenuated inflammation. (A) Immunostaining of MCP‐1 demonstrated no staining in SO group, however positive staining in epithelial cells and interstitial areas of kidney from UUO group (white arrows). (B) Histopathological appearance of each group shown in immunostaining for CD‐68. (C,D) Representative picture and semiquantitative analysis of electrophoresis results of RT‐PCR analysis showing CD‐68, MCP‐1, and TLR‐4 mRNA expressions. *p < 0.05 vs SO; **p < 0.01 VS SO, ***p < 0.001 vs SO, #p < 0.05 vs UUO; ##p < 0.01 vs UUO, ‡p < 0.05 vs U+C210, ‡‡p < 0.01 vs U+C210.
DISCUSSION
Our study revealed that treatment with CeA extract attenuates progression of kidney fibrosis by reducing mesenchymal transition/myofibroblast formation, inflammation, and tubular injury. The UUO model induced monocyte activation and macrophage infiltration, produced angiotensin II, and stimulated the production of nuclear factor-κB, thus attracting more macrophages to the site of injury. Classically, activated monocytes transform into macrophages, produce cytokines such as TGF-β1, and cause fibrosis with increasing ECM deposition (Chevalier et al., 2009). TGF-β is a central factor in some conditions associated with progressive renal diseases and contributes to tubular loss; fibroblast recruitment, proliferation, and activation; myofibroblast formation; and ECM accumulation (Robson et al., 2006). Fibroblasts are activated mostly by tissue injury then undergoes myofibroblast transition (Figure 2), while the process of resident interstitial fibrosis is activated by some cytokines, such as TGF-β1, platelet-derived growth factor (PDGF), and fibroblast growth factor 2 (FGF-2) (Strutz and Zeisberg, 2006). Our results demonstrated reduction of fibrosis and myofibroblast formation with downregulation of TGF-β and α-SMA (myofibroblast marker) expression in the CeA-treated groups, especially in the U+C840 group (Figure 1), with the higher dose of CeA extract.
Xu et al. also demonstrated that high doses of CeA attenuated fibrosis with the inhibition of Smad-dependent TGF-β1 transduction signal, which was associated with decreased tubular injury and fibroblast proliferation, activation, and recruitment. However, treatment with a low dose of CeA (1 mg/kg BB) showed no improvement in fibrosis. Thus, it was concluded that CeA is effective in lowering renal interstitial fibrosis depending on the dose, specifically an intermediate to high dose regimen (Xu et al., 2013). TGF-β induces mesenchymal transition of many cells, not only fibroblast, but also other cells such as endothelial cells through endothelial–mesenchymal transition (EndMT) and epithelial cells through EMT (Chevalier et al., 2009). The Snail and FSP-1 protein genes have a role in promoting phenotype transformations, which is increased by TGF-β. Snail gene promotes the transformation of epithelial cells into mesenchymal cells, which is a crucial process in embryonic development and also plays a role in the acquisition of invasive and migratory properties during tumor progression (Nieto, 2002). The mRNA expression of Snail1 is enhanced in obstructive nephropathy compared with normal kidneys (Yoshino et al., 2007). In another study, EMT was induced within 24 h after UUO, along with upregulation of the mRNA expression of Snail1 in the kidney (Lange-Sperandio et al., 2007). According to Sato et al., Snail is expressed within 7 days of UUO in mice (Sato, et al., 2003). The results of our study revealed the attenuation of fibrosis associated with the downregulation of mRNA expression of Snail and FSP-1, as a part of downstream signaling of TGF-β.
We also demonstrated the reduction of E-cadherin, which plays a role in EMT, with the upregulation of vimentin in UUO. EMT can be described as the enhancement of Snail1 and vimentin expression and decrease in E-cadherin transcription (Xu et al., 2013). EMT, which is induced by Snail expression, promotes the repression of epithelial markers such as E-cadherin (Nieto, 2002). According to a study conducted by Yang and Liu, E-cadherin expression in the UUO model was lost in an early stage, at 3–7 days (Yang and Liu, 2001). Downregulation of E-cadherin expression and enhancement of α-SMA expression in the UUO model occurs within 7 days (Sato, et al., 2003). EMT induction causes epithelial cells to lose their basic characteristics and transform into mesenchymal cells, with the availability of vimentin and a flattening phenotype (Park et al., 2008). Thus, vimentin might be expressed because the epithelial cell loses its characteristics and is transformed into a mesenchymal cell (Park et al., 2008). In EMT, there is a cytoskeletal change that can be detected using the vimentin marker (Kriz et al., 2011). According to a study by Lange-Speradino, enhancement of vimentin expression as a mesenchymal marker is observed within 5 days after UUO (Lange-Sperandio et al., 2007). It seems CeA attenuates mesenchymal transition and interstitial cells expansion in kidney fibrosis. CeA is well-known for its various components, including asiatic acid (AA) (Maquart et al., 1990). AA is responsible for reducing renal tubulointerstitial fibrosis through inhibition of TGF-β expression (Xu et al., 2013) Moreover, our study demonstrated that the downregulation of TGF-β may affect the attenuation of EMT, with upregulation of E-cadherin and downregulation of vimentin, thus reducing tubular injury in mice treated with 840 mg/kg BW of CeA. The downregulation of TGF-β1 signaling associates with reduction of mesenchymal transition from fibroblast and epithelial cells. Elucidating and quantification of fibroblast expansion and myofibroblast formation or using genetic lineage study with CeA treatment may give better understanding for next research.
Inflammation also plays an important role in the development of kidney fibrosis, with activation of TLR4. TLR4 acts as the key component in inducing proinflammatory responses (Molteni et al., 2016) and promotes chemokine secretion, which contributes to the selective recruitment of monocytes, neutrophils, and lymphocytes. MCP-1 is a key regulator of chemokines and regulates monocyte/macrophage migration and infiltration (Deshmane et al., 2009). CeA potentially contributes to anti-inflammatory processes (Gohil et al., 2019), as shown in our study, with the reduction of mRNA expression of TLR4, MCP-1, and CD68. Attenuation of inflammation also occurred in an animal model of allergic dermatitis, in which the animal was administered a titrated dose of CeA extract (Park et al., 2017). Elucidating active compounds of CeA may give better understanding in the renoprotective effect of CeA. Pentacyclic triterpenoid is the most abundant terpenoid in CeA, which reflect quality biomarker of CeA (Zheng and Qin, 2007). Main derivate of pentacyclic triterpenoid in CeA are asiatic acid (AA), madecassic acid, madasiatic acid, asiaticoside dan madecassoside (Orhan, 2012). According to Chen et al., AA reduces the expression of various inflammatory factors such as lipopolysaccharides (Kriz et al., 2011). Treatment with AA, an active component of CeA, in a kidney fibrosis model also demonstrated a reduction in MCP-1 expression, which is associated with downregulation of TGF-β and α-SMA. A higher dose of AA resulted in better results in a previous study (Xu et al., 2013), similar to the results of our study and another in vitro study (Chippada et al., 2011). Next research for elucidating the active compounds for renoprotective may be performed for continuing this study.
CONCLUSION
Treatment with Centella asiatica attenuated kidney fibrosis by reducing mesenchymal transition, collagen deposition, and inflammation, in a mouse model of kidney fibrosis.
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Acute kidney injury (AKI) is a common critical illness that involves multiple systems and multiple organs with a rapid decline in kidney function over short period. It has a high mortality rate and presents a great treatment challenge for physicians. Oleuropein, the main active constituent of Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. displays significant anti-inflammatory activity, although oleuropein’s therapeutic effect and mechanism of action in AKI remain to be elucidated. The present study aimed to further clarify the mechanism by which oleuropein exerts effects on inflammation in vitro and in vivo. In vitro, the inflammatory effect and mechanism were investigated through ELISA, Western blotting, the thermal shift assay, co-immunoprecipitation, and immunofluorescence staining. Lipopolysaccharide (LPS) induced acute kidney injury was employed in an animal model to investigate oleuropein’s therapeutic effect on AKI and mechanism in vivo. The underlying mechanisms were investigated by Western blot analysis of kidney tissue. In LPS-stimulated macrophages, our data demonstrated that oleuropein significantly reduced the expression of inflammatory mediators like NO, IL-6, TNF-α, iNOS, and COX-2. Moreover, oleuropein inhibited NF-κB/p65 translocation, and had a negative regulatory effect on key proteins in the NF-κB and MAPK pathways. In addition, the thermal shift and co-immunoprecipitation assays revealed that oleuropein played an essential role in binding to the active sites of TLR4, as well as inhibiting TLR4 dimerization and suppressing the binding of TLR4 to MyD88. Oleuropein markedly alleviated LPS induced acute kidney injury, decreased serum creatinine and blood urea nitrogen (BUN) levels and proinflammatory cytokines. More importantly, the TLR4-MyD88-NF-κB/MAPK pathways were confirmed to play an important role in the oleuropein treatment of AKI. In this study, oleuropein exhibited excellent anti-inflammatory effects by regulating TLR4-MyD88-NF-κB/MAPK axis in vitro and in vivo, suggesting oleuropein as a candidate molecule for treating AKI.
Keywords: oleuropein, acute kidney injury, TLR4, NF-κB, MAPK
INTRODUCTION
Acute kidney injury (AKI) is a clinical syndrome caused by a variety of etiologies and pathological mechanisms (Ronco et al., 2019; Jentzer et al., 2020). It is an acute and critical kidney disease, with an characterized by the increasing incidence and high fatality rate (Uchino et al., 2010). Sepsis is a systemic inflammatory response syndrome that can lead to multiple organ dysfunction (Fleischmann et al., 2016), It is the most common cause of AKI(Bagshaw et al., 2008; Hoste et al., 2015). The incidence of AKI in patients with sepsis is 40–50% (Ma et al., 2019). The presence of sepsis in AKI patients increased mortality by 6–8 times, and the risk of poor long-term prognosis (Neyra et al., 2018).
During the onset of sepsis, circulating pathogens and associated molecules, such as lipopolysaccharide (LPS), can be recognized not only by immune system cells, but also by Toll-like receptors (TLRs), pattern recognition receptor on renal tubular epithelial cells. Among the 15 TLR members, TLR4 is the key signaling receptor of LPS (Kang et al., 2009; Balic et al., 2020). When activated by LPS, the TLR4 dimer interacts with the downstream adaptor protein MyD88 to induce MAPK and NF-κB signal transduction (Lu et al., 2017; Hu et al., 2020). TLR4 interacts with MyD88 and transmit signals to the cells, which promotes the activation of TAK1, leading to the phosphorylation of MAPK and the IKK complex, which causes the signal transduction of MAPK and the NF-κB pathway, and finally triggers the release of inflammatory cytokines, such as TNF-a, IL-1β, and IL-6. (Lu et al., 2017; Ahmad et al., 2019; Yuan et al., 2019).
Oleuropein (OP) is a compound isolated from Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. widely used in traditional Chinese medicine for its fever-reducing and detoxifying characteristics. Previous studies showed that OP had significant anti-viral, anti-oxidant and anti-inflammatory activity (Omar, 2010). However, evidence for OP’s therapeutic effect and its mechanism of action in AKI has not been shown. The present study aimed to further clarify the inflammation-regulating mechanisms of oleuropein on inflammation, especially in AKI.
EXPERIMENTAL SECTION
Materials
Oleuropein was isolated from Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. in our laboratory. Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. (100 kg) were soaked with methanol, extracted with ethyl acetate, eluted with dichloromethane-methanol (90:10), and OP was finally obtained by preparative chromatography. The purity was determined by high-performance liquid chromatography (HPLC) to be over 98%. Dulbecco's modified eagle medium (DMEM), fetal bovine serum (FBS) and 0.25% trypsin-EDTA solution were purchased from Gibco Laboratories (Grand Island, NY, United States). Lipopolysaccharides from Escherichia coli O111:B4 (L4391), DAF-FM (#251515) and Griess reagent (#G4410) were purchased from Sigma-Aldrich (St. Louis, MO, United States). The protein A/G magnetic bead kit (#88802), TurboFect transfection reagents (#R0531), and quantitative PCR (qPCR) kits were purchased from Thermo Fisher Scientific (Grand Island, NY, United States). Antibodies against p65 (#8242T), IKKα (#2682), IKKβ (#8943T), IκBα (#4814), phospho-p65 (#3033), phospho-IKKα/IKKβ(#2078), phospho-IκBα (#2859), JNK1/2 (#9252), phospho-JNK1/2 (#9255), ERK1/2 (#4695), phospho-ERK1/2 (#4370), p38 MAPK(9212), phospho-p38 (#4511), TAK1 (#4505), phospho-TAK1 (#9339), MyD88 (#4283) and GAPDH (#5174) were obtained from Cell Signaling Technologies (Beverly, MA, United States). Oligonucleotide primers for TNF-α, IL-6 and GAPDH and ELISA kits were obtained from Invitrogen (Grand Island, NY, United States). HA-TLR4, Flag-TLR4, pAP-1-luc and pRL-TK plasmids were purchased from Addgene (Beijing, China).
Cell Culture
J774A.1 macrophages were obtained from the BeNa Culture Collection (Jiangsu, China), and HEK293T cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM and 10% fetal bovine serum at 37°C in 5% CO2.
MTT Assay
J774A.1 (1 × 104 cells/well) were cultured in 96-well plates and treated with OP for 24 h. The MTT:3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was used to assess cytotoxicity as previously reported (Gao et al., 2015). Briefly, MTT solution (5 mg/ml) was added to each well and incubated for another 4 h at 37°C. The supernatant was removed and the left formazan crystals were dissolved in dimethylsulfoxide (DMSO) (100 μL/well). The absorbance was determined by a microplate reader at 570 nm.
Determination of Nitric Oxide
J774A.1 cells (5 × 105 cells/well) were cultured and allowed to adhere for 12 h. The cells were pretreated with OP (10, 20, and 40 μM) for 1 h, then treated with LPS (1 μg/ml) for 8 h and finally with DAF-FM (1 μM) for 1 h at 37°C. The fluorescence signal was detected by FACScan flow cytometry.
Enzyme-Linked Immunosorbent Assay
J774A.1 cells were pretreated with OP (10,20, and 40 μM) for 1 h, then co-treated with OP and LPS (1 μg/ml) for 18 h. The supernatant was collected and cytokine concentrations were measured using ELISA kits following the manufacturer’s instructions.
Immunofluorescence
The immunofluorescence assay was performed as previously described (Gao et al., 2016). Briefly, J774A.1 cells (2 × 105 cells/dish) were plated in confocal dishes and allowed to adhere for 12 h. The cells were pretreated with OP (40 μM) for 1 h and then co-stimulate the cells with LPS (1 μg/ml) for 2 h. Then, the cells were incubated with primary antibody anti-NF-κB/p65 (1:100) overnight at 4°C. Next, the secondary antibody goat antirabbit Alexa Fluor 568 (1:200) was added and incubated at room temperature for 2 h. Hoechst 33,342 (1 μM) was used to stain the nuclei. Images were taken using a confocal laser microscope (Leica, Wetzlar, Germany).
Western Blotting
The treated cells were collected and total protein was extracted. Cytoplasmic and nuclear proteins were extracted in accordance with the instructions of the kit manufacturer (Beyond time, Shanghai, China). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer was added to the total protein sample and the mixture was boiled at 97°C for 7 min to denature the proteins. Then perform SDS-PAGE was conducted and the proteins were transferred to polyvinylidene fluoride (PVDF) membranes. After blocking with 5% skimmed milk for 2 h, the membranes were treated with primary and secondary antibodies. The chemiluminescence intensity was visualized using a ChemiDoc™ MP Imaging System (Bio-Rad, Hercules,CA, United States).
Transient Transfection and Luciferase Assay
HEK293T cells (106 cells/dish) were plated in 10 cm dishes and allowed to adhere for 12 h. TLR4-HA (2 μg) and TLR4-Flag (2 μg) plasmids were co-transfected using TurboFect transfection reagents for 24 h. After treatment with OP (40 μM) for 2 h, the cells were co-treated with LPS (1 μg/ml) for 24 h before harvesting.
J774A.1 cells cultured in 96-well plates overnight were transiently transfected with pAP-1-luc plasmids and pRL-TK plasmid according to the manufacturer’s instructions. After 48 h of transfection, the cells were pretreated with OP (10, 20, and 40 μM) for 1 h and stimulated with LPS (1 μg/ml) for 24 h. The luciferase activity was determined using a Dual-Glo luciferase assay system kit according to the manufacturer’s instructions.
Co-Immunoprecipitation Assay
The antigen samples were combined with the specific antibody (anti-MyD88 or anti-HA) overnight at 4°C with mixing, and then protein A/G magnetic beads were added for 1 h. The immunoprecipitation products were eluted using SDS-PAGE reducing sample buffer.
Cellular Thermal Shift Assay
J774A.1 cells were treated with OP (40 μM) for 4 h. The total protein was collected and six equal amount heated at 44, 48, 52, 56, 60 or 64°C for 3 min and finally analyzed by Western blotting.
Quantitative Real-Time Polymerase Chain Reaction (qRT-Polymerase Chain Reaction) Assay
J774A.1 cells were pretreated with OP (10,20, and 40 μM) for 1 h and then with LPS (1 μg/ml) for 4 h. Total RNA was extracted and 1 μg of RNA sample was analyzed by qRT-PCR. SYBR green was incorporated into the PCR amplification reaction. The oligonucleotide primers used for TNF-α,IL-6 and GAPDH were:
TNF-α-F: TTC​TGT​CTA​CTG​AAC​TTC​GGG​GTG​ATC​GGT​CC,
TNF-α-R: GTA​TGA​GAT​AGC​AAA​TCG​GCT​GAC​GGT​GTG​GG,
IL-6-F: TCC​AGT​TGC​CTT​CTT​GGG​AC,
IL-6-R: GTG​TAA​TTA​AGC​CTC​CGA​CTT​G,
GAPDH-F: TGC​CTC​CTG​CAC​CAC​CAA​CT,
GAPDH-R: CCC​CGT​TCA​GCT​CAG​GGA​TGA.
Animal Experiments and Ethical Statement
The experiments using male BALB/c mice (18–22 g) were approved by the Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). The mice were housed under specific pathogen-free (SPF) conditions. All animal care and experimental procedures were approved by the Guangxi University of Chinese Medicine Animal Policy and Welfare Committee.
The mice were randomly divided into six groups (12 mice per group): vehicle control, LPS-induced AKI group (2 mg kg−1, LPS injected intraperitoneally, i.p.), positive control dexamethasone treatment of the LPS-induced AKI group (5 mg kg−1, dexamethasone injected i.p.), OP treatment of the LPS-induced AKI group (10 mg kg−1, 20 mg kg−1 and 40 mg kg−1 of OP injected i.p.). LPS induction of the AKI model was performed as previously described (Plotnikov et al., 2018; Ni et al., 2020). The control mice were given sterile saline according to body weight. In the positive control group, the mice were given dexamethasone after AKI induction. The OP group mice were given OP immediately after AKI induction. The same concentration of OP was also given 12 h after AKI induction. The mice were euthanized by cervical dislocation after 24 h of LPS treatment. Then blood and kidney tissue samples were collected and used for cytokine detection. Part of the kidney tissue was used for histological analysis. The remaining kidney tissue was used for immunoblotting.
Kidney Index
The kidneys were obtained and weighed, and the kidney index of the mice was calculated as:
[image: image]
Histology
The kidney tissue was fixed with 4% paraformaldehyde for 48 h, then washed overnight with running water, dehydrated with ethanol, embedded in paraffin and sliced. Hematoxylin and eosin were used to stain lung tissue.
Data Analysis
The experimental data are presented as the mean ± SD from at least three independent experiments. GraphPad 6.0 software was used for the statistical analyses. When comparing more than two sets of data, the experimental data were analyzed by the one-way analysis of variance (one-way ANOVA) followed by Dunnett’s multiple comparisons test. A p-value of < 0.05 indicated a significant difference.
RESULTS
Oleuropein Decreases Inflammation in Macrophages
In LPS-induced macrophage, the overproduction of inflammatory factors such as nitric oxide (NO), nitrite, IL-6, IL-1β, TNF-α, and the overexpression of inflammation-related proteins such as iNOS and COX-2 are important manifestations of inflammation (Singh et al., 2020; Zhang et al., 2020). Here, the effects of OP on LPS-stimulated J774A.1 cells were initially investigated. OP was no obviously toxic to J774A.1 cells at concentrations of 5–40 μΜ (Figure 1A), but significantly reduced NO production (Figures 1B,C). The Griess assay revealed similar results, that OP reduced the excessive increase of nitrite in LPS induced-J774A.1 cells (Figure 1D). In addition, OP significantly reduced the inflammatory factors TNF-a and IL-6 increased by LPS treatment (Figures 1E,F). At the same time, the qRT-PCR experiments obtained similar results at the gene expression level (Figure 1G). Furthermore, Figure 1F shows that OP significantly inhibited the expression of iNOS and COX-2 proteins induced by LPS. Taken together, these results indicated that OP had obvious anti-inflammatory activity.
[image: Figure 1]FIGURE 1 | OP relieves inflammation in LPS-induced J774A.1 cells. (A) J774A.1 cells were treated with OP for 24 h, and cell viability was determined by the MTT assay. (B) The cells were treated with DAFM-DA (1 μM) for 30 min and the NO level was evaluated by flow cytometry. (C) Fluorescence statistical analysis of NO. (D) Griess assay was used to measure the nitrite levels. (E,F) The expression of TNF-α and IL-6 were measured by ELISA. (G) The expression of TNF-α and IL-6 were measured by qRT-PCR. (H) iNOS and COX-2 levels were determined by Western blot assay. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS alone group.
Oleuropein Inhibits NF-κB/p65 Nuclear Translocation
NF-κB/p65 nuclear translocation plays a central role in the NF-κB signaling pathway (Kong et al., 2020). When p65 is transferred to the nucleus, a variety of proinflammatory factors, chemokines and inflammation-related enzymes are transcribed and expressed, leading to inflammation (Ni et al., 2020). Figure 2A shows that OP suppressed NF-κB/p65 activation in J774A.1 cells. Furthermore, changes in the cytoplasmic and nuclear NF-κB/p65 expression indicated that OP inhibited the LPS-induced translocation of NF-κB/p65 (Figure 2B), which was consistent with the results of the immunofluorescence experiment (Figure 2C). Overall, the results suggested that OP blocked NF-κB p65 nuclear translocation.
[image: Figure 2]FIGURE 2 | OP inhibits NF-κB nuclear translocation. J774A.1 cells were treated with LPS (1 μg ml−1) for 2 h, after pretreatement with OP for 1 h. (A)Western blotting was used to analyze NF-κB/p65 and p-p65 expression. (B) Cytoplasmic and nuclear proteins in the J774A.1cells were isolated and detected by immunoblot analysis. (C) The immunofluorescence assay was applied to detect p65 translocation (scale bar = 10 μm). **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Exerts Anti-inflammatory Effect on NF-κB and Mitogen-Activated Protein Kinase Pathway
To further explore the effect of OP on the NF-κB signal pathway, the expression of IκBα, IKKα and IKKβ protein was analyzed. Figure 3A shows that OP inhibited the degradation of IκBα protein induced by LPS. In addition, the increase in IκBα and IKKα/β phosphorylation induced by LPS could be reversed by OP treatment. The results also showed that OP could reduce the phosphorylation of JNK1/2, ERK1/2 and p38 MAPK induced by LPS, but had no effect on total JNK1/2, ERK1/2 and p38 MAPK protein (Figure 3B) The Dual-Glo luciferase assay was used to evaluate the effects of OP on LPS-induced AP-1 activation in J774A.1 cells. The results showed that OP significantly suppressed LPS-induced AP-1 activation (Figure 3C).
[image: Figure 3]FIGURE 3 | The NF-κB and MAPK pathways were involved in OP's anti-inflammatory effect. J774A.1 cells were treated with LPS (1 μg ml−1) for 4 h, after pretreatment with OP for 1 h. (A) NF-κB pathway related proteins IκBα, IKKα and IKKβ were detected by Western blotting. (B) MAPK pathway related proteins JNK1/2, ERK1/2 and p38 MAPK were detected by Western blotting. (C)J774A.1 cells were transiently transfected with AP-1-luc and TK-luc for 48 h. The cells were pretreated with OP(10, 20, 40 μM) before being stimulated with LPS for another 24 h. The luciferase activity was determined using the Dual-Glo luciferase assay. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Toll-Like Receptors 4-MyD88 Signaling was Involved in Oleuropein’s Anti-inflammatory Process
LPS promotes the dimerization of TLR4 and interacts with the downstream protein MyD88, triggering TAK-1 activation (Ahmad et al., 2019; Hu et al., 2020). Figures 4A,B shows that OP significantly suppressed LPS-induced TLR4 and MyD88 expression. Then a co-immunoprecipitation assay was used to detect the effects of OP on TLR4 dimerization and TLR4-MyD88 complex formation. The results showed that OP suppressed the formation of TLR4 dimers and prevented TLR4 from binding to the downstream adaptor protein MyD88 and forming a complex (Figures 4C,D). In addition, the activation of TAK-1 was alleviated by treatment with OP (Figure 4E). Finally, thermal shift experiments confirmed that OP worked in combination with TLR4 (Figure 4F).
[image: Figure 4]FIGURE 4 | OP suppressed TLR4 dimerization and the MyD88 pathway. J774A.1 cells were treated with LPS (1 μg ml−1) for 4 h, after pretreatment with OP for 1 h. (A) TLR4 and MyD88 were detected by Western blotting. (B) Statistical analysis of TLR4 and MyD88 results. (C) HEK293T cells were pretreated with OP (40 μM) for 1 h after transfection with TLR4-Flag and TLR4-HA plasmid for 24 h. Then, the cells were treated with LPS (1 μg ml−1) for another 24 h. The proteins were isolated and immunoprecipitated with an antibody against HA. (D) Proteins were isolated from J774A.1 cells and immunoprecipitated with an antibody against MyD88. (E) J774A.1 cells were treated with LPS (1 μg ml−1) for 4 h, after pretreatment with OP for 1 h. TAK1 and p-TAK1 were detected by Western blotting. (F) J774A.1 cells were treated with OP(40 μM) for 4 h, then the proteins were collected and equal amounts were heated at 44, 48, 52, 56, 60, or 64°C for 3 min. TLR4 was analyzed by Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Ameliorates Lipopolysaccharide-Induced Acute Kidney Injury in Mice
To confirm the therapeutic effects of OP on AKI, mice were treated with LPS by intraperitoneal injection, and the renal index, serum creatinine and blood urea nitrogen (BUN) were detected, and kidney tissue was stained with hematoxylin and eosin (HE). The results indicated that LPS increased the kidney index and the kidney was damaged and enlarged, which was significantly reversed by OP pretreatment (Figure 5A). After treatment with OP, the excessive increase in urine and creatinine levels induced by LPS were significantly alleviated (Figures 5B,C). Furthermore, the histological analysis indicated that LPS triggered the swelling and deformation of renal tubular epithelial cells, and destroyed the normal kidney tissue structure; OP treatment prevented LPS-induced acute kidney injury (Figure 5D).
[image: Figure 5]FIGURE 5 | OP ameliorates LPS-induced acute kidney injury. Mice were given OP immediately after LPS injection, and administered OP 12 h after AKI induction. (A–C) The kidney index, creatinine and blood urea nitrogen (BUN) were evaluated after LPS induction for 24 h. (D) Lung histopathology was assessed via HE staining 24 h after the LPS challenge (200×) Red arrows indicated the lesion or swelling or necrosis or inflammatory infiltration of the kidney tissues. **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Suppresses the Release of Pro-inflammatory Cytokines in Acute Kidney Injury Mice
Pro-inflammatory factors, such as TNF-α, IL-6 and IL-1β, play a key roles in the aggravation of AKI (Liang et al., 2017; Ye et al., 2017). In this study, measurements of TNF-α, IL-6 and IL-1β in the serum and kidney tissue of AKI mice were employed. OP significantly alleviated the excessive secretion of inflammatory factors TNF-α (Figure 6A), IL-6 (Figure 6C) and IL-1β (Figure 6E) in the serum in LPS-induced AKI mice. Similar results were found in the kidney tissue (Figures 6B,D,F).
[image: Figure 6]FIGURE 6 | OP inhibits the production of inflammatory factors in AKI mice. Mice were given OP immediately after LPS injection, and administered OP 12 h after AKI induction. TNF-α, IL-6, and IL-1β in serum (A,C,E) and kidney tissue (B,D,F) were measured using ELISA kits. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS-alone group.
Oleuropein Ameliorates Acute Kidney Injury in Mice by Regulating the Toll-Like Receptors 4-MyD88-NF-κB/Mitogen-Activated Protein Kinase Pathway
For the NF-κB pathway, the core proteins IκBα, p65, IKKα and IKKβ were detected. Significantly, IκBα was activated in AKI mice and the phosphorylation of p65 and IKKα/β increased, which was decreased after OP treatment (Figure 7A). In the MAPK pathway, the results indicated that LPS increased the phosphorylation of JNK1/2, ERK1/2 and p38 MAPK in AKI mice, which was reversed by OP treatment (Figure 7B), suggesting that OP could effectively attenuate activation of the MAPK pathway. Meanwhile, OP pretreated-mice showed less TLR4 and MyD88 expression than those treated with LPS alone (Figures 7C,D). Taken together, our data demonstrated that OP prevented LPS-induced AKI by regulating the TLR4-MyD88-NF-κB/MAPK pathway.
[image: Figure 7]FIGURE 7 | OP protects mice from AKI by regulating the TLR4-MyD88-NF-κB/MAPK pathway. The mice were given OP immediately after LPS injection, and administered OP 12 h after AKI induction. Proteins from the kidneys of AKI mice were isolated 24 h after the LPS challenge. (A) NF-κB pathway related proteins p65, IκBα, IKKα and IKKβ were detected by Western blotting. (B) MAPK pathway related proteins JNK1/2, ERK1/2 and p38 MAPK were detected by Western blotting. (C) TLR4 and MyD88 were detected by Western blotting. (D) Statistical analysis of TLR4 and MyD88 results. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the LPS alone group.
DISCUSSION
AKI is a widespread and difficult problem worldwide including developing countries (Susantitaphong et al., 2013; James et al., 2020). Although there have been many studies on AKI, there are still no specific treatments (Garcia‐Tsao et al., 2008; Ronco et al., 2019). Sepsis is the main cause of death in critically ill patients, with 35 million new cases of sepsis, and 5.3 million deaths every year (Fleischmann et al., 2016). The pathogenesis of sepsis is mainly related to the inflammatory response, immune dysfunction, and multiple organ failure, in which the kidney is an important target organ (Doi, 2016). Although continuous renal replacement therapy has been actively applied, the mortality rate of AKI patients from sepsis is as high as 70% (Peng et al., 2014). LPS is a type of endotoxin, which can elicit a strong immune response in animals and is widely applied as a pathogenic factor in sepsis research (Remick et al., 2000). Op’s anti-inflammatory activity in LPS-induced macrophages and therapeutic effect in LPS-induced sepsis in AKI was studied.
The overexpression of NO synthase, especially inducible nitric oxide synthase (iNOS), is an important manifestation of LPS-induced macrophages, which leads to the excessive production of NO and eventually inflammation (Yuan et al., 2020). COX-2 plays role similar to that of iNOS, accelerating the release of pro-inflammatory factors TNF-α and IL-6 and mediating the inflammatory response. Oleuropein, a compound classified as secoiridoid, was found in Ilex pubescens Hook. et Arn. var. kwangsiensis Hand.-Mazz. and exhibited multiple bioactivities (Omar, 2010). Our results showed that OP could significantly reduce the overexpression of iNOS and COX-2 in J774A.1 cells induced by LPS and inhibit the production of NO, TNF-α and IL-6, thus exhibiting an anti-inflammatory effect.
To further illustrate how OP exerted an anti-inflammatory effect in LPS-induced macrophages, the classic NF-κB and MAPK inflammatory pathways were studied. The results from this study indicated that OP suppressed the transfer of NF-κB/p65 into the nucleus and regulated the key proteins of the NF-κB and MAPK pathway. TLR4 is the receptor for LPS (Tapping et al., 2000; Hajjar et al., 2002). When LPS binds to TLR4, a TLR4 dimer is formed and binds to MyD88 protein, thereby activating the downstream NF-κB and MAPK signaling pathways (Zhou et al., 2018; Gao et al., 2020). Then, the effects of OP on TLR4 dimerization and the related signaling pathways were studied. An immunoprecipitation assay was used to verify the relationship between OP and TLR4. The results indicated that OP inhibited TLR4 dimerization and suppressed the binding of TLR4 to MyD88 protein. In addition, the thermal shift assay revealed that OP could directly bind to TLR4 protein. Taken together, these results suggest that OP exerted anti-inflammatory effects by regulating TLR4 dimer.
Creatinine and urea nitrogen are indicators of renal function and important indicators for clinical diagnosis of AKI (Vaidya et al., 2008). In this study, OP suppressed the increase in creatinine and urea nitrogen in AKI mice. Combined with the results of HE staining, we infered that OP could significantly protect mice from kidney damage. AKI in sepsis is accompanied by systemic inflammation and the excessive production of pro-inflammatory cytokines including TNF-α, IL-6, and IL-1β (Verma and Molitoris, 2015; Al-Harbi et al., 2019). Our results indicated that OP decreased TNF-α, IL-6 and IL-1β in serum and kidney tissue. Taken together, these findings suggested OP as a potential target molecule for the treatment of AKI. The important question was, what are the molecular mechanisms by which OP exerts therapeutic effects in AKI? In the present study, the NF-κB and MAPK pathways were confirmed to be related to OP’s therapeutic effect in AKI mice, consistent with the results of the in vitro experiments. Additionally, TLR4 and MyD88 participated in OP’s therapeutic effect. In summary, OP prevented LPS-induced AKI by regulating the TLR4-MyD88-NF-κB/MAPK axis.
CONCLUSION
Overall, the above findings indicated that OP exerted anti-inflammatory effects via NF-κB/MAPK signaling by suppressing TLR4 dimerization. These OP effects may be involved in its ability to ameliorate LPS-associated AKI by regulating the TLR4-MyD88-NF-κB/MAPK axis (Figure 8). Taken together, these findings suggest that OP could be developed as a new molecule for treating AKI.
[image: Figure 8]FIGURE 8 | Working model for the OP-based therapeutic effect of AKI.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by Guangxi University of Chinese Medicine Animal Policy and Welfare Committee.
AUTHOR CONTRIBUTIONS
HG and YF designed the experiments; YC, SH, RY, JH, and YZ performed the experiments; YC composed the draft; MT, HG, SY, and JF revised the manuscript.
FUNDING
This study was supported by the National Key R & D Program of China (2019YFC1712302 and 2019YFC1712304 ) and the National Natural Science Foundation of China (81803807 and 81860684).
Supplementary Material
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.617314/full#supplementary-material.
ABBREVIATIONS
AKI, acute kidney injury; COX-2, cyclooxygenase-2; ERK, extracellular regulated protein kinases; LPS, lipopolysaccharide; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharides; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary response gene 88; TAK1, transforming growth factor-beta (TGF-β)-activated kinase 1; TLR, toll-like receptor.
REFERENCES
 Ahmad, R., Akhter, N., Al-Roub, A., Kochumon, S., Wilson, A., Thomas, R., et al. (2019). MIP-1α induction by palmitate in the human monocytic cells implicates TLR4 signaling mechanism. Cell. Physiol. Biochem. 52 (2), 212–224. doi:10.33594/000000015
 Al-Harbi, N. O., Nadeem, A., Ahmad, S. F., Alanazi, M. M., Aldossari, A. A., and Alasmari, F. (2019). Amelioration of sepsis-induced acute kidney injury through inhibition of inflammatory cytokines and oxidative stress in dendritic cells and neutrophils respectively in mice: role of spleen tyrosine kinase signaling. Biochimie 158, 102–110. doi:10.1016/j.biochi.2018.12.014
 Bagshaw, S. M., George, C., and Bellomo, R. (2008). A comparison of the RIFLE and AKIN criteria for acute kidney injury in critically ill patients. Nephrol. Dial. Transpl. 23 (5), 1569–1574. doi:10.1093/ndt/gfn009
 Balic, J., Albargy, H., Luu, K., Kirby, F., Jayasekara, W., Mansell, F., et al. (2020). STAT3 serine phosphorylation is required for TLR4 metabolic reprogramming and IL-1β expression. Nat. Commun. 11 (1), 3816. doi:10.1038/s41467-020-17669-5
 Doi, K. (2016). Role of kidney injury in sepsis. J. Intensive Care 4 (1), 17. doi:10.1186/s40560-016-0146-3
 Fleischmann, C., Scherag, A., Adhikari, N., Hartog, C., Tsaganos, T., Schlattmann, P., et al. (2016). Assessment of global incidence and mortality of hospital-treated sepsis. Current estimates and limitations. Am. J. Respir. Crit. Care Med. 193 (3), 259–272. doi:10.1164/rccm.201504-0781OC
 Gao, H., Sun, W., Zhao, J., Wu, X., Lu, J. J., Chen, X., et al. (2016). Tanshinones and diethyl blechnics with anti-inflammatory and anti-cancer activities from Salvia miltiorrhiza Bunge (Danshen). Sci. Rep. 6, 33720. doi:10.1038/srep33720
 Gao, H., Kang, N., Hu, C., Zhang, Z., Xu, Q., Liu, Y., et al. (2020). Ginsenoside Rb1 exerts anti-inflammatory effects in vitro and in vivo by modulating toll-like receptor 4 dimerization and NF-kB/MAPKs signaling pathways. Phytomedicine 69, 153197. doi:10.1016/j.phymed.2020.153197
 Gao, H., Sun, W., Zhao, W., Hao, W., Leung, C.-H., Lu, J., et al. (2015). Total tanshinones-induced apoptosis and autophagy via reactive oxygen species in lung cancer 95D cells. Am. J. Chin. Med. 43 (06), 1265–1279. doi:10.1142/s0192415x1550072x
 Garcia‐Tsao, G., Parikh, C. R., and Viola, A. (2008). Acute kidney injury in cirrhosis. Hepatology 48 (6), 2064–2077. doi:10.1002/hep.22605
 Hajjar, A. M., Ernst, R. K., Tsai, J. H., Wilson, C. B., and Miller, S. I. (2002). Human Toll-like receptor 4 recognizes host-specific LPS modifications. Nat. Immunol. 3 (4), 354–359. doi:10.1038/ni777
 Hoste, E. A., Bagshaw, S. M., Bellomo, R., Cely, C. M., Colman, R., Cruz, D. N., et al. (2015). Epidemiology of acute kidney injury in critically ill patients: the multinational AKI-EPI study. Intensive Care Med. 41 (8), 1411–1423. doi:10.1007/s00134-015-3934-7
 Hu, J., Wang, H., Li, X., Liu, Y., Mi, Y., Kong, H., et al. (2020). Fibrinogen-like protein 2 aggravates nonalcoholic steatohepatitis via interaction with TLR4, eliciting inflammation in macrophages and inducing hepatic lipid metabolism disorder. Theranostics 10 (21), 9702–9720. doi:10.7150/thno.44297
 James, M., Bhatt, M., Pannu, N., and Tonelli, M. (2020). Long-term outcomes of acute kidney injury and strategies for improved care. Nat. Rev. Nephrol. 16 (4), 193–205. doi:10.1038/s41581-019-0247-z
 Jentzer, J., Bihorac, A., Brusca, S., Del Rio-Pertuz, G., Kashani, K., Kazory, A., et al. (2020). Contemporary management of severe acute kidney injury and refractory cardiorenal syndrome: JACC council perspectives. J. Am. Coll. Cardiol. 76 (9), 1084–1101. doi:10.1016/j.jacc.2020.06.070
 Kang, S., Lee, S., Kim, K., Kim, H., Mémet, S., and Koh, G. (2009). Toll-like receptor 4 in lymphatic endothelial cells contributes to LPS-induced lymphangiogenesis by chemotactic recruitment of macrophages. Blood 113 (11), 2605–2613. doi:10.1182/blood-2008-07-166934
 Kong, L., Ong, R., Tan, T., Mohamed Salleh, N., Thangavelu, M., Chan, J., et al. (2020). Targeting codon 158 p53-mutant cancers via the induction of p53 acetylation. Nat. Commun. 11 (1), 2086. doi:10.1038/s41467-020-15608-y
 Liang, H., Liu, H.-Z., Wang, H.-B., Zhong, J.-Y., Yang, C.-X., and Zhang, B. (2017). Dexmedetomidine protects against cisplatin-induced acute kidney injury in mice through regulating apoptosis and inflammation. Inflamm. Res. 66 (5), 399–411. doi:10.1007/s00011-017-1023-9
 Lu, M., Zhang, Q., Chen, K., Xu, W., Xiang, X., and Xia, S. (2017). The regulatory effect of oxymatrine on the TLR4/MyD88/NF-κB signaling pathway in lipopolysaccharide-induced MS1 cells. Phytomedicine 36, 153–159. doi:10.1016/j.phymed.2017.10.001
 Ma, S., Evans, R., Iguchi, N., Tare, M., Parkington, H., Bellomo, R., et al. (2019). Sepsis-induced acute kidney injury: a disease of the microcirculation. Microcirculation 26 (2), e12483. doi:10.1111/micc.12483
 Neyra, J., Mescia, F., Li, X., Adams-Huet, B., Yessayan, L., Yee, J., et al. (2018). Impact of acute kidney injury and CKD on adverse outcomes in critically ill septic patients. Kidney Int. Rep. 3 (6), 1344–1353. doi:10.1016/j.ekir.2018.07.016
 Ni, J., Zhao, Y., Su, J., Liu, Z., Fang, S., Li, L., et al. (2020). Toddalolactone protects lipopolysaccharide-induced sepsis and attenuates lipopolysaccharide-induced inflammatory response by modulating HMGB1-NF-κb translocation. Front. Pharmacol. 11, 109. doi:10.3389/fphar.2020.00109
 Omar, S. H. (2010). Oleuropein in olive and its pharmacological effects. Sci. Pharm. 78 (2), 133–154. doi:10.3797/scipharm.0912-18
 Peng, Q., Zhang, L., Ai, Y., and Zhang, L. (2014). Epidemiology of acute kidney injury in intensive care septic patients based on the KDIGO guidelines. Chin. Med. J. 127 (10), 1820–1826. doi:10.3760/cma.j.issn.0366-6999.20140387
 Plotnikov, E. Y., Brezgunova, A. A., Pevzner, I. B., Zorova, L. D., Manskikh, V. N., Popkov, V. A., et al. (2018). Mechanisms of LPS-induced acute kidney injury in neonatal and adult rats. Antioxidants 7 (8), 105. doi:10.3390/antiox7080105
 Remick, D. G., Newcomb, D. E., Bolgos, G. L., and Call, D. R. (2000). Comparison of the mortality and inflammatory response of two models of sepsis: lipopolysaccharide vs. cecal ligation and puncture. Shock 13 (2), 110–116. doi:10.1097/00024382-200013020-00004
 Ronco, C., Bellomo, R., and Kellum, J. (2019). Acute kidney injury. Lancet 394 (10212), 1949–1964. doi:10.1016/s0140-6736(19)32563-2
 Singh, R., Dubey, V., Wolfson, D., Ahmad, A., Butola, A., Acharya, G., et al. (2020). Quantitative assessment of morphology and sub-cellular changes in macrophages and trophoblasts during inflammation. Biomed. Opt. Express 11 (7), 3733–3752. doi:10.1364/BOE.389350
 Susantitaphong, P., Cruz, D. N., Cerda, J., Abulfaraj, M., Alqahtani, F., Koulouridis, I., et al. (2013). World incidence of AKI: a meta-analysis. Clin. J. Am. Soc. Nephrol. 8 (9), 1482–1493. doi:10.2215/CJN.00710113
 Tapping, R. I., Akashi, S., Miyake, K., Godowski, P. J., and Tobias, P. S. (2000). Toll-like receptor 4, but not toll-like receptor 2, is a signaling receptor for Escherichia and Salmonella lipopolysaccharides. J. Immunol. 165 (10), 5780–5787. doi:10.4049/jimmunol.165.10.5780
 Uchino, S., Bellomo, R., Bagshaw, S., and Goldsmith, D. (2010). Transient azotaemia is associated with a high risk of death in hospitalized patients. Nephrol. Dial. Transpl. 25 (6), 1833–1839. doi:10.1093/ndt/gfp624
 Vaidya, V. S., Ferguson, M. A., and Bonventre, J. V. (2008). Biomarkers of acute kidney injury. Annu. Rev. Pharmacol. Toxicol. 48, 463–493. doi:10.1146/annurev.pharmtox.48.113006.094615
 Verma, S. K., and Molitoris, B. A. (2015). Renal endothelial injury and microvascular dysfunction in acute kidney injury. Semin. Nephrol. 35, 96–107. doi:10.1016/j.semnephrol.2015.01.010
 Ye, H., Jin, J., Jin, L., Chen, Y., Zhou, Z., and Li, Z. (2017). Chlorogenic acid attenuates lipopolysaccharide-induced acute kidney injury by inhibiting TLR4/NF-κB signal pathway. Inflammation 40 (2), 523–529. doi:10.1007/s10753-016-0498-9
 Yuan, R., Huang, L., Du, L., Feng, J., Li, J., Luo, Y., et al. (2019). Dihydrotanshinone exhibits an anti-inflammatory effect in vitro and in vivo through blocking TLR4 dimerization. Pharmacol. Res. 142, 102–114. doi:10.1016/j.phrs.2019.02.017
 Yuan, J., Hou, K., Yao, Y., Du, Z., Lu, C., Yuan, Q., et al. (2020). Gold clusters attenuate inflammation in rat mesangial cells via inhibiting the activation of NF-κB pathway. Nanomaterials 10 (4), 712. doi:10.3390/nano10040712
 Zhang, X., Feng, T., Zhou, X., Sullivan, P., Hu, F., Lou, Y., et al. (2020). Inactivation of TMEM106A promotes lipopolysaccharide-induced inflammation via the MAPK and NF-κB signaling pathways in macrophages. Clin. Exp. Immunol. 203, 125. doi:10.1111/cei.13528
 Zhou, M., Xu, W., Wang, J., Yan, J., Shi, Y., Zhang, C., et al. (2018). Boosting mTOR-dependent autophagy via upstream TLR4-MyD88-MAPK signalling and downstream NF-κB pathway quenches intestinal inflammation and oxidative stress injury. EBioMedicine 35, 345–360. doi:10.1016/j.ebiom.2018.08.035
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 © 2021 Cui, Gao, Han, Yuan, He, Zhuo, Feng, Tang, Feng 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: 25 March 2021
doi: 10.3389/fphar.2021.630210


[image: image2]
Jian-Pi-Yi-Shen Formula Ameliorates Oxidative Stress, Inflammation, and Apoptosis by Activating the Nrf2 Signaling in 5/6 Nephrectomized Rats
Fanyuan Zhou1, Xiaohu Zou1, Jing Zhang1, Ziwei Wang1, Yajun Yang2* and Dongtao Wang1,345*
1Department of Traditional Chinese Medicine, Shenzhen Hospital, Southern Medical University, Shenzhen, China
2Department of Pharmacology, Guangdong Key Laboratory for R&D of Natural Drug, Guangdong Medical University, Zhanjiang, China
3School of Chinese Medicine, Southern Medical University, Shenzhen, China
4Department of the Ministry of Science and Technology, Guangxi International Zhuang Medicine Hospital, Nanning, China
5Department of Nephrology, Shenzhen Traditional Chinese Medicine Hospital, Guangzhou University of Traditional Chinese Medicine, Shenzhen, China
Edited by:
Karl Tsim, Hong Kong University of Science and Technology, Hong Kong
Reviewed by:
Md Ashraful Alam, North South University, Bangladesh
Fares E.M Ali, Al-Azhar University, Egypt
* Correspondence: Yajun Yang, yangyajun1@163.com; Dongtao Wang, 95401864@qq.com
Specialty section: This article was submitted to Renal Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 17 November 2020
Accepted: 01 February 2021
Published: 25 March 2021
Citation: Zhou F, Zou X, Zhang J, Wang Z, Yang Y and Wang D (2021) Jian-Pi-Yi-Shen Formula Ameliorates Oxidative Stress, Inflammation, and Apoptosis by Activating the Nrf2 Signaling in 5/6 Nephrectomized Rats. Front. Pharmacol. 12:630210. doi: 10.3389/fphar.2021.630210

Chronic kidney disease (CKD) is an increasing global public health problem, with high morbidity and mortality. Jian-Pi-Yi-Shen (JPYS) formula is a representative traditional Chinese medicine formula in the treatment of CKD, which is widely used in clinical practice in China. However, the underlying mechanism has not been well elucidated. In the present study, we measured the markers of apoptosis, inflammation, oxidative stress, and nuclear factor erythroid 2–related factor 2 (Nrf2) signaling to investigate the effects of JPYS formula on renal function and fibrosis and its molecular mechanism in an established animal model of 5/6 nephrectomized (5/6Nx) rats. The results demonstrated that the JPYS formula exerted a significant preventive effect on renal dysfunction and fibrosis, based on analysis of correlative parameters such as urinary protein, SCr, BUN, glomerular sclerosis index, and tubulointerstitial fibrosis score and renal histopathology and ultrastructural pathology of CKD rats. JPYS formula also induced downregulation of gene expression associated with fibrosis, such as TGF-β and type I, III, and IV collagen. Moreover, the JPYS formula showed a significant protective effect in suppressing cell apoptosis according to the results of apoptotic indexes, including increased gene expression of Bcl-2, decreased gene expression of Bax, caspase 3, caspase 9, and the number of TUNEL-positive cells. JPYS formula also ameliorated the activation of the NF-κB-mediated inflammatory pathway, as manifested by the downregulation of gene expression of TNF-α, IL-1β, IκBα, NF-κB p65, MCP-1, CXCL1, COX-2, and iNOS in the kidney. Our evidence also suggested that the JPYS formula ameliorates oxidative stress by promoting antioxidant function according to antioxidant index indicators as an indicator of GSH, SOD, CAT, and GPx and abating excessive accumulation of the reactive oxygen species biomarkers, including ROS, TBARS, 8-oxo-dG, and MDA. The data also suggested that the JPYS formula reversed the downregulation of HO-1 and Nrf2 level and upregulation of Keap1 expression. Together, our data highlighted that the JPYS formula relieved renal oxidative injury mediated by activation of Nrf2 signaling by inhibiting inflammation and apoptosis in CKD rats.
Keywords: chronic kidney disease, Jian-Pi-Yi-Shen formula, Nuclear factor-erythroid 2-related factor 2, oxidative stress, inflammation, apoptosis
INTRODUCTION
Chronic kidney disease (CKD), characterized by the abnormal structure and degenerative dysfunction of the kidney, may cause a series of deleterious influences on people, contributing to increasing morbidity, disability, mortality, and hospitalization expenses worldwide (Webster et al., 2017). Nowadays, despite recent progress in the knowledge on CKD pathogenesis, the treatment is still a challenge and no specific targets and effective therapies are currently available for improving renal function and fibrosis. Renin–angiotensin system inhibitors, the mainstay for treating CKD, are unhelpful to stop its progression toward end-stage renal disease (de Zeeuw, 2011); moreover, they might cause many adverse effects (Budde et al., 2007; Fu-de, 2015). Consequently, several or many researchers are exploring novel target and safe therapeutic strategies to enhance adherence for the prevention and treatment of CKD.
Oxidative stress is in a state of imbalance between oxidants and antioxidants (Daenen et al., 2019), and increasing evidence confirmed that it plays an important role in kidney disease progression (Himmelfarb, 2005) and complications of CKD (Hambali et al., 2011). Nuclear factor erythroid 2–related factor 2 (Nrf2) takes part in maintaining the cellular redox homeostasis by regulating expressions of proteins related to the antioxidative function (Gorrini et al., 2013). In pathogenetic condition, Nrf2 can be activated by the Kelch-like ECH-associated protein 1 (Keap1) in a ubiquitination-dependent manner, contributing to subsequent proteasomal degradation (Itoh et al., 1999). Keap1 will show a conformational change once its cysteine resides, as sensors of oxidative stress, contacted with oxidizers (Dinkova-Kostova et al., 2002), and hamper the combination with newly synthesized Nrf2, which fleetly gathers into the nucleus (Kansanen et al., 2013). As a consequence, Nrf2 can assemble the RNA polymerase machinery and then initiate transcription by combining with small Maf proteins (sMaf) and antioxidant responsive elements (ARE) in the promoters of its target genes (Hirotsu et al., 2012). Many Chinese herbs have been demonstrated to promote the accumulation of Nrf2 and translocation into the nucleus (Zhang et al., 2017) and reinforce gene expression of other antioxidative-related factors (Lu et al., 2019), but whether the possible mechanism of the JPYS formula associates with activation of Nrf2 signaling pathway remains unknown.
Our previous studies and others have highlighted that the JPYS formula exerted an inhibitory effect on the development and progression of CKD according to the rationale of invigorating kidney and strengthening spleen (Wang et al., 2017a; Chen et al., 2019; Zheng et al., 2020), which are considered important roles in the etiology and pathogenesis of renal disease in TCM theory. It has been proved that oxidative stress could result in mitochondrial damage (Ogurtsova et al., 2017) and the JPYS formula could help to restore the aforementioned aspects of the mitochondrial quality control network (Liu et al., 2018). So, we inferred that the JPYS formula might contribute to suppressing oxidative stress. The presence and severity of systemic inflammation contribute to CKD-associated oxidative stress (Himmelfarb et al., 2002; Halliwell, 2007). A previous publication demonstrated the therapeutic effect of the JPYS formula on CKD, including regulating inflammatory cytokines production (Lu et al., 2018). However, the protective effect of the JPYS formula on renal function in connection with inhibiting inflammatory pathways evoked by oxidative stress is still to be elucidated. Comprehensive data with the help of network pharmacology revealed that there are several significant herbs in the JPYS formula of the highest frequency for the treatment of CKD (Xia et al., 2020). Based on previous evidence, the present study aims to comprehensively evaluate the antioxidative effect of the JPYS formula on CKD in 5/6 nephrectomized rats and reveal its chemical constituents and active compounds.
MATERIALS AND METHODS
Composition and Preparation of Jian-Pi-Yi-Shen Formula
The Chinese herbs used in the JPYS formula are presented in Table 1. Raw herbs were purchased from Lingnan Traditional Chinese Pharmaceutical Co., Ltd. (Guangzhou, China), which were identified by Professor Yajun Yang. The voucher specimens were kept at the Department of Pharmacology of Guangdong Medical University. Assurance of quality control for all the materials was validated according to the Chinese Pharmacopoeia (China Pharmacopoeia Committee, 2015). Preparation procedures of the JPYS formula extract were conducted as described in our previous publication (Wang et al., 2017a). In brief, JPYS formula herbs were weighed and extracted in boiling water (1.2 L) twice for 1 h. After centrifugation, the supernatant was dried under reduced pressure to powder, and it was stored at −80°C. Before the treatment, the powder was redissolved with distilled water and vortexed at room temperature to obtain the JPYS extract. The JPYS extract was chemically standardized before administration to animals. An HPLC fingerprint at 260 nm was used as a standard reference for quality control of the JPYS extract (Supplementary Figure S1A,B). An individual reference standard was employed to confirm numerous chemical components, which should be identified from the extract by HPLC analysis, including sodium danshensu, echinacoside, acteoside, calycosin 7-O-β-glucoside, salvianolic acid B, formononetin, and rhein. Besides, the minimal quantitative requirements for echinacoside, salvianolic acid B, and rhein should be no less than 1.2, 5.7, and 0.2 mg/g of the dried extract, respectively. The yield of the extraction was less than 32.59 ± 1.1% (w/w, mean ± SD, n = 3). The extract being used here reached the aforesaid requirements.
TABLE 1 | Chinese herbs of JPYS formula.
[image: Table 1]Animal Experiments
All animal experiments were approved by the Ethics Committee of Guangdong Medical University. Male Sprague-Dawley rats were purchased from Guangdong Medical Laboratory Animal Center (GDMLAC, China), Permission No. SCXK (YUE) 2018–0003, weighing 190–220 g. The animals were housed at room temperature (20 ± 1°C) on a 12:12 h light-dark cycle and had access to water and food ad libitum. CKD was induced in rats by nephrectomy of the right kidney and ablation of two-thirds of the left kidney (5/6 nephrectomy), as we have previously reported (Wang et al., 2014). Sham surgery consisted of anesthetic, flank incision exposing the kidney, and closure of the abdominal wall. All animal experiments were conducted in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and were approved by the Ethics Committee for Experimental Animals of Guangdong Medical University (Approval No.: GDY1902063).
Serum creatinine (SCr) levels were measured 16 weeks after the second surgery and only animals with significantly high SCrlevels were included in the study and randomly divided into four groups: 1) chronic kidney disease group (CKD); 2) low-dose JPYS-treated group (JPYSF-L; 5.4 g/kg/d); 3) medium-dose JPYS-treated group (JPYSF-M; 10.8 g/kg/d); 4) high-dose JPYS-treated group (JPYSF-H; 21.6 g/kg/d). The sham and untreated CKD groups were treated with the same amount of distilled water. The drugs were administered for 8 weeks. All rats used in this study received humane care. During our study, no treatment-related death occurred.
Serum and Urine Biochemistry Assays
The 24 h urine samples were collected using metabolic cages. Serum biochemical indexes SCr, blood urea nitrogen (BUN), and 24 h urinary protein excretion were measured using commercial kits (Nanjing Jiancheng Bioengineering Institute Nanjing, China) according to the instructions of the manufacturers.
Histopathology and Immunohistochemistry Detection
Paraffin-embedded rat kidney sections (5 μm thickness) were prepared as a routine procedure. The sections were stained with hematoxylin and eosin (H&E) and Masson’s trichrome staining using standard protocol. The extent of glomerular sclerosis was assessed as described in our previous publication (Wang et al., 2014). Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) apoptosis detection kit (Promega Corporation, Madison, America) was used to detect apoptosis in accordance with the manufacturer's instructions. Immunoperoxidase staining was performed as described in our previous publication (Wang et al., 2015). Briefly, the sections were deparaffinized by three xylene washes and hydrated by alcohol and washed in distilled water. Three percent hydrogen peroxide was employed to block endogenous peroxidase activity. Antigen retrieval was performed by a microwave oven for 15 min in a citrate buffer (10 mM, pH 6.0). After washing in distilled water and phosphate buffer saline, sections were incubated with 5% BSA at room temperature for 30 min. Then, sections were incubated with primary antibodies against fibronectin (1:100, Ab268020, Abcam, Cambridge, MA, United States), CD68 (1:100, Ab121212, Abcam, Cambridge, MA, United States), and NRF2 (1:100, Ab137550, Abcam, Cambridge, MA, United States) at 4°C overnight. Negative controls excluded the primary antibody. The sections were incubated with a secondary antibody at room temperature for 2 h after being washed with phosphate buffer saline. The reaction was visualized with diaminobenzidine. Counterstaining was performed with 50% Harris hematoxylin. The sections were mounted with neutral gum. The positive area was quantified using ImageJ software (ImageJ 1.32 j, NIH, Bethesda, MD, United States) by limiting the measure to thresholds. The high and low thresholds were assigned by determining the average low and high thresholds for the staining procedure and manually recording the ideal threshold values to distinguish the ubiquitin-positive area. Data were again expressed as percent values of ubiquitin-positive area per total area. Image analysis was done using Image-Pro Plus 6.0 software.
Determination of Oxidative Stress
ROS levels in the kidney were measured using dihydroethidium (DHE) staining (Beyotime Biotechnology, Shanghai, China). The fluorescence was evaluated in a confocal microscope (Zeiss LSM510Meta). Laser excitation at 488 nm and emission at 610 nm were used. The detection was made using a 560 nm long-pass filter. ImageJ (NIH) software was applied to analyze the fluorescent images quantitatively. The results were shown as arbitrary units of fluorescence (Quick and Dugan, 2001). Thiobarbituric acid reactive species (TBARS) were measured as a lipid peroxidation (LPO) marker (Ohkawa et al., 1979). 8-Oxo-20-deoxyguanosine (8-oxo-dG), an oxidatively modified guanine nucleoside, was detected by an 8-oxo-dG kit (Berry & Associates, Dexter, MI, United States), following the supplied instructions. The MDA contents were measured by chemical colorimetry method as we described previously, using a protein carbonyl colorimetric assay kit (Wang et al., 2018). Reduced glutathione (GSH) (Beutler et al., 1963), the antioxidant enzymes superoxide dismutase (SOD) (Marklund and Marklund, 1974), catalase (CAT) (Cohen et al., 1970), and glutathione peroxidase (GPx) (Matkovics et al., 1998) were tested in the renal tissue homogenates.
Real-Time RT-PCR Method
mRNA expression was analyzed by quantitative real-time reverse transcription-polymerase chain reaction (RT-PCR) using the real-time PCR thermocycler (Bio-Rad, United States) with SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, United States), as described in our previous publication (Wang et al., 2020). Real-time RT-PCR was performed in a 20 µL reaction mixture containing 10 μl of SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA, United States), 10 pmol of forward primer, 10 pmol of reverse primer, and 1 μg of cDNA by using a Stratagene Mx3005P QPCR System (La Jolla, CA, United States). Standard procedures were used for quantitative PCR. Primers used in this study are shown in Supplementary Table S1, Supporting Information. The comparative threshold cycle method was used to calculate the mRNA expression of the target genes normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The 2-ΔΔCt method was used to analyze relative gene expression levels.
Western Blot Analysis
Aliquots of kidney tissue (40 mg) were snap-frozen and ground in a mortar, thawed, and homogenized in lysis buffer and centrifuged at 15,000 × g for 30 min at 4 °C. Protein concentrations were determined by a Bio-Rad microplate assay, which was a modification of the Bradford assay. Protein bands were scanned and quantified using the ChemiDocTM MP Imaging System (Bio-Rad Laboratories, CA, United States), as we described previously (Wang et al., 2015). Band densities were normalized by GAPDH levels. Results are expressed as the integrated optical density relative to the corresponding GAPDH value. The following primary antibodies were employed (dilution): Bax (1:100, Ab32508; Abcam, Cambridge, MA, United States), Bcl-2 (1:100, Ab196495; Abcam, Cambridge, MA, United States), Nrf2 (1:1000, #12721; Cell Signaling Technology, United States), Keap1 (1:1000, #4678; Cell Signaling Technology, United States), HO-1 (1:1000, #43966; Cell Signaling Technology, United States), and GAPDH (1:1000, 60004-1-Ig; Proteintech Group, United States).
Statistical Analysis
All data are expressed as the mean ± standard error of the means (SEM) or standard deviation (SD). SPSS 12.0 K software was used for statistical analysis. One-way ANOVA was used for comparisons among groups. Significant differences between the mean values were assessed by Tukey’s multiple range tests. p < 0.05 was considered to be statistically significant.
RESULTS
Jian-Pi-Yi-Shen Formula Relieved Impairment of Renal Function in Chronic Kidney Disease Rats
To evaluate the efficacy of the JPYS formula on the pathological injury of the kidney, a dose-response relationship was firstly ascertained by the biomarkers and ultrastructure related to renal function in the CKD rats. The results showed that impaired renal function of rats in the three groups treated with JPYS formula showed a distinct trend toward reduction in a concentration-dependent manner when compared with the CKD group, based on the correlative parameters, including urinary protein, SCr, BUN, glomerular sclerosis index, and tubulointerstitial fibrosis score, and a significant difference was observed in the high-dose group (Figures 1A–E). Meanwhile, Figure 1F shows images of kidney sections obtained by H&E and Masson’s trichrome staining where the expansion of mesangial area and glomerular hypertrophy were alleviated in the three treatment groups, similar to the effect of the JPYS formula on tubulointerstitial lesions including fibrosis and tubular atrophy, especially in the high-dose group. Based on these results, the high-dose group was adopted together with the sham group and the CKD group in the following experiments.
[image: Figure 1]FIGURE 1 | JPYS formula improves renal function and alleviates renal histopathology and ultrastructural pathology of the kidneys from CKD rats. (A) 24 h urinary protein excretion. (B) Serum creatinine (SCr). (C) Blood urea nitrogen (BUN). (D) Glomerular sclerosis index. (E) Tubulointerstital fibrosis score. (F) Hematoxylin and eosin (HE×200, scale bar = 100 μm) and Masson’s trichrome stains (×400, scale bar = 50 μm). All data are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05, ##p < 0.05 vs. CKD group.
Jian-Pi-Yi-Shen Formula Reverse Renal Fibrosis in Chronic Kidney Disease Rats
The anti-fibronectin antibody staining of the renal tissue showed that there were large numbers of fibronectin-positive areas in both glomeruli and interstitium of CKD rats, while this change was drastically reduced in the group treated with JPYS formula at high dose (Figures 2A–C). Fibronectin mRNA in the CKD group was also statistically increased compared to the sham group, whereas JPYS formula treatment prevented the effect (Figure 2D). As shown in Figures 2E–H, TGF-β and type I, III, and IV collagen mRNA levels were significantly increased in CKD rats and it was downregulated after treatment with JPYS formula. Collectively, these data suggested that the JPYS formula arrested the development of renal fibrosis responsible for the progression of CKD in 5/6 nephrectomized rats.
[image: Figure 2]FIGURE 2 | JPYS formula ameliorates renal fibrosis in CKD rats. (A) IHC staining of fibronectin in the kidney (×200, scale bar = 100 μm). Fibronectin-positive areas are indicated by arrows. (B) Glomerular and (C) tubulointerstitial staining score of fibronectin. Relative mRNA expression levels of fibronectin (D), TGF-β (E), type I collagen (F), type III collagen (G), and type IV collagen mRNA (H). All data are expressed as means ± SEM. **p < 0.01 vs. the sham group; #p < 0.05 vs. CKD group.
Jian-Pi-Yi-Shen Formula Attenuated Inflammation of Renal Tissue in Chronic Kidney Disease Rats
Persistent, low-grade inflammation is now considered a hallmark feature of CKD. To further explore the anti-inflammatory role of the JPYS formula in CKD pathogenesis, CD68-positive macrophages were observed by immunohistochemistry assay because CD68 is a biomarker of macrophages. The CKD group had much more expression of CD68-positive macrophages in renal interstitium than the sham group, while the JPYS formula improved the overall alteration of morphological features (Figures 3A,B). Additionally, we examined the expressions of proinflammatory cytokines using the qPCR method to further appraise the inflammatory response status of renal tissue in CKD rats. The results showed that the JPYS formula hampered the increased mRNA expression of TNF-α, IL-1β, IκBα, and NF-κB p65 and its target gene iNOS (Figures 3C–G). Furthermore, the increased mRNA levels of targets of NF-κB were suppressed by the JPYS formula, including MCP-1, CXCL-1, and COX-2 (Figures 3H–J). The results indicated a significant inhibitory effect of JPYS formula on CKD-aroused inflammatory response via downregulation of activation of NF-κB pathway in the kidneys of the treated rats. Taken together, these lines of evidence demonstrated that the JPYS formula showed anti-inflammatory effects and the underlying mechanism in CKD rats.
[image: Figure 3]FIGURE 3 | JPYS formula suppresses inflammation in CKD rats. (A) IHC staining of CD68 in the kidney (×200, scale bar = 100 μm). CD68-positive areas are indicated by arrows. (B) Quantification of CD68 density. Relative mRNA expression levels of TNF-α (C), IL-1β (D), IκBα (E), NF-κB p65 (F), iNOS (G), MCP-1 (H), CXCL-1, (I) and COX-2 (J). All data are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05 vs. CKD group.
Jian-Pi-Yi-Shen Formula Inhibited Oxidative Stress and Enhanced Antioxidant Capacity in Chronic Kidney Disease Rats
The imbalance of redox status plays a vital role in intracellular signaling during the pathogenic process of CKD. To evaluate the oxidative stress level, the generation of ROS was measured by dihydroethidium (DHE) staining in renal tissue, and the other indexes in response to excessive ROS accumulation were determined in the serum samples of CKD rats. As shown in DHE staining and its intensity quantification (Figures 4A,B), the JPYS formula displayed a significant inhibitory influence on the increased ROS level of renal tissue in CKD rats and serum 8-oxo-dG, a key biomarker of oxidative damage to cellular DNA (Figure 4C). Similar effects of the JPYS formula on lipid peroxidation were confirmed by the results acquired from the measurements of MDA and TBARS (Figures 4D,E). On the other hand, the JPYS formula boosted renal antioxidant defenses through activation enzymes with ROS scavenging activities, including GSH, SOD, CAT, and GPx (Figures 4F–K). Taken together, these data revealed that the JPYS formula may exert a beneficial effect on redox balance via reduction of oxidative status and enhancement of antioxidant capacity, contributing to abatement of the oxidative stress–induced deleterious effect on renal tissue in the pathogenesis of CKD.
[image: Figure 4]FIGURE 4 | JPYS formula suppresses oxidative stress in the kidneys from CKD rats. (A) Immunofluorescence staining for dihydroethidium (DHE) in the kidney (×400, scale bar = 50 μm). (B) Quantification of DHE intensity. Relative expression levels of 8-oxo-dG (C), MDA (D), TBARS (E), GSH (F), SOD (G), CAT (H), and GPx (I). All data are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05 vs. CKD group.
Jian-Pi-Yi-Shen Formula Arrested Caspase-Dependent Apoptosis in Chronic Kidney Disease Rats
It is well known that oxidative damage and inflammation may be especially vulnerable to driving cell death via apoptosis in a caspase-dependent manner. Given that the pathogenic process of CKD was associated with oxidative stress and inflammation, it was necessary to explore the effect of the JPYS formula on apoptosis. As illustrated in Figures 5A,B, the JPYS formula ameliorated the apoptotic rate according to the result of TUNEL staining and intensity quantification. Meanwhile, the JPYS formula counteracted CKD-mediated apoptosis evidenced by the increased protein abundance of Bax with a concomitant decline in Bcl-2 expression along with an increased Bax/Bcl-2 ratio (Figures 5C–F). Moreover, the JPYS formula hampered the CKD-triggered increased activity of caspase-3, located downstream of caspase-9 in the apoptotic signaling pathway, and significantly attenuated the activity of caspase-9 (Figures 5G,H). The findings provide further support that the JPYS formula may lead to activation of caspase-9 via downregulation of Bax and upregulation of Bcl-2, contributing to activation of caspase-3, and arrested cellular apoptosis ultimately in the renal tissue of CKD rats.
[image: Figure 5]FIGURE 5 | JPYS formula prevents renal cell apoptosis in CKD rats. (A) Terminal dUTP nick end labeling (TUNEL) staining in the kidney (×400, scale bar = 50 μm). TUNEL-positive nuclei are indicated by arrows. (B)The number of TUNEL-positive cells is expressed as the percentage of total cells. (C) Representative western blots for Bax, Bcl-2, and GAPDH protein expression in kidney tissue. (D) Quantitative analysis of Bax/GAPDH. (E) Quantitative analysis of Bcl-2/GAPDH. (F) Quantitative analysis of Bax/Bcl-2. The activity of caspase-3 (G) and caspase-9 (H). All data are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05, ##p < 0.05 vs. CKD group.
Jian-Pi-Yi-Shen Formula Hampered Downregulation of Nuclear Factor Erythroid 2–Related Factor 2 Signaling Elicited by Chronic Kidney Disease
Concerning the evidence that Nrf2 is taken as an inactive complex in the cytoplasm by the repressor molecule Keap1, which facilitates the ubiquitination of Nrf2, we next asked whether the cellular antioxidant capacity improved by JPYS formula via activation of Nrf2/HO-1 signaling pathway. The evidence acquired from the results of immunohistochemical staining, Western blot, and qRT-PCR assay proved that the JPYS formula reversed the decreased expression of Nrf2 and its target gene so-called HO-1 in CKD rats and the increased level of Keap1 (Figures 6A–I). In brief, the preventive role of the JPYS formula on the redox balance of renal tissue in CKD rats may involve the activation of the Nrf2/HO-1 signaling pathway.
[image: Figure 6]FIGURE 6 | JPYS formula activates the Nrf2 signaling in the kidneys from CKD rats. (A) IHC staining of Nrf2 in the kidney (×200, scale bar = 100 μm). (B) Quantification ofNrf2 density. Nrf2-positive areas are indicated by arrows. (C) Representative western blots for Keap1, Nrf2, HO-1, and GAPDH protein expression in kidney tissue. (D) Quantitative analysis of Keap1/GAPDH. (E) Quantitative analysis of Nrf2/GAPDH. (F) Quantitative analysis of HO-1/GAPDH. Relative mRNA expression levels of Keap1 (G), HO-1 (H), and Nrf2 (I). All data are expressed as means ± SEM. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05, ##p < 0.05 vs. CKD group.
DISCUSSION
Oxidative stress triggered by excessive ROS production has been found to be associated with the initiation and progression of CKD. Continued oxidative stress can elicit chronic inflammation, which can be exemplified in the process of renal injury and fibrosis, ultimately contributing to kidney dysfunction. In accordance with the report on renoprotection of JPYS formula on anti-inflammation (Chen et al., 2018), we found that JPYS formula relieved inflammatory injury in CKD mice by inhibiting the activation of NF-κB pathway via loss in the kidney. It was reported to reduce the cell apoptosis on oxidative impairment of renal tubular epithelial cells of rats (Dan, 2015) and induce the accumulation of hypoxia-inducible factor-α (HIF-α) protein expression in CKD anemic rats (Chen et al., 2019). Here, we confirmed the protective effect of the JPYS formula on renal tissue through enhancing antioxidative capacity and arresting apoptosis in a caspase-dependent manner. Similarly, we demonstrated that the JPYS formula exerted a therapeutic effect of improving renal dysfunction according to urinary protein and SCr excretion and fibrosis status based on improving the parameters related to the profibrogenic factors, such as fibronectin, TGF-β, and collagen I, III, and IV. Particularly, we highlighted the preventive role of JPYS formula in kidney dysfunction in the light of maintaining redox balance via activation of Nrf2/HO-1 signaling pathway in CKD rats.
Oxidative stress inevitably occurred in various models of CKD. Rats with 5/6 nephrectomy-induced CKD show severe oxidative stress, increased activity of oxidases and the subsequent ROS accumulation, strong inflammatory response, and activated NF-κB pathway activation in the remnant kidney (Fujihara et al., 2007; Cho et al., 2009). Renal functional and morphological features can be ameliorated by antioxidant treatment (Shah et al., 2007), by which a novel approach may be developed for treating CKD. Dioscoreae Rhizoma and Cistanches Herba as main ingredients in the JPYS formula have been shown to have strong free radical scavenging capacity (Fu et al., 2018) and protective effects on homeostasis as antioxidants (Wang et al., 2017b; Qiao et al., 2018). In this study, JPYS formula can make impaired kidney restore antioxidative function to some extent in CKD rats. Excessive ROS production is remarkably damaging to DNA, protein, and lipid, exceeding the capacity of the natural antioxidant defense system via attacking, denaturing, and modifying renal structural and functional molecules, causing kidney tissue damage and dysfunction. Oxidative stress is driven by impaired antioxidant defense or excessive ROS production, which is primarily induced by activation and increase of ROS-producing enzymes, including mitochondrial dysfunction (Malhotra and Kaufman, 2007; Cachofeiro et al., 2008). Our previous study has proved that the JPYS formula (Liu et al., 2018) could restore the aforesaid aspects of the mitochondrial quality control network, which might be that the JPYS formula method abates the ROS generation. In pathological conditions, the enzymatic antioxidants will be mobilized to clear or metabolize oxidate substances, which maintain a lessening tone within cells and avoid harmful oxidative conditions (Daenen et al., 2019). Our study showed that the JPYS formula can counteract ROS accumulation and oxidative stress and strengthen activities of the enzymatic antioxidants such as SOD, CAT, and GSH, illustrating that the JPYS formula could restore redox balance by activating the antioxidant defense systems.
It well known that Nrf2 is considered a master regulator of genes in response to antioxidative stress due to encoding many antioxidant and detoxifying enzymes (Nezu and Suzuki, 2020). Impaired activation of Nrf2 attenuates or abrogates the response of encoding antioxidants genes, and Nrf2 KO rats exhibit a much more severe renal dysfunction and structural deformation, contributing to many CKDs, such as lupus-like autoimmune nephritis and diabetic nephropathy induced by oxidative stress (Yoh et al., 2001). Therefore, there is a need to elucidate how the JPYS formula protects renal function from oxidative injury by regulating the Nrf2 pathway in CKD rat. However, the main active component of the JPYS formula has been proved to have antioxidant activity by increasing the expression of cellular GSH by activating the Nrf2 gene (Adesso et al., 2018). Under quiescent conditions, Keap1, a direct binding molecule to Nrf2, represses Nrf2 transactivation and retains Nrf2 in the cytoplasm. The cooperative interactions provide overall stability of Nrf2-regulated genes in low basal expression. However, Nrf2 is poised to be released from Keap1 upon sensing stress induced by oxidative and electrophilic molecules and then is translocated into the cell nucleus along with transactivating the expression of related cytoprotective genes, allowing for a prompt protective response and enhancing cell survival. Thus, increased Nrf2 nuclear translocation indicates Nrf2 activation (Suzuki and Yamamoto, 2015). Our present data showed that the JPYS formula caused an upregulation of Nrf2 and HO-1 expression and a decrease of Keap1 level, reflecting that the JPYS formula may contribute to restraining the combination between Nrf2 with Keap1, resulting in failure of proteolysis of Nrf2, and then provokes the activation of antioxidant defense systems in CKD rats. That might be the underlying mechanism of the JPYS formula for treating CKD.
Generally, the inflammatory status of renal cells is constantly changing along with the level of oxidative stress during the pathogenic process of CKD tissues. This study showed two interlinked processes due to the evidence between the extent of infiltration and redox state of kidney injury. Inflammatory cells provoke numerous ROS at the inflammatory capture, resulting in exaggerated oxidative stress, and excessive ROS further promotes initiating intracellular signaling cascade, enhancing the expression of proinflammatory factors (Anderson et al., 1994). The NF-κB activation plays an important role in the inflammatory process, and our data showed that such an increase of IκBα mRNA level could be inhibited by the JPYS formula in CKD rats. Pharmacological and genetic studies indicated a functional cross-talk between Nrf2 and NF-κB pathways. It was reported that Nrf2 KO can exacerbate NF-κB activity, inducing increased inflammatory cytokine (Morimitsu et al., 2002; Chen et al., 2006), and that increases in HO-1 activity in endothelial cells suppress the NF-κB-mediated transcription (Soares et al., 2004). On the other hand, NF-κB activity also regulates Nrf2-mediated ARE expression. NF-κBp65 stifles Nrf2 transcription by deacetylation of histones (Liu et al., 2008) and prevents heterodimer formation with Nrf2; moreover, it was of great assistance to enhance the abundance of nuclear Keap1 (Yu et al., 2011), therefore leading to diminishing Nrf2-ARE–related genes. Collectively, the regulation of Nrf2 in response to NF-κB activation is proved as a protection system against the consequences of inflammation (Cuadrado et al., 2014). In the present study, JPYS improved the insufficiency of Nrf2 and its downstream targets in CKD rats and mitigated infiltration of inflammatory cells, suggesting that the JPYS formula also has an anti-inflammatory effect by activating Nrf2 signaling through suppressing the NF-κB pathway.
CONCLUSION
Our study proved that the JPYS formula upregulated the antioxidant response and attenuated proinflammatory signaling, revealing a significant anti-inflammatory and antioxidative effect as evidenced by the activation of Nrf2 signaling. However, our detected biomarkers were not adequate, and the data of antioxidative effect could not directly explain the causal relationship between these changes. Further experiments are needed, such as adding Nrf2 agonists or inhibitors or the knockout model of Nrf2 rats, to go deeper into the role of the Nrf2 signaling pathway in the protection of JPYS formula on CKD rats.
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As the current treatment of chronic kidney disease (CKD) is limited, it is necessary to seek more effective and safer treatment methods, such as Chinese herbal medicines (CHMs). In order to clarify the modern theoretical basis and molecular mechanisms of CHMs, we reviewed the knowledge based on publications in peer-reviewed English-language journals, focusing on the anti-inflammatory, antioxidative, anti-apoptotic, autophagy-mediated and antifibrotic effects of CHMs commonly used in kidney disease. We also discussed recently published clinical trials and meta-analyses in this field. Based on recent studies regarding the mechanisms of kidney disease in vivo and in vitro, CHMs have anti-inflammatory, antioxidative, anti-apoptotic, autophagy-mediated, and antifibrotic effects. Several well-designed randomized controlled trials (RCTs) and meta-analyses demonstrated that the use of CHMs as an adjuvant to conventional medicines may benefit patients with CKD. Unknown active ingredients, low quality and small sample sizes of some clinical trials, and the safety of CHMs have restricted the development of CHMs. CHMs is a potential method in the treatment of CKD. Further study on the mechanism and well-conducted RCTs are urgently needed to evaluate the efficacy and safety of CHMs.
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INTRODUCTION
Chronic kidney disease (CKD), characterized by a glomerular filtration rate (GFR) of less than 60 ml/min/1·73 m2 and/or markers of kidney damage, is an increasing public health issue because of its high prevalence and increased risk of end-stage renal disease (ESRD), cardiovascular disease, and premature death (Matsushita et al., 2010; Webster et al., 2017). It is estimated that the prevalence of CKD worldwide is 8–16%, of which 78% is concentrated in middle- and low-income countries (Jha et al., 2013; Mills et al., 2015). People with CKD are five to 10 times more likely to die prematurely than they are to progress to ESRD (Webster et al., 2017). This increased risk of death rises exponentially as kidney function worsens, and is largely attributable to death from cardiovascular disease (Tonelli et al., 2006; Thompson et al., 2015).
The management of patients with CKD is focused on early detection or prevention, treatment of the underlying cause to curb progression, and attention to secondary processes that contribute to ongoing nephron loss (Romagnani et al., 2017). Angiotensin-converting enzyme inhibitor (ACEI) or an angiotensin receptor blocker (ARB), together with optimal blood pressure (BP) control, remains the mainstay treatment for retarding the progression toward ESRD (Viazzi et al., 2016). Despite treatment with agents, such as an ACEI and ARB, many studies have shown that there is incomplete blockade of the renin-angiotensin cascade evidenced by persistent or increasing plasma aldosterone levels. This phenomenon is commonly referred to as “aldosterone escape,” and is thought to be one of the main contributors to CKD progression (Lu et al., 2010). The Supportive vs. Immunosuppressive Therapy for the Treatment of Progressive immunoglobulin A Nephropathy trial and Therapeutic Evaluation of Steriods in IgA Nephropathy Global trial suggested that corticosteroids may reduce proteinuria but carry a higher risk of adverse events (Barbour and Feehally, 2017). Therefore, it is necessary to seek more effective and safe treatment for CKD, such as Chinese herbal medicines (CHMs).
Traditional Chinese medicine (TCM) is based on the principles of the “concept of holism” and “treatment based on syndrome differentiation.” Clinical trials and experimental studies have shown that CHMs have a great beneficial effect on the reduction of proteinuria and improvement of renal function. Although most of the studies on the treatment of kidney diseases with CHMs are published in Chinese-language journals, peer-reviewed articles published in this field have also dramatically increased (Zhong et al., 2015). In order to clarify the modern theoretical basis and molecular mechanisms of CHMs, we reviewed the knowledge based on publications in peer-reviewed English-language journals, focusing on the anti-inflammatory, antioxidative, anti-apoptotic, autophagy-mediated, and antifibrotic effects of CHMs commonly used in kidney disease. We also discussed recently published clinical trials and meta-analyses in this field.
MECHANISMS OF CHINESE HERBAL MEDICINES IN TREATING KIDNEY DISEASES
Anti-inflammatory and Antioxidative Effects of Chinese Herbal Medicines
Persistent, low-grade inflammation is now considered to be the main cause of pathophysiological processes in kidney diseases (Mihai et al., 2018). Systemic persistent inflammation is also considered to be a major factor in the uremic phenotype (such as cardiovascular disease, protein energy wasting, depression, osteoporosis, and frailty), as well as a predictor of cardiovascular and all-cause mortality (Cobo et al., 2018). Oxidative stress and inflammation interact with each other and play crucial roles in the development of CKD (Xu et al., 2015). The kidney is a highly metabolic organ, and the mitochondria are rich in oxidative reactions, which makes it vulnerable to oxidative stress. Among patients with advanced CKD, increased oxidative stress is associated with complications, such as hypertension, atherosclerosis, inflammation, and anemia (Daenen et al., 2019). Inhibition of inflammation and oxidation is an important means to promote the remission of kidney diseases, which may also be one of the important mechanisms of TCM in the treatment of kidney diseases. CHMs commonly used in the treatment of kidney diseases have anti-inflammatory and antioxidant effects.
The officinal part of Astragalus mongholicus Bunge is the root. The anti-inflammatory and antioxidative effects of Astragalus mongholicus Bunge and its extractions have been investigated in animal models of kidney disease including diabetic nephropathy (Gao et al., 2012; Du et al., 2018; Zhang et al., 2019f), acute kidney injury (Gui et al., 2013), and unilateral ureteral obstruction (UUO) (Zhou et al., 2017b). Calycosin (C16H12O5), as a major active component of Astragalus mongholicus Bunge, reduced the expression of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in the cultured mouse tubular epithelial cells, and alleviated kidney injury in diabetic kidneys of db/db mice during the progression of diabetic renal injury, as indicated by the reduction of histological injury and immunohistochemical of inflammatory cytokines (Zhang et al., 2019f). Astragaloside IV may potentially protect against renal fibrosis by reducing oxidative stress and inflammation via transforming growth factor-β1 (TGF-β1)/Smads signaling or the toll-like receptor 4 (TLR4)/nuclear factor kappa-B (NF-κB) signaling pathway (Gui et al., 2013; Zhou et al., 2017b; Du et al., 2018).
The officinal parts of Salvia miltiorrhiza Bunge are the root and rhizome. Salvia miltiorrhiza Bunge and its extractions have been shown to reduce proteinuria and attenuate kidney injury in several animal models of kidney disease, including 5/6th renal ablation/infarction (Lin et al., 2019a), renal ischemic reperfusion injury (Ma et al., 2017), diabetic nephropathy (Hou et al., 2017), and doxorubicin-induced nephropathy (Liu et al., 2011). These effects associated with anti-inflammatory and antioxidative mechanisms have been observed in conjunction with these observed beneficial effects. Magnesium lithospermate B improves renal function, fibrosis, and inflammation in rats with chronic renal failure, and these effects are probably related to the increase in renal blood flow, reduction of oxygen consumption, and attenuation of renal hypoxia in the remnant kidney (Lin et al., 2019a). Salvianolic acid A attenuated oxidative stress induced by advanced glycation end products (AGEs), and subsequently alleviated inflammation and restored the disturbed autophagy in glomerular endothelial cell and diabetic rats (Hou et al., 2017). In addition, salvianolic acid B can therapeutically alleviate oxidative stress and inflammatory process via the modulating phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway (Ma et al., 2017). Tanshinone IIA sodium sulfonate treatment not only improved doxorubicin-induced nephropathy, but also regulated the expression of several proteins related with the cytoskeleton, oxidative (Liu et al., 2011).
The main officinal part of Tripterygium wilfordii Hook. f. is the root. Tripterygium wilfordii Hook. f. and its extractions, tripterygium glycoside and triptolid, have been reported to attenuate proteinuria and podocyte injury in many animal models of kidney diseases by suppression of inflammatory factors (transforming growth factor- β1 [TGF-β1], interleukin-2, and interferon-γ) (Wan et al., 2010), macrophage infiltration (Ma et al., 2013), oxidative stress (lactate dehydrogenase, malondialdehyde [MDA], and super oxide dismutase [SOD]) (Wan et al., 2020). With prolongation of treatment time, the efficacy of triptolide increased, and the effect was better in the high-dose group than in the low-dose group (Gao et al., 2010).
The main officinal part of Abelmoschus manihot (L.) Medik. is the flower. Abelmoschus manihot (L.) Medik., which is made into Huangkui capsule, has potent anti-inflammatory and antioxidative effects. It alleviated renal tubular epithelial-to-mesenchymal transition (EMT) by inhibiting the nucleotide-binding domain and the leucine-rich, repeat-containing family, pyrin-containing 3 inflammasome, and TLR4/NF-κB signaling in a diabetic nephropathy model in rats (Han et al., 2019), as well as reduced endoplasmic reticulum stress and c-Jun NH2-terminal kinase activation, and subsequently reduced the expressions of inflammatory genes (Ge et al., 2016). In addition, Abelmoschus manihot (L.) Medik. has been observed to have protective effects against injury of renal tubular epithelial cells (HK-2) involved in the mechanism of inhibiting the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase/reactive oxygen species (ROS)/extracellular signal-regulated kinase (ERK) pathway (Cai et al., 2017).
The officinal part of Pueraria montana (Lour.) Merr. is the root. This plant is used in the treatment of diabetic nephropathy. Puerarin inhibited AGE-induced inflammation in mouse mesangial cells (Kim et al., 2010). It also decreased renal tubular injury in UUO mice by inhibiting oxidative stress via MAPK signaling (Zhou et al., 2017a).
The medicinal part of Rheum palmatum L. is the root and rhizome. Rhein, as a main active component of Rheum palmatum L., could improve the symptoms of uric acid nephropathy by decreasing the production of proinflammatory cytokines, including IL-1β, prostaglandin E, TNF-α, and TGF-β1 (Meng et al., 2015; Hu et al., 2020). Rhein not only alleviates renal interstitial pathological damage and collagen fibrils, but also improves renal function through the silent mating-type information regulation two homolog-3 (SIRT3)/forkhead box O3α signaling pathway (Wu et al., 2020b).
The medicinal part of Paeonia lactiflora Pall. is the root. Paeonia lactiflora Pall. has been observed to prevent macrophage activation in type 2 diabetic nephropathy by inhibiting TLR2/4 signaling (Zhang et al., 2017b). Further research has shown that paeoniflorin can affect macrophages by inhibiting the expression of inducible nitric oxide synthase and the production of TNF-α, IL-1β, and monocyte chemoattractant protein-1 in vitro and in vivo, but it cannot directly inhibit the activation of macrophages (Shao et al., 2019). Total glucosides of paeony can prevent diabetic related renal injury by inhibiting oxidative stress injury in diabetic rats (Su et al., 2010).
The medicinal part of Panax notoginseng (Burkill) F.H.Chen is the root and rhizome. Panax notoginseng (Burkill) F.H.Chen and panax notoginseng saponins could protect kidney from diabetes via the mechanism of upregulating SIRT1, therefore activating antioxidant proteins and inhibiting inflammation by decreasing the inflammatory cytokines (Du et al., 2016). Notoginsenoside R1 is a promising drug for the prevention and treatment of renal insufficiency through inhibition of the production of inflammatory cytokines induced by ischemic reperfusion and inhibition of oxidative stress (Fan et al., 2020). In vitro, notoginsenoside R1 protects human renal proximal tubular epithelial cells from lipopolysaccharide (LPS)-induced inflammatory injury by upregulating miR-26a and inactivating the NF-κB pathway (Liu et al., 2019b).
The medicinal part of Panax ginseng C.A.Mey. is the root and rhizome. Ginsenoside Rg1 has no effect on cell migration and ROS activity, but they alleviate the ROS release and migration impairment induced by LPS. Ginsenoside Rg1 has the potent anti-inflammatory effect of protecting HK-2 cells against LPS-induced inflammation via activation of the PI3K/AKT pathway and suppression of the NF-κB pathway (Ni et al., 2017a). Ginsenoside Rg1 could also effectively alleviate aldosterone-induced oxidative stress in the kidney (Wang et al., 2015c).
Anti-apoptotic Effect of Chinese Herbal Medicines
Apoptosis, which is considered to be an important mechanism of cell death, is related to the pathological processes of cisplatin-induced renal injury, ischemic kidney injury, and polycystic kidney disease (Wiegele et al., 1998; Cummings and Schnellmann, 2002; Tao et al., 2005). Previous studies have demonstrated that apoptosis is closely correlated with the development and progression of renal diseases, including ischemic kidney injury (Wei et al., 2013), ischemia-reperfusion induced renal injury (Xu et al., 2019a), cisplatin-induced renal injury (Yang et al., 2018), and diabetic nephropathy (Peng et al., 2015). Therefore, inhibition of apoptosis may be an important target for the treatment of kidney disease.
Astragaloside IV could attenuate both UUO and TGF-β1-induced apoptosis, as well as prevent HK-2 cell injury in a dose-dependent manner (Xu et al., 2014a). It could also improve the histopathological changes in the diabetic kidney by reducing the expression of the apoptosis-related proteins cleaved caspase-3, Bcl2-associated X (Bax)/B-cell lymphoma-2 (Bcl-2) ratio (Ju et al., 2019). Magnesium lithospermate B has been shown to have an anti-apoptotic effect on attenuating kidney injury in 5/6 renal ablation/infarction model rats with chronic renal failure (Wang et al., 2019b). Tripterygium glycoside and triptolide had protective effects in adriamycin-induced nephrotic syndrome in rats (Wang et al., 2020) and aminonucleoside-induced podocytes injury (Yang et al., 2019b) by inhibiting activation of apoptosis. Pretreatment with Abelmoschus manihot (L.) Medik. decreased urinary albumin excretion in rats with early-stage diabetic nephropathy, which might have been accomplished by preventing kidney injury and podocyte apoptosis (Zhou et al., 2012). Treatment with puerarin could ameliorate renal fibrosis by inhibiting epithelial cell apoptosis induced by oxidative stress through MAPK signaling (Song et al., 2016; Zhou et al., 2017a). In podocytes, puerarin could inhibit high glucose-induced apoptosis and restore the expressions of heme oxygenase 1 (HMOX-1) and SIRT1 (Li et al., 2020b). Rhein alleviated apoptosis of renal tubular cell and renal fibrosis in rats with UUO by suppressing the expression of signal transducer and activator of transcription 3 phosphorylation (Chen et al., 2019d). In an in vitro study, paeoniflorin reduced caspase-3 and Bax and increased Bcl-2, suggesting that the apoptosis of podocytes induced by adriamycin was reduced (Lu et al., 2017). Notoginsenoside has been shown to have an anti-apoptotic effect against polymyxin E-induced nephrotoxicity (Zhang et al., 2019e), cisplatin-induced nephrotoxicity (Liu et al., 2014), ischemia-reperfusion injury (Liu et al., 2010), LPS-induced inflammatory damage (Liu et al., 2019b), and diabetic nephropathy (Zhang et al., 2019a). Ginsenoside Rg1 could protect HK-2 cells against LPS-induced apoptosis by activation of the PI3K/AKT pathway and suppression of the NF-κB pathway (Ni et al., 2017a). Panax ginseng C.A.Mey. also could have an effect against cisplatin-induced nephrotoxicity (Qi et al., 2019) and high glucose-induced renal injury (Ha and Ha, 2019) via inhibition of apoptosis.
Autophagy-Mediated Effect of Chinese Herbal Medicines
Autophagy is a process of the cell cycle that includes the self-degradation and reconstruction of damaged organelles and proteins (Wollert, 2019). In clinical studies, the activation and inhibition of autophagy are associated with acute kidney injury, CKDs, diabetic nephropathy, and polycystic kidney diseases (Lin et al., 2019b). Oxidative stress, inflammation, and mitochondrial dysfunction are important mechanisms of many kidney diseases, regulating the activation and inhibition of autophagy (Kimura et al., 2017; Kaushal et al., 2019; Fujimura et al., 2020).
Astragaloside IV has been shown to have a renoprotective effect on relieving renal fibrosis and renal function in diabetic mice, and effects on podocyte EMT by regulating the SIRT1-NF-κB pathway and autophagy (Wang et al., 2019c). Astragaloside IV also prevents the progression of diabetic nephropathy by AMP-activated protein kinase (AMPK) α-promoted autophagy (Guo et al., 2017). Salvianolic acid A restored the dysfunction of autophagy in diabetic rats and glomerular endothelial cell via the receptor for advanced glycation end-products (RAGE)-NADPH-oxidase 4 axis (Hou et al., 2017). Tripterygium glycoside has a protective effect against podocyte injury induced by high glucose and puromycin aminonucleoside, and this effect is mediated by the activation of autophagy (Gong et al., 2018; Zhan et al., 2019). In vivo and vitro, puerarin protected podocytes from diabetes-induced injury through upregulated autophagy mediated by HMOX-1 and SIRT1 (Li et al., 2020b), as well as alleviated cadmium-induced cytotoxicity in primary rat proximal tubular cells by restoring autophagy, blocking lysosomal membrane permeabilization, and inhibiting the nuclear factor erythroid-2 related factor 2 pathway, which is intimately related with its antioxidant activity (Wang et al., 2019a). Autophagy activation accompanied with renal fibrosis in rats with adenine-induced renal tubular injury, and both autophagy and renal fibrosis could be alleviated by rhein through the AMPK/mammalian target of rapamycin (mTOR) signaling pathway (Tu et al., 2017). Paeoniflorin could inhibit autophagy partly by inhibiting the RAGE/mTOR/autophagy pathway against AGE-induced mesangial cell dysfunction (Chen et al., 2017). Panax notoginsenoside has been shown to have a protective effect on cisplatin-induced kidney injury, mainly because of its ability to enhance the mitochondrial autophagy of renal tissue via the hypoxia inducible factor-1α/Bcl-2 adenovirus E1B 19 kDa interacting protein 3 pathway (Liu et al., 2015b). Treated with ginsenoside Rg1 could reduce aldosterone-induced autophagy in kidney epithelial cells, possibly through inhibiting the AMPK/mTOR pathway (Wang et al., 2015c).
Antifibrotic Effect of Chinese Herbal Medicines
Renal fibrosis is defined by excessive deposition of extracellular matrix (ECM), which disrupts and replaces the functional parenchyma and leads to organ failure (Djudjaj and Boor, 2019). CKD and renal fibrosis affect half of adults older than 70 years of age and 10% of the world's population (Humphreys, 2018). Renal fibrosis is the final pathological process common to all forms of CKD. Targeting the TGF-β/Smads signaling pathway could be an effective strategy for the treatment of kidney diseases, because inhibition of the TGF-β/Smads signaling pathway ameliorates renal fibrosis and renal injury (Sun et al., 2016).
Astragaloside could attenuate the progression of renal fibrosis by suppressing fibroblast proliferation, transdifferentiation, and ECM production in vivo and vitro (Xu et al., 2014a; Che et al., 2015; Wang et al., 2015d; Chen et al., 2019b). Salvia miltiorrhiza Bunge could inhibit renal fibrosis induced by HgCl2, streptozotocin, and 5/6 nephrectomy, as well as HK-2 cells triggered by TGF-β1, which were related to the regulation of the TGF-β1/Smads pathway (Wang et al., 2010; Lee et al., 2011; Pan et al., 2011; Wang et al., 2015b). Triptolide attenuated tubulointerstitial fibrosis in rats with UUO, and its effect on renal fibrosis was similar to that of mycophenolate mofetil (Yuan et al., 2011). Tripterygium glycoside and triptolide could alleviate renal fibrosis involving the miR-141-3p/phosphatase and tensin homolog/AKT/mTOR pathway, TGF-β1/Smad3 pathway and TLR4/NF-κB pathway (Cao et al., 2015; Ma et al., 2015b; Li et al., 2017c). Abelmoschus manihot (L.) Medik. and the flavonoids components prevent tubulointerstitial fibrosis in chronic renal failure rat via inhibiting the NADPH oxidase/ROS/ERK pathway (Cai et al., 2017). Abelmoschus manihot (L.) Medik. also showed a renoprotective effect via attenuating renal fibrosis in a diabetic nephropathy rat model (Mao et al., 2015; Yang et al., 2019a). Puerarin could ameliorate renal fibrosis by inhibiting oxidative stress induced-epithelial cell apoptosis through MAPK signaling (Zhou et al., 2017a). Treatment of diabetic nephropathy rats with puerarin could increase the activity of matrix metalloproteinase-9, consequently degrading the ECM accumulated in the kidney (Tripathi et al., 2017). Rheum palmatum L. could ameliorate renal damage induced by UUO and immunoglobulin A nephropathy via reversing abnormal serum and urine biochemical parameters, as well as decreasing the production of fibrotic markers including fibronectin, collagen I, collagen III, and α-smooth muscle actin (Chen et al., 2015b; Chen et al., 2019d; Dou et al., 2020). Notoginsenoside R1 may be beneficial for ameliorating apoptosis and renal fibrosis induced by oxidative stress (Zhang et al., 2019a). Ginsenoside Rg1 has an antifibrotic effect by targeting Klotho/TGF-β1/Smad signaling in rats with UUO (Li et al., 2018).
The above research directions are not independent of each other. CHMs may play a renoprotective role through various ways, rather than a single target. There are also some other CHMs, including Reynoutria japonica Houtt., Paeonia × suffruticosa Andrews, Epimedium brevicornu Maxim., Coptis chinensis Franch., Rehmannia glutinosa (Gaertn.) DC., Lycium barbarum L., and Bupleurum chinense DC., that are used by practitioners of CHMs without clinical studies (Table 1). In vivo and vitro, these CHMs have been observed to have renoprotective effects based on their anti-inflammatory, antioxidative, anti-apoptotic, autophagy-mediated, and antifibrotic effects.
TABLE 1 | Summary of the mechanism of commonly used CHMs.
[image: Table 1]CLINICAL STUDIES OF CHINESE HERBAL MEDICINES IN TREATING KIDNEY DISEASES
In this section, we will review the large and well-designed randomized controlled trials (RCTs) in peer-reviewed English-language journals. Although most studies on the treatment of CKD with CHMs were published in Chinese journals, systematic reviews and meta-analyses including these clinical trials were discussed. However, the methodological quality of the meta-analyses is generally low, with significant heterogeneity and publication bias.
Randomized Controlled Trials of Chinese Herbal Medicines in Treating Kidney Diseases
To explore the therapeutic effect of Tangshen Formula in patients with diabetic nephropathy, 180 patients with deficiency of both Qi and Yin with blood stasis syndrome were randomly assigned to receive Tangshen Formula or a placebo based on conventional treatment (Li et al., 2015) (Table 2). After 24 weeks of treatment, there was no difference in the change of urinary albumin excretion rate (UAER) between the Tangshen Formula group and placebo group (p = 0.70). Compared with the placebo, Tangshen Formula significantly decreased 24 h urinary protein (24 h-UP) (p = 0.03). The estimated glomerular filtration rate (eGFR) was improved in both patients with microalbuminuria and macroalbuminuria. There was no significant difference in the proportion of adverse events between the Tangshen Formula group and placebo group. Tangshen Formula seems to provide additional benefits in reducing proteinuria and improving eGFR in diabetic nephropathy patients with macroalbuminuria. However, a comprehensive assessment of efficacy and safety of Tangshen Formula requires long-term follow-up and hard end points, such as doubling of baseline serum creatinine (SCr), ESRD, and death. In order to evaluate the renoprotective effect and safety of Tangshen Formula fully, it is necessary to conduct a long-term follow-up.
TABLE 2 | Large and well-designed RCTs with CHMs.
[image: Table 2]Another study recruited 417 patients with primary glomerular disease in a 26-center, randomized, controlled, open-label, clinical trial (Zhang et al., 2014b) (Table 2). Patients were randomly assigned to receive Abelmoschus manihot (L.) Medik., losartan, or Abelmoschus manihot (L.) Medik. combined with losartan. After 24 weeks of treatment, Abelmoschus manihot (L.) Medik. was more effective in reducing proteinuria than losartan (50 mg/day). In addition, Abelmoschus manihot (L.) Medik. combined with losartan was more effective than losartan alone. There was no significant difference in the mean eGFR and adverse events between the three groups. Some limitations of the study were a lack of patients with nephrotic syndrome, the exclusion of secondary glomerular diseases, and short follow-up time. Abelmoschus manihot (L.) Medik. may be an alternative treatment for primary kidney disease with moderate proteinuria and fairly maintained kidney function (eGFR ≥60 ml/min/1.73 m2).
One study recruited 479 patients with primary chronic glomerulonephritis (Qiu et al., 2014) (Table 2). Patients were randomly divided into a treatment group (Rehmannia glutinosa acteosides combined with irbesartan) and a control group (irbesartan). After 8 weeks of treatment, the treatment group showed a reduction in 24 h-UP compared to baseline, which was significantly higher than that in the control group (p = 0.03). The proportion of adverse events was similar between the two groups. Rehmannia glutinosa acteosides combined with irbesartan was more effective in reducing proteinuria in patients with chronic glomerulonephritis than irbesartan alone. Because most of the included patients had mild, chronic lesions, future trials should confirm whether Rehmannia glutinosa acteosides combined with irbesartan can be effective in patients with complex kidney diseases.
In an open-label, parallel, randomized, controlled clinical trial, 190 patients with idiopathic membranous nephropathy were recruited from seven hospitals (Chen et al., 2013b) (Table 2). All patients had nephrotic syndrome and an eGFR level >30 ml/min/1.73 m2. The difference in change of proteinuria was not significantly different between the two groups (p = 0.6). Patients receiving Shenqi particle showed significant improvement in eGFR levels compared with the control group (p = 0.005). Severe adverse events mainly occurred in the control group. Shenqi particle may be a potential complementary therapy for patients with idiopathic membranous nephropathy and nephrotic syndrome. In this study, patients were not observed for 3–6 months in order to exclude those with spontaneous remission. This study was also limited by a high dropout rate and lack of a prior observation period.
Another study recruited 578 patients with primary glomerulonephritis in CKD stage 3 (Wang et al., 2012b) (Table 2). Patients were randomly assigned to a CHMs group, benazepril group, or CHMs combined with benazepril group for 24 weeks. The CHMs used in this study were designed according to four different TCM syndromes: replenishing qi and blood decoction for the treatment of Qi Yin/Xue deficiency patterns, promoting blood flow decoction for the treatment of blood stasis in the kidney patterns, expel wind-evil and remove wetness decoction for the treatment of wind-dampness interfering in the kidney patterns, and clearing heat and dissipating dampness decoction for the treatment of patterns of endoretention of damp heat. Compared with baseline, eGFR levels in the CHMs group and the CHMs combined with benazepril group were improved, while there was no change in the benazepril group. Compared with the CHMs group, 24 h-UP and urinary albumin/creatinine levels decreased in the combined group and benazepril group (p < 0.05). Dry cough was most common in the combined group and benazepril group (p < 0.05). As a result, CHMs combined with benazepril ameliorated renal function and decrease proteinuria synergistically.
Systematic Reviews and Meta-Analyses of Chinese Herbal Medicines in Treating Kidney Diseases
A systematic review and meta-analysis was performed on RCTs and quasi-RCTs comparing Astragalus mongholicus Bunge used alone with a placebo, no treatment, or conventional interventions in patients with CKD (Zhang et al., 2014a). The study included 22 trials with 1,323 participants, and showed that Astragalus mongholicus Bunge significantly increased the creatinine clearance (CrCl) and decreased SCr, especially in those with a baseline SCr level <133 μmol/L. Astragalus mongholicus Bunge also decreased 24 h-UP and BP, as well as increased hemoglobin and serum albumin. Six of 22 of the included studies reported no adverse effects, while the remaining studies did not report adverse effects. In six trials, the risk of bias was assessed as high, whereas it was not clear in the remaining 16 trials. The quality of the included studies was low overall. Although Astragalus mongholicus Bunge combined with conventional therapy has some promising effects in reducing proteinuria and increasing hemoglobin and serum albumin, the reliability of the results is affected by poor methodological quality and insufficient reports. Other meta-analyses showed that Astragalus mongholicus Bunge may have a renal protective effect on diabetic nephropathy (Li et al., 2011) and nephrotic syndrome (Feng et al., 2013).
Reviewing RCTs of diabetic nephropathy, a meta-analysis included 12 studies with 1,030 patients, and showed that the combination of salvianolate and Western medicine had renoprotective, anti-inflammatory, and antioxidative effects by reducing levels of SCr, blood urea nitrogen (BUN), urine protein, hypersensitive C-reactive protein (CRP), interleukin-6, MDA, as well as increasing the level of SOD. Compared with single-use Western medicine, the combination did not increase the occurrence of serious adverse events (Shen et al., 2020). Salvianolate can be considered as a promising alternative therapy for diabetic nephropathy. To evaluate the efficacy and safety of a sodium tanshinone IIA sulfonate injection, the extractive of Salvia miltiorrhiza Bunge, in the treatment of hypertensive nephropathy, a systematic review and meta-analysis included 16 trials comprising 1,696 participants, and indicated that sodium tanshinone IIA sulfonate in combination with an ARB was more effective than ARB monotherapy in improving the eGFR level and reducing 24 h-UP, SCr, cystatin-C, urinary immunoglobulin G, and urinary transferrin levels. In addition, the combination therapy controlled BP better than the monotherapy, and no adverse drug reactions were observed (Xu et al., 2019b). The effect of sodium tanshinone IIA sulfonate injection in addition to ARBs on the renal function of patients with primary hypertensive nephropathy is stronger than that of ARB alone. The combination therapy provides an auxiliary antihypertensive effect; however, because of the low methodological quality and small sample sizes, more rigorously designed RCTs are needed to verify the renoprotective effect of Salvia miltiorrhiza Bunge extract.
A systematic review and meta-analysis review included 103 RCTs comparing the efficacy and safety of Tripterygium wilfordii Hook. f. with a placebo, conventional Western medicine and other immunosuppressive medicine in CKD. Tripterygium wilfordii Hook. f. has nephroprotective effects by decreasing 24 h-UP, SCr, and BUN levels, and decreasing the incidence of adverse reactions (Wang et al., 2018). Although Tripterygium wilfordii Hook. f. combined with an ACEI/ARB increased the risk of adverse events, the combination in the treatment of diabetic nephropathy stage IV was superior to the monotherapy of ACEI/ARB (Ren et al., 2019). Tripterygium wilfordii Hook. f. may have an add-on effect on remission in patients with primary nephrotic syndrome (Chen et al., 2013c).
A systematic review and meta-analysis review included 72 RCTs to assess efficacy and safety of Abelmoschus manihot (L.) Medik. in diabetic nephropathy (Shi et al., 2019). Compared to an ACEI/ARB, Abelmoschus manihot (L.) Medik. combined with an ACEI/ARB was more effective on 24 h-UP, UAER, and 24 h-UP reduction rate values and normalization of UAER and SCr values; further, Abelmoschus manihot (L.) Medik. did not increase the risks of adverse events. Thus, Abelmoschus manihot (L.) Medik. combined with an ACEI/ARB can effectively and safely reduce proteinuria and protect renal function in patients with diabetic nephropathy.
Reviewing RCTs of diabetic nephropathy, a meta-analysis included 10 studies with 669 patients; the authors showed that puerarin combined with an ACEI significantly decreased the UAER, but it had no effect on 24 h-UP, BUN, and SCr levels. One trial reported abdominal discomfort and nausea (two cases) in the treatment group (Wang et al., 2015a). Puerarin may be considered as a beneficial therapy for diabetic nephropathy.
A systematic review and meta-analysis review included nine RCTs and quasi-RCTs to assess the efficacy and safety of Rheum palmatum L. in CKD (Wang et al., 2012a). Compared with no treatment, Rheum palmatum L. had a positive effect on SCr and BUN. Compared with captopril, Rheum palmatum L. had no significant effect on the BUN level, CrCl level, or patients’ capacity to undertake work. Only minor adverse events were reported with Rheum palmatum L. At present, the effective evidence of Rheum palmatum L. in improving SCr and BUN levels in patients with CKD is scarce and of low quality. Although Rheum palmatum L. does not seem to be associated with serious adverse events, there is no evidence to support its use in patients with CKD.
Another systematic review and meta-analysis review included 24 RCTs to assess efficacy and safety of Panax notoginseng (Burkill) F.H.Chen in diabetic nephropathy (Tang et al., 2020). Compared with conventional medicines, Panax notoginseng (Burkill) F.H.Chen combined with conventional medicines was associated with reductions of albuminuria, proteinuria, and levels of SCr, total cholesterol, triglycerides, and low-density lipoprotein cholesterol. However, none of the included trials mentioned adverse events. Panax notoginseng (Burkill) F.H.Chen can significantly improve renal function and lipid metabolism in diabetic nephropathy.
DISCUSSION
In recent years, with the further research studies on the efficacy and mechanism of TCM in the treatment of CKD, Chinese medicine may play an important role in relieving proteinuria and delaying ESRD. Compared with chemical agents targeting single molecular targets, CHMs containing different ingredients have advantages in the treatment of CKD. However, there are some concerning issues. Firstly, the clinical application of TCM is mostly a mixed formulation with unknown active ingredients, which is complex and difficult to analyze. Secondly, because of the generally low methodological quality, significant heterogeneity, and publication bias of meta-analyses, high-quality RCTs are required to confirm these findings before the routine use of CHMs. Thirdly, attention should be paid to the safety of CHMs. For example, astragaloside IV can cause growth retardation, so pregnant women should use it with caution (Li et al., 2017a); adverse reactions induced by Tripterygium wilfordii Hook. f. are systemic and organ-specific, which is related to the processing of medication, combined intervention, and drug dosage (Ru et al., 2019); and elderly subjects are vulnerable to the toxicity of a high dosage of Rheum palmatum L., which prompted people to consider the rational use of Rheum palmatum L. in the elderly population (Wang et al., 2011).
According to the published protocol, several well-designed prospective RCTs are currently ongoing to study CHMs in patients with CKD. In the future, we need to further identify the mechanisms and active ingredients of CHMs by modern technologies, including bioinformatics, network pharmacology, and high-throughput mass spectrometry.
CONCLUSIONS
Recent studies on the mechanisms of kidney disease in vitro and in animal models have shown that CHMs have anti-inflammatory, antioxidative, anti-apoptotic, autophagy-mediated, and antifibrotic effects. Several well-designed RCTs and meta-analyses demonstrated that CHMs as an adjuvant to conventional medicines may benefit patients with CKD. CHMs is a potential method in the treatment of CKD. Further study on the mechanism and well-conducted RCTs are urgently needed to evaluate the efficacy and safety of CHMs.
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Diabetic nephropathy (DN), a common microvascular complication of diabetes, is one of the main causes of end-stage renal failure (ESRD) and imposes a heavy medical burden on the world. Yiqi Jiedu Huayu decoction (YJHD) is a traditional Chinese medicine formula, which has been widely used in the treatment of DN and has achieved stable and reliable therapeutic effects. However, the mechanism of YJHD in the treatment of DN remains unclear. This study aimed to investigate the mechanism of YJHD in the treatment of DN. Sprague-Dawley rats were randomly divided into a normal control group, a diabetic group, an irbesartan group, and three groups receiving different doses of YJHD. Animal models were constructed using streptozotocin and then treated with YJHD for 12 consecutive weeks. Blood and urine samples were collected during this period, and metabolic and renal function was assessed. Pathological kidney injury was evaluated according to the kidney appearance, hematoxylin-eosin staining, Masson staining, periodic-acid Schiff staining, periodic-acid Schiff methenamine staining, and transmission electron microscopy. The expression levels of proteins and genes were detected by immunohistochemistry, western blotting, and real-time qPCR. Our results indicate that YJHD can effectively improve renal function and alleviate renal pathological injury, including mesangial matrix hyperplasia, basement membrane thickening, and fibrosis. In addition, YJHD exhibited podocyte protection by alleviating podocyte depletion and morphological damage, which may be key in improving renal function and reducing renal fibrosis. Further study revealed that YJHD upregulated the expression of the autophagy-related proteins LC3II and Beclin-1 while downregulating p62 expression, suggesting that YJHD can promote autophagy. In addition, we evaluated the activity of the mTOR pathway, the major signaling pathway regulating the level of autophagy, and the upstream PI3K/Akt and AMPK pathways. YJHD activated the AMPK pathway while inhibiting the PI3K/Akt and mTOR pathways, which may be crucial to its promotion of autophagy. In conclusion, our study shows that YJHD further inhibits the mTOR pathway and promotes autophagy by regulating the activity of the PI3K/Akt and AMPK pathways, thereby improving podocyte injury, protecting renal function, and reducing renal fibrosis. This study provides support for the application of and further research into YJHD.
Keywords: yiqi jiedu huayu decoction, diabetic nephropathy, renal fibrosis, podocyte, autophagy
INTRODUCTION
As a chronic metabolic disease, diabetes mellitus has rapidly become one of the world’s most important health problems. According to the International Diabetes Federation, the number of people with diabetes worldwide will reach 592 million by 2035, compared with 382 million by 2013 (Shi and Hu, 2014). Diabetic nephropathy (DN), a common microvascular complication caused by diabetes, has brought a heavy medical burden to the world. According to statistics, the average medical expenditure of DN patients is 50% higher than that of simple diabetes patients (International Diabetes Federation, 2017). DN is a major cause of end-stage renal failure (ESRD) (Molitch et al., 2004). ESRD is difficult to reverse, so it is particularly important to study the pathogenesis of DN and develop effective early treatment methods.
The pathogenesis of DN is not fully understood. Known pathological lesions in DN include mesangial dilatation, basement membrane thickening, and renal fibrosis. It is worth noting that the development of renal fibrosis is an important reason for the continuous decline of renal function in DN and eventually into ESRD (Kim and Park, 2017; Rao et al., 2019). Podocytes are an important and essential component of the glomerular filtration barrier (Mundel and Reiser, 2010). Current studies have shown that podocyte damage and resulting glomerular filtration barrier defects are important causes of persistent proteinuria and renal fibrosis in DN (Pagtalunan et al., 1997). As terminally differentiated cells, podocytes are difficult to regenerate once damaged. Podocytes have a high basal level of autophagy, which is critical for maintaining their homeostasis in the face of various stimuli (Lenoir et al., 2015; Tagawa et al., 2016). Autophagy is a lysosome-mediated intracellular protein degradation pathway that plays an important role in maintaining intracellular homeostasis and cell integrity (Yorimitsu and Klionsky, 2005). Unfortunately, however, a large number of studies have shown that the autophagic activity of podocytes is inhibited in DN (Kume et al., 2014; Tagawa et al., 2016). Autophagy is mainly regulated by the mTOR pathway, and current studies have shown that selective inhibition of mTOR pathway activity can promote autophagy and improve podocyte damage and renal function (Codogno and Meijer, 2005; Yang et al., 2020). The activity of the mTOR pathway is mainly regulated by the PI3K/Akt and AMPK pathways (Yang and Klionsky, 2010). Therefore, targeting the mTOR pathway may be an appropriate treatment for DN, thereby promoting autophagic activity, improving podocyte injury and renal pathological changes, and restoring renal function.
Currently, the main therapeutic measures for DN include the control of blood glucose, lipids, blood pressure, and the application of vasoactive drugs. Among them, as an angiotensin II receptor blocker (ARB), irbesartan is a representative drug in the clinical treatment of diabetic nephropathy, which can effectively reduce the proteinuria of patients in clinical trials. (Masuda et al., 2009; Nakamura et al., 2014). These methods delay the development of DN to some extent but do not target renal injury, making it difficult to completely prevent renal failure (Sulaiman, 2019). Therefore, it is necessary to develop safe and effective treatments. Traditional Chinese medicine (TCM) has been used to treat diabetes mellitus and diabetic complications for centuries and has attracted more attention in recent years due to its remarkable clinical efficacy. Yiqi Jiedu Huayu decoction (YJHD), a modified traditional Chinese prescription, has been used in clinical treatment of DN. YJHD consists of seven herbs. Many of these herbs, including Astragalus mongholicus Bunge, Pueraria montana var. lobata (willd.) Maesen and S. M. Almeida ex Sanjappa and Predeep, Coptis chinensis Franch, and Morus alba L, have been proven to have therapeutic effects on diabetes mellitus and diabetic complications (Yang et al., 2016; Chen et al., 2018; Thaipitakwong et al., 2018; Zhang et al., 2019; Xiao et al., 2020). Owing to the complexity of components and targets of traditional Chinese medicine prescriptions, the mechanism of YJHD in treating DN remains unclear. YJHD is considered a good candidate for treating DN, and therefore its underlying mechanism of action warrants further investigation.
In this study, we first identified the main components of YJHD by high-performance liquid chromatography (HPLC). We then evaluated the effects of YJHD on diabetic symptoms and renal function in DN rats. We hypothesized that YJHD could regulate the activities of the PI3K/Akt, AMPK, and mTOR pathways, promote autophagy, improve podocyte injury and renal pathological changes, and improve renal function.
MATERIALS AND METHODS
Drugs and Reagents
This study used traditional Chinese medicine granules of single herbs provided by Tianjiang Pharmaceutical (Jiangyin, China) to ensure accurate dosage. Each herb has gone through a series of processes including decoction, extraction, concentration, and drying, and finally prepared into granules (Yu et al., 2020). These granules were identified by Dr Wenfu Cao of Chongqing Medical University and preserved in Chongqing Key Laboratory of Traditional Chinese Medicine for Prevention and Cure of Metabolic Diseases. Irbesartan was purchased from Sanofi-Aventis (Paris, France). Streptozotocin (STZ) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Sodium citrate buffer was purchased from Solarbio Bioscience and Technology (Beijing, China). The serum creatinine (Cr) detection kit, serum urea nitrogen (BUN) detection kit, urine protein detection kit, serum alanine aminotransferase (ALT) detection kit and serum aspartate aminotransferase (AST) detection kit were provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). TRIzol, PrimeScript RT reagent Kit with gDNA Eraser (RR047A), and TB Green Premix Ex Taq II (RR820A) were from Takara Bio (Kusatsu, Japan). All primers for qPCR were synthesized by Tsingke Biology Technology (Beijing, China). Acetonitrile, methanol, and formic acid (LC-MS grade) were purchased from CNW Technologies (Dusseldorf, Germany).
Antibodies against p62 (5114), Beclin-1 (3495), Akt (3063), p-Akt (Ser473, 4060), LKB1 (3047), AMPK (2532), p-AMPK (Thr172, 2535), p-mTOR (Ser2448, 5536), and β-actin (4970) were from Cell Signaling Technology (Danvers, MA, United States). Antibodies against fibronectin (ab2413), collagen IV (ab6586), LC3I/II (ab128025), mTOR (ab2732), and PI3K (ab191606) were provided by Abcam (Cambridge, United Kingdom). Antibodies to ULK1 (A00581-1), nephrin (BA1669), and podocin (BA1688) were provided by Boster Bio (Pleasanton, CA, United States). The antibody to IRS1 (BS-0172R) was purchased from Bioss (Beijing, China). The antibody to p-ULK1 (Ser757, 12871) was provided by Signalway Antibody (College Park, MD, United States).
Preparation of Yiqi Jiedu Huayu Decoction
YJHD consists of seven different herbs, including Huang Qi (Astragalus mongholicus Bunge), GeGen (Pueraria montana var. lobata (Willd.) Maesen and S. M. Almeida ex Sanjappa and Predeep), HuangQin (Scutellaria baicalensis Georgi), HuangLian (Coptis chinensis Franch), SanLeng (Sparganium stoloniferum (Buch.-Ham. ex Graebn.) Buch.-Ham. ex Juz), JiangHuang (Curcuma longa L), and SangYe (Morus alba L). The herbal information and composition ratio are shown in Table 1. The daily dose of YJHD granules in adults is 11.5 g. According to the conversion ratio of surface area between rat and humans (6.3), the daily dose for rats was calculated to be 1.2 g/kg. This dose was used as the medium dose. The low and high doses of YJHD were 0.6 and 2.4 g/kg, respectively (Wang et al., 2020). According to this ratio, granules of single herbs were mixed and dissolved in double-distilled water to make YJHD oral liquids at different concentrations (Chen et al., 2021). Part of the YJHD oral liquids was stored at −80°C for UPLC-QTOF-MS analysis.
TABLE 1 | Composition of Yiqi Jiedu Huayu decoction.
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The samples of YJHD were thawed in ice water, vortexed for 30 s and centrifuged at 12,000 rpm at 4°C for 10 min. A 300-μl aliquot of each individual sample was precisely transferred to an Eppendorf tube. After the addition of 1,000 μl extracting solution (methanol:water = 4:1, v/v, including internal standard (IS) at a ratio of 1,000:10), all samples were vortexed for 30 s, sonicated for 10 min in an ice-water bath, incubated at −80°C for 1 h, and centrifuged at 12,000 rpm at 4°C for 10 min. A 400-μl aliquot of the supernatant was passed through a 0.22-μm filter membrane and then transferred to an auto-sampler vial for ultra-high-performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) analysis.
The LC separation was performed on a UPLC BEH C18 column (1.7 μm × 2.1 mm × 100 mm, Waters, United States); 0.1% formic acid (phase A) and acetonitrile (phase B) were used as the mobile phases. The gradient elution was programmed as follows: 0–3.5 min (5–15% B), 3.5–6 min (15–30% B), 6–12 min (30–70% B), 12–18 min (70–100% B), and 18–25 min (100% B). The flow rate was 400 μl/min. The injected sample volume was 5 μl. This Xcalibur system was connected to Q Exactive Focus mass spectrometer (Thermo Fisher Scientific, United States). Sheath gas flow rate: 45 Arb, Aux gas flow rate: 15 Arb, Capillary temperature: 400°C, Full ms resolution: 70,000, MS/MS resolution: 17,500, Collision energy: 15/30/45 in NCE mode, Spray Voltage: 4.0 kV (positive) and −3.6 kV (negative). Mass spectra were imported raw using XCMS software. Retention time correction, peak identification, peak extraction, peak integration, and peak alignment were performed. Material identification of peaks containing MSMS data was performed using the secondary mass spectrometry database provided by Shanghai BIOTREE biotech Co., Ltd. and the corresponding cleavage law matching method.
Animal Experiments
Ten-week-old male Sprague-Dawley rats (250 ± 30 g) were used as research subjects. All animals were provided by the Laboratory Animal Center of Chongqing Medical University and kept in a specific-pathogen-free level of the center (SYXK 2018-0003). All animal experiments were conducted in compliance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and were approved by the Ethics Committee of The First Affiliated Hospital of Chongqing Medical University.
After 2 weeks of adaptive feeding, all rats were randomly divided into seven groups (n = 10): 1) normal control group; 2) normal control + YJHD-H group, oral high-dose YJHD; 3) diabetic group; 4) irbesartan group; 5) YJHD-L group, oral low-dose YJHD; 6) YJHD-M group, oral medium-dose YJHD; and 7) YJHD-H group, oral high-dose YJHD. STZ injection was prepared by dissolving STZ in 0.1 M sodium citrate buffer (pH 4.5). All rats except the normal control group and normal control + YJHD-H group received a single intraperitoneal injection of 60 mg/kg STZ injection to establish a diabetic model. Meanwhile, rats in the normal control group and normal control + YJHD-H group were intraperitoneally injected with the corresponding dose of sodium citrate buffer to ensure the reliability of the experiment. One week after STZ injection, the animal model was evaluated by detecting fasting blood glucose twice per rat. When both fasting blood glucose tests were greater than 16.7 mmol/l, the diabetic model was considered to be established; otherwise, the rat was excluded from the experiment (Han et al., 2017a; Xu et al., 2017). Drug intervention was initiated 1 week after confirmation of the model. Rats in the normal control + YJHD-H group, irbesartan group, YJHD-L group, YJHD-M group, and YJHD-H group received corresponding oral liquid by gavage. Rats in the normal control and Diabetic groups received the corresponding dose of double-distilled water by gavage. The drug was given once a day for 12 weeks (Xu et al., 2017). At the end of the drug intervention, rats were anesthetized with isoflurane and blood was taken through the orbital vein. Rats were then sacrificed by isoflurane anesthetics and high concentrations of carbon dioxide. Kidneys were immediately isolated, their appearance was recorded, and they were weighed.
Detection of Metabolic and Biochemical Indicators
Beginning at the start of the drug intervention, the body weight, 24-h food intake, and 24-h water intake of rats were recorded every 4 weeks. In addition, 24-h urine was collected through metabolic cages every 4 weeks, and urine volume was recorded. Urinary protein concentration was measured according to the manufacturer’s instructions. Then, 24-h urinary protein quantification was calculated by urine volume and urinary protein concentration. Blood was collected through the orbital vein at the end of the drug intervention, centrifuged at 3,000 rpm for 10 min, and then the upper serum was collected for later use. Blood glucose, Cr, BUN, ALT, and AST were assessed according to the manufacturer’s instructions.
Histological and Immunohistochemical Assays
Kidney Tissue Pretreatment
Kidney tissues were cut into small pieces, with one part fixed in 4% paraformaldehyde for 24 h, dehydrated, embedded in paraffin, and cut into 6-μm sections for hematoxylin-eosin (HE), Masson, periodic-acid Schiff (PAS), and PAS methenamine (PASM) staining and immunohistochemical (IHC) experiments according to the manufacturer’s instructions. The other part was further cut into small pieces of 1 mm³ and fixed in glutaraldehyde for analysis by transmission electron microscopy.
Hematoxylin-Eosin Staining
The sections were dip-stained with hematoxylin solution for 5 min, rinsed with distilled water, differentiated with hematoxylin differentiation solution, rinsed with distilled water, treated with Scott’s Tap Water Bluing solution, and again rinsed with distilled water. The sections were then immersed in 85% ethanol for 5 min, 95% ethanol for 5 min, and stained with eosin dye for 5 min. Sections were dehydrated with ethanol and xylene in turn and then sealed with neutral gum. All the sections were analyzed by microscopy (BX53, Olympus Corporation, Japan).
Masson Staining
The sections were soaked in Masson A overnight and then rinsed with distilled water. Masson solution was prepared by mixing Masson B and Masson C in a 1:1 ratio. The sections were then stained with Masson solution for 1 min, rinsed with distilled water, differentiated with 1% hydrochloric acid alcohol, rinsed with distilled water, soaked in Masson D for 6 min, rinsed with distilled water, and finally soaked in Masson E for 1 min and Masson F for 30 s. The sections were rinsed with 1% glacial acetic acid, dehydrated with anhydrous ethanol, and sealed with neutral gum. Following this, the sections were analyzed by microscopy.
Periodic Acid-Schiff Staining
The sections were stained with PAS dye solution B for 15 min, rinsed twice with distilled water, stained with PAS A for 30 min in the dark, rinsed for 5 min, stained with PAS C for 30 s, and rinsed with distilled water. The sections were then treated with hydrochloric acid solution and ammonia. Sections were dehydrated with ethanol and xylene in turn and then sealed with neutral gum. All the sections were analyzed by microscopy.
Periodic Acid-Silver Methenamine Staining
The sections were soaked in PASM staining solution A overnight and rinsed with distilled water. PASM staining solutions D and C were mixed into a PASM stock solution at a 20:1 ratio. PASM stock solution, distilled water, and PASM staining solution E were proportionally mixed to form a working solution. Sections were then acidified in PAS staining solution B. The working solution was added to the sections drop by drop, and the sections were incubated with a cover for 40 min at 57°C. They were then treated with PASM staining solution F, dehydrated with ethanol and xylene in turn, and then sealed with neutral gum. Thereafter, the sections were analyzed by microscopy.
Immunohistochemical Experiments
The sections were incubated with citrate antigen retrieval solution for 20 min at 95°C. Thereafter, the sections were incubated with anti-fibronectin (1:100), anti-collagen IV (1:100), anti-podocin (1:100), and anti-nephrin (1:100) antibodies overnight and then with a secondary antibody for 50 min. The cumulative optical density was collected and calculated with Image-Pro Plus software (Media Cybernetics, United States).
Kidney Ultrastructural Morphology
Fixed kidney segments were rinsed four times with a 1 M phosphate-buffered solution, 15 min each time. Segments then were dehydrated by graded ethanol, immersed in isoamyl acetate, and routinely dried and treated. Kidney ultrastructural images were observed under transmission electron microscopy (JEM-1400PLUS, JEOL Ltd, Japan).
Real-Time Quantitative PCR Analysis
mRNA expression levels of collagen IV, fibronectin, p62, Beclin-1, mTOR, and ULK1 in kidneys were detected by real-time quantitative PCR. According to the manufacturers’ protocols, total RNA was extracted from kidney tissue using TRIzol and cDNA was synthesized by reverse transcription, cDNA and TB Green Premix Ex Taq II were premixed for PCR. The thermal reaction cycle was as follows: 95°C for 30 s, and then 40 cycles of 95°C for 5 s and 60°C for 30 s (CFX Connect, Bio-Rad, United States). β-actin was used as a housekeeping gene to standardize Ct values. Fold changes of mRNA expression were calculated by relative quantification (2−ΔΔCt). Primer sequences used for PCR are shown in Table 2.
TABLE 2 | Primer sequences used for PCR.
[image: Table 2]Western Blot Analysis
Proteins from kidney tissues were extracted using radioimmunoprecipitation buffer containing protease inhibitors and phosphatase inhibitors, and protein concentrations were assessed using a bicinchoninic acid protein assay kit. Protein expression levels were detected using antibodies to collagen IV (1:1,000), fibronectin (1:1,000), podocin (1:1,000), nephrin (1:500), Beclin-1 (1:1,000), p62 (1:1,000), LC3 I/II (1:1,000), mTOR (1:2,000), p-mTOR (1:1,000), ULK1 (1:1,000), p-ULK1 (1:1,000), IRS1 (1:1,000), PI3K (1:1,000), Akt (1:1,000), p-Akt (1:1,000), LKB1 (1:1,000), AMPK (1:1,000), and p-AMPK (1:1,000) according to the western blotting experimental protocol. β-actin (1:1,000) was used as a control to keep protein loading consistent. The western blotting process was as follows. First, target proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. PVDF membranes with target proteins were then blocked with 5% skim milk for 2 h and incubated with primary and secondary antibodies. Finally, enhanced chemiluminescence reagents were added to the PVDF membrane and target proteins were visualized by a chemiluminescence imaging system (Odyssey Fc, LI-COR Biosciences, United States).
Statistical Analysis
All experiments in this study were repeated three times independently to ensure reliable results. All statistical analyses were performed using SPSS 24.0 software (IBM, United States). The statistical analyses were performed by one-way analysis of variance (ANOVA) followed by a least significant difference (LSD) test or Dunnett’s T3 test. All data were expressed as means ± standard deviations. When p < 0.05, the result was considered to be statistically significant. GraphPad Prism 8.0.1 (GraphPad Software, United States) was used for image production.
RESULTS
Components Analysis of Yiqi Jiedu Huayu Decoction
To identify the major chemical components, YJHD samples were analyzed by UHPLC-MS/MS. The total positive (Figure 1A) and negative (Figure 1B) ion chromatograms of YJHD demonstrated the chemical composition of all compounds. Several components were found in YJHD. As shown in Figure 1C, fifteen compounds were distinguished: 1) calycosin-7-glucoside, 2) kaempferol, 3) baicalein, 4) luteolin, 5) calycosin, 6) astragaloside IV, 7) quercetin, 8) isorhamnetin, 9) hesperetin, 10) rutin, 11) palmatine chloride, 12) ononin, 13) cryptotanshinone, 14) berberine, and 15) puerarin apioside.
[image: Figure 1]FIGURE 1 | Identification of chemical components of Yiqi Jiedu Huayu decoction (YJHD). YJHD samples were examined by UHPLC–MS/MS. Total ion chromatography in positive (A) and negative (B) ion modes for YJHD samples are shown. (C) Molecular structure of constituents. UHPLC–MS/MS, ultra-high performance liquid chromatography tandem mass spectrometry.
Yiqi Jiedu Huayu Decoction Improves Diabetic Symptoms and Protects Renal Function
Serum ALT and AST levels were detected in rats in the normal control + YJHD-H and normal control groups to evaluate the safety of YJHD. There was no significant difference in serum ALT and AST levels between the normal control + YJHD-H group and the normal control group (p > 0.1), indicating that YJHD had no hepatotoxicity (Figure 2J). To verify the effect of YJHD on DN, we recorded the body weight and 24-h food and water intake of rats every 4 weeks, collected 24-h urine, and calculated 24-h urinary protein quantification. At the end of the last drug intervention, we obtained blood samples from rats via the orbital vein to detect blood glucose, Cr, and BUN. As the age increased, the weight of the rats in the normal control group increased, while the rats in the diabetic group appeared to be in growth arrest (p < 0.0001). Compared with the diabetic group, the weight of rats in the YJHD-H group significant increased (p < 0.01) (Figure 2B). Compared with the normal control group, the 24-h food and water intake of the diabetic, irbesartan, YJHD-L, YJHD-M, and YJHD-H groups were significantly increased (p < 0.0001). Compared with the diabetic group, the amount of food and water intake in the irbesartan and YJHD-H groups decreased significantly (p < 0.0001), while the changes in the YJHD-L and YJHD-M groups were not significant (Figures 2C,D). The blood glucose level of the normal control group was kept within the normal range. Compared with the normal control group, the blood glucose of the remaining rats was significantly increased (p < 0.0001). Compared with the diabetic group, the blood glucose in the YJHD-H (p < 0.01) and YJHD-M (p < 0.05) groups was significantly lower (Figure 2E).
[image: Figure 2]FIGURE 2 | Yiqi Jiedu Huayu decoction (YJHD) improves diabetic symptoms and renal function. (A) Timeline of animal experiments. (B–D) Changes in body weight and 24-h food and water intake of rats during drug intervention (recorded every 4°weeks). (E) Changes in blood glucose before and after drug intervention. (F, G) Changes in 24-h urine volume and 24-h urinary protein quantification during drug intervention (measured every 4°weeks). (H, I) Serum creatinine (Cr) and blood urea nitrogen (BUN) levels after drug intervention. (J) Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels after drug intervention. The data are expressed as ****p < 0.0001: compared with the normal control group; #p < 0.05, ##p < 0.01, and ####p < 0.0001: compared with the diabetic group, respectively.
We evaluated renal function by 24-h urine volume, 24-h urinary protein quantification, serum Cr, and BUN. Compared with the normal control group, the 24-h urine volume, 24-h urine protein quantification, serum Cr, and BUN of the diabetic group rats were significantly increased (p < 0.0001). Compared with the diabetic group, YJHD and irbesartan significantly reduced these indicators (p < 0.01). The improvement seen in the YJHD-H group was the most obvious (Figures 2F–I). According to these results, YJHD improved diabetic symptoms and renal function, and the effect of high-dose YJHD was the most obvious, so the YJHD-H group was used as a representative group in the following studies.
Yiqi Jiedu Huayu Decoction Alleviates Renal Pathological Injury
Mesenchymal matrix hyperplasia, basement membrane thickening, and renal fibrosis are considered typical pathological features of DN, both in clinical diagnosis and in animal experiments. In this study, we evaluated the pathological changes of the kidney from different perspectives by renal appearance; HE, PAS, PASM staining; and transmission electron microscopy (Figure 3). The normal control group showed normal renal appearance, no obvious pathological changes in glomeruli and renal tubules, normal podocyte structure, and regular foot processes. Compared with the normal control group, the diabetic group showed enlarged kidneys, generally abnormal appearance of kidneys, expansion of the mesangial area, accumulation of extracellular matrix (ECM), thickening of the basement membrane, abnormal podocyte morphology, and absent foot process fusion. In the diabetic group, the positive parts of the lesions are marked with arrows. Compared with the diabetic group, irbesartan and high-dose YJHD alleviate these pathological injuries.
[image: Figure 3]FIGURE 3 | Yiqi Jiedu Huayu decoction (YJHD) attenuated renal histological damage. Renal pathological changes were analyzed by renal appearance; hematoxylin-eosin, periodic-acid Schiff, and periodic-acid Schiff methenamine staining; and transmission electron microscopy. In the diabetic group, the positive parts of the lesions are marked with arrows.
Yiqi Jiedu Huayu Decoction Improves Renal Fibrosis
Renal fibrosis is an important cause of the decreasing renal function in DN. To evaluate renal fibrosis, we performed Masson staining of kidney tissue and examined levels of collagen IV and fibronectin, the main components of the ECM, by qPCR, western blot, and immunohistochemistry. In Masson staining, red color indicates muscle fibers and blue indicates collagen fibers. Compared with the normal control group, there was a significant accumulation of collagen fibers (arrows) in the kidney tissue of the diabetic group (p < 0.001). Compared with the diabetic group, high-dose YJHD significantly reduced the number of collagen fibers and improved renal fibrosis (p < 0.001) (Figures 4A,B). In addition, collagen IV and fibronectin expression in the Diabetic group increased significantly at both mRNA and protein levels compared with the normal control group (p < 0.05). High-dose YJHD significantly reduced collagen IV and fibronectin expression in the kidney compared with the diabetic group (p < 0.05) (Figures 4A–H). These results suggest that high-dose YJHD can effectively ameliorate renal fibrosis in DN rats.
[image: Figure 4]FIGURE 4 | Yiqi Jiedu Huayu decoction (YJHD) improves renal fibrosis. (A) Masson staining was used to analyze collagen fibers in the kidney, and immunohistochemistry was used to analyze the expression of fibronectin and collagen IV. In the diabetic group, collagen fibers deposition (arrows) was observed in Masson staining. (B) ImageJ software was used to calculate the degree of renal fibrosis. (C, D) Image-Pro Plus software was used to statistically analyze immunohistochemical staining results of fibronectin and collagen IV, respectively. (E) Protein levels of fibronectin and collagen IV in the kidney were detected by western blotting. (F, G) Protein concentration analysis. (H, I) mRNA expression levels of fibronectin and collagen IV in kidneys were detected by PCR. Data are expressed as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001: compared with the normal control group; #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001: compared with the diabetic group, respectively.
YJHD Alleviated Podocyte Injury
Podocytes are important structures in maintaining renal filtration function. Podocyte injury is closely related to proteinuria and renal fibrosis in DN. Transmission electron microscopy showed that, compared with the normal control group, podocytes in the diabetic group suffered from morphological damage and foot process fusion. Compared with the diabetic group, podocytes in the YJHD-H group showed relatively normal cell structure (Figure 3). To evaluate the effect of YJHD on podocytes more accurately, we analyzed the expression of podocin and nephrin by western blot and immunohistochemistry. Compared with the normal control group, podocin and nephrin in the diabetic group decreased significantly (p < 0.05), indicating that the number of normal podocytes in the diabetic group decreased. Compared with the diabetic group, irbesartan and high-dose YJHD increased podocin and nephrin expression and alleviated podocyte injury (p < 0.05) (Figures 5A–F).
[image: Figure 5]FIGURE 5 | Yiqi Jiedu Huayu decoction (YJHD) alleviates podocyte injury. (A) Podocin and nephrin expression were detected by immunohistochemistry. (B, C) Immunohistochemical staining results of podocin and nephrin were analyzed by Image-Pro Plus software. (D) Protein levels of podocin and nephrin in kidneys were detected by western blot. (E, F) Protein concentration analysis. Data are expressed as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001: compared with the normal control group; #p < 0.05, ##p < 0.01, ###p < 0.001: compared with the diabetic group.
Yiqi Jiedu Huayu Decoction Promotes Autophagy
To evaluate the effects of YJHD on autophagy, we examined the expression of Beclin-1, p62, and LC3II mRNA and protein in the kidney. These proteins play an important role in autophagy and can be used to assess autophagy fluxes. Compared with the normal control group, Beclin-1 and LC3II expression decreased and p62 expression increased in the diabetic group (p < 0.05), indicating that autophagy in the diabetic group was inhibited. Compared with the diabetic group, high-dose YJHD significantly upregulated Beclin-1 and LC3II expression and downregulated p62 expression (p < 0.05) (Figures 6A–D). This suggests that high-dose YJHD promotes autophagy, which may be responsible for its effects in the alleviation of podocyte injury.
[image: Figure 6]FIGURE 6 | Effects of Yiqi Jiedu Huayu decoction (YJHD) on autophagy. (A) Protein levels of Beclin-1, p62, and LC3II were detected by western blotting. (B–D) Protein concentration analysis. Data are expressed as *p < 0.05, **p < 0.01: compared with the normal control group, respectively; #p < 0.05, ##p < 0.01: compared with the diabetic group.
Effects of Yiqi Jiedu Huayu Decoction on mTOR Pathway
The mTOR pathway is a key pathway regulating autophagy. Activation of the mTOR pathway is associated with inhibition of autophagy. We examined the expression of mTOR, p-mTOR, and downstream ULK1 and p-ULK1 in the kidney. Compared with the normal control group, mTOR and p-mTOR in kidneys of the diabetic group was significantly increased (p < 0.05). Compared with the diabetic group, high-dose YJHD significantly downregulated mTOR and p-mTOR expression (p < 0.01) (Figures 7A–D). Activated mTOR inhibits autophagy by phosphorylating ULK1. Compared with the normal control group, p-ULK1 expression in the kidneys of the diabetic group was significantly increased (p < 0.01). Compared with the diabetic group, high-dose YJHD significantly reduced the expression of p-ULK1 (p < 0.05) (Figures 7A,E). This suggests that high-dose YJHD can inhibit activation of the mTOR pathway.
[image: Figure 7]FIGURE 7 | Effects of Yiqi Jiedu Huayu decoction (YJHD) on mTOR pathway. (A) Protein levels of mTOR, p-mTOR, ULK1, and p-ULK1 were detected by western blotting. (B) mRNA expression of mTOR was detected by PCR. (C–E) Protein concentration analysis. Data are expressed as *p < 0.05, **p < 0.01, and ***p < 0.001: compared with the normal control group; ##p < 0.01: compared with the diabetic group.
Effects of Yiqi Jiedu Huayu Decoction on PI3K/Akt and AMPK Pathways
Considering that the mTOR pathway is mainly regulated by the PI3K/Akt and AMPK pathways, we examined the expression of proteins in the PI3K/Akt and AMPK pathways in the kidney. There was no significant change in PI3K and Akt in the diabetic group compared with the normal control group (p > 0.05) (Figures 8A,D,E), but IRS1 and p-Akt increased significantly (p < 0.05), indicating that the PI3K/Akt pathway was activated in the kidneys of DN rats, which was consistent with the activation of the mTOR pathway. Compared with the diabetic group, high-dose YJHD significantly reduced the expression of IRS1 and p-Akt and inhibited the PI3K/Akt pathway (p < 0.05) (Figures 8A,C,F), which was consistent with the inhibition of the mTOR pathway.
[image: Figure 8]FIGURE 8 | Effects of Yiqi Jiedu Huayu decoction (YJHD) on PI3K/Akt and AMPK pathways. (A) Protein levels of IRS1, PI3K, Akt, and p-Akt were detected by western blotting. (B) Protein levels of LKB1, AMPK, and p-AMPK were detected by western blotting. (C–I) Protein concentration analysis. Data are expressed as *p < 0.05, **p < 0.01, ***p < 0.001: compared with the normal control group, respectively; #p < 0.05 and ##p < 0.01: compared with the diabetic group respectively.
The AMPK pathway has a positive regulatory effect on autophagy, which is related to the inhibition of mTOR pathway activation. Compared with the normal control group, the expression of LKB1 and p-AMPK in the diabetic group was significantly decreased (p < 0.05), indicating that the AMPK pathway was inhibited in the kidneys of DN rats. Compared with the diabetic group, the expression of LKB1 and p-AMPK was significantly upregulated after high-dose YJHD treatment (p < 0.01) (Figures 8B,G–I), which promoted the activity of AMPK pathway.
DISCUSSION
As the major microvascular complication of diabetes mellitus, DN is one of the main causes of chronic kidney disease and ESRD (Molitch et al., 2004). Since the decreased renal function and pathological changes associated with ESRD are difficult to reverse, it is particularly important to develop effective early treatments. YJHD is composed of seven herbs. We identified fifteen different compounds by UPLC-QTOF-MS analysis. Studies have shown that ten compounds, including kaempferol and baicalein, can effectively improve diabetic nephropathy (Ahad et al., 2014; Sharma et al., 2020). Furthermore, seven compounds, including berberine and quercetin, have been shown to induce autophagy (Li et al., 2020; Qu et al., 2020). This is consistent with the overall effect of YJHD observed in this study. Therefore, these compounds may be potential components for the therapeutic effects of YJHD in diabetic nephropathy. In this study, we explored the renal protective effects of YJHD in DN and its underlying molecular mechanisms. We found that YJHD could ameliorate the symptoms associated with glucose metabolism disorders, such as polydipsia, polyphagia, polyuria, weight loss, and hyperglycemia, in DN rats. Increased urinary protein, serum creatinine, and urea nitrogen reflect glomerular filtration barrier impairment and reduced renal filtration function. In this study, we observed that YJHD reduced urinary protein, serum creatinine, and urea nitrogen in DN rats. This suggests that YJHD plays a role in improving renal function in DN.
The main pathological changes of DN include glomerular hypertrophy, basement membrane thickening, and renal fibrosis caused by accumulation of ECM in the mesangial area and tubulointerstitium (Palsamy and Subramanian, 2011; Han et al., 2017b). Accumulation of ECM in the mesangial region leads to diffuse and nodular mesangial expansion. With the development of DN, diffuse mesangial dilation gradually becomes a nodular accumulation in the mesangial matrix. These nodular deposits are known as Kimmelstiel-Wilson nodules, which are important pathological changes in late-stage DN (Tervaert et al., 2010). The gradual occurrence of renal fibrosis is an important factor for the continuous deterioration of renal function in diabetic patients and eventually into ESRD (Li and Zhang, 2017). In this study, we observed significant renal enlargement, mesangial expansion, basement membrane thickening, and renal fibrosis in the DN rats. In addition, collagen IV and fibronectin, the main components of the ECM, were significantly increased in the kidney. At the same time, we found that 12-weeks YJHD treatment alleviated the above pathological changes to varying degrees, reduced the expression of collagen IV and fibronectin in the kidney, and improved renal fibrosis. Kidney filtration function decreases with the progression of renal fibrosis. This leads to the accumulation of certain metabolic wastes, like Cr and BUN, which cannot be excreted by the kidneys and accumulate in the blood. Persistent high levels of Cr and BUN in the blood can damage other organs, including the brain. In this study, we observed that the serum Cr and BUN levels in the DN rats increased significantly, while YJHD decreased serum Cr and BUN levels. These results indicate that YJHD can alleviate renal pathological damage and improve renal filtration function in DN.
Glomerular visceral epithelial cells, also known as podocytes, form a glomerular filtration barrier together with the basement membrane and vascular endothelial cells. Unlike the latter two, podocytes not only participate in creating a mechanical barrier, but also build a charged barrier because the foot processes are negatively charged, which helps to retain small-molecule proteins in the blood (Lu et al., 2019). Fewer podocytes and increased functional impairment play an important role in the pathomechanism of DN (Lemley et al., 2002; White et al., 2002; Wiggins, 2007). Studies have shown that DN can cause podocyte hypertrophy, epithelial-mesenchymal transition, detachment from the basement membrane, and apoptosis, affecting podocyte morphology and quantity (Dai et al., 2017). Injured podocytes cannot maintain the integrity of the glomerular filtration barrier, which will further lead to continuous proteinuria and renal fibrosis and promote the progression of DN (Lu et al., 2019). To evaluate podocyte damage, we examined the expression of podocin and nephrin, proteins specifically expressed on the slit diaphragm of podocytes. Decreased expression of podocin and nephrin indicates podocyte damage and a reduction in normal podocytes. We found that the expression of podocin and nephrin in the kidney of the DN rats was significantly decreased, while YJHD significantly upregulated the expression of podocin and nephrin compared with the Diabetic group. This indicates that YJHD improves the damage to podocytes in DN.
As terminally differentiated cells, podocytes are difficult to regenerate when they are injured or apoptotic, and so the ability of podocytes to maintain their homeostasis in the face of stress stimuli is particularly important (Maezawa et al., 2015). Unlike other cells in the kidney, podocytes have a high basal level of autophagy, which is crucial to their homeostasis maintenance (Hartleben et al., 2010; Fang et al., 2013). In vivo and in vitro studies have shown in diabetic nephropathy, the level of podocyte autophagy is inhibited, and podocyte integrity is disrupted, thereby causing proteinuria and renal fibrosis. Promoting autophagy has been shown to attenuate podocyte injury and ameliorate renal fibrosis (Kawakami et al., 2015; Liu et al., 2016; Jin et al., 2019; Fan et al., 2020). Autophagy is a highly conserved intracellular lysosome-mediated protein degradation pathway that plays an important role in removing damaged or excessive organelles to maintain intracellular homeostasis and cell integrity (Yorimitsu and Klionsky, 2005). The formation of autophagosomes is at the core of the autophagic process, which includes four steps: trigger, nucleation, extension, and closure (Figure 9) (Ravanan et al., 2017). Phosphorylation of ATG13 and FIP200 by ULK1 is the key to triggering autophagy (Jung et al., 2009). Nucleation of autophagosomes depends on the PI3K complex, which is composed of Beclin-1, VPS15, VPS34, NRBF2, and Barkor (Liang et al., 1999; Kihara et al., 2001; Itakura et al., 2008; Sun et al., 2008). The formation of the ATG12-ATG5-ATG16 complex contributes to the coupling of LC3 with phosphatidylethanolamine (PE) to form LC3II and localize to autophagosomes, which is crucial to autophagosome extension. Therefore, LC3II is considered an important indicator for evaluating autophagosomes (Ichimura et al., 2000). After autophagosome formation, fusion with lysosomes leads to autophagy lysosomes. At this point, lysosomal enzymes begin to digest proteins or organelles encapsulated by autophagosomes (Yorimitsu and Klionsky, 2005). During this process, p62 is continuously degraded, which means that the level of p62 expression is negatively correlated with the level of autophagy (Bjørkøy et al., 2005; Pohl and Jentsch, 2009). Numerous studies have shown that the level of podocyte autophagy is inhibited in DN, and promoting autophagy is a promising potential mechanism for the treatment of DN (Kume et al., 2014; Tagawa et al., 2016). In this experiment, we observed that the levels of LC3II and Beclin-1 were significantly decreased in the kidneys of DN rats, while the p62 expression was increased, which indicated that autophagy was inhibited. Compared with the diabetic group, YJHD increased LC3B and Beclin-1 expression while decreasing p62 expression, indicating that YJHD promoted autophagic activity. It should be noted that the above results are the effects of YJHD on renal autophagy. Whether this result is accurate for podocytes will need to be further validated in subsequent cell experiments.
[image: Figure 9]FIGURE 9 | Schematic diagram of autophagy process.
Studies have shown that overactivation of the mTOR pathway plays a key role in glomerular and tubular injury in DN. Selective inhibition of the mTOR pathway by rapamycin has renal protective effects (Noda and Ohsumi, 1998). The mTOR pathway is the main pathway to inhibit autophagy. The activated mTOR pathway phosphorylates and inactivates ULK1, making it unable to trigger autophagy (Hosokawa et al., 2009). In this study, we observed that the mTOR pathway was overactivated in the kidneys of DN rats, and p-ULK1 expression was significantly increased. Compared with the diabetic group, YJHD inhibited mTOR pathway activation and downregulated p-ULK1 expression. This suggests that YJHD can promote autophagy by inhibiting the mTOR pathway.
The activity of the mTOR pathway is mainly regulated by the PI3K/Akt and AMPK pathways. The activated PI3K/Akt pathway inhibits autophagy by activating the mTOR pathway (Inoki et al., 2002). Studies have shown that the PI3K/Akt pathway is overactivated in DN. Inhibition of the PI3K/Akt pathway can promote autophagy and reduce podocyte injury (Yang et al., 2020). This is consistent with the results observed in this study. IRS1 and p-Akt expression was significantly increased in the kidneys of DN rats, which indicated that the activity of the PI3K/Akt pathway was enhanced. The expression of IRS1 and p-Akt decreased after YJHD treatment, suggesting that YJHD can inhibit the activity of the PI3K/Akt pathway. AMPK is regulated by LKB1; in its low-energy state, AMPK is activated by LKB1. Activated AMPK inhibits the mTOR pathway by phosphorylating the TSC1-TSC2 complex (Gwinn et al., 2008). Therefore, the activated AMPK pathway has a role in promoting autophagy (Liang et al., 2007). Studies have shown that AMPK pathway activity is inhibited in DN, and the activation of the AMPK pathway by drugs can effectively alleviate kidney injury (Wang et al., 2018). In this study, we observed a significant decrease in LKB1 and p-AMPK expression in the kidneys of DN rats. Compared with the diabetic group, YJHD upregulated LKB1 and p-AMPK expression. This suggests that YJHD can activate the AMPK pathway. According to our results, YJHD can inhibit PI3K/Akt pathway activity and activate the AMPK pathway in the kidneys of DN rats. Therefore, we speculate that YJHD may inhibit mTOR pathway activity and ultimately promote autophagy by regulating the PI3K/Akt and AMPK pathways.
CONCLUSION
In conclusion, our study shows that YJHD improves renal pathological damage and renal function in DN rats. This renal protective effect may be related to the downregulation of mTOR pathway activity through the PI3K/Akt and AMPK pathways, thus promoting autophagy and improving podocyte injury.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University.
AUTHOR CONTRIBUTIONS
CX performed experiments, data analysis, and wrote the manuscript. Y-MX, Y-DZ, C-HT, and L-YZ assisted in the experiments and provided data. Y-MX assisted in data analysis. W-FC conceived and designed the study and supervised the experiments. All authors have reviewed and approved the final version of the manuscript.
FUNDING
This research was supported by the National Natural Science Foundation of China (no. 81573860). The funding body did not participate in the design of the study, collection, analysis, interpretation of data, or in writing the manuscript.
ACKNOWLEDGMENTS
The authors thank the National Natural Science Foundation of China for the financial support. We would like to thank Editage (www.editage.cn) for English language editing.
REFERENCES
 Ahad, A., Mujeeb, M., Ahsan, H., and Siddiqui, W. A. (2014). Prophylactic effect of baicalein against renal dysfunction in type 2 diabetic rats. Biochimie 106, 101–110. doi:10.1016/j.biochi.2014.08.006 
 Bjørkøy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Overvatn, A., et al. (2005). p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced cell death. J. Cell Biol. 171, 603–614. doi:10.1083/jcb.200507002 
 Chen, X., Long, L., Cheng, Y., Chu, J., Shen, Z., Liu, L., et al. (2021). Qingda granule attenuates cardiac fibrosis via suppression of the TGF-β1/Smad2/3 signaling pathway in vitro and in vivo. Biomed. Pharmacother. 137, 111318. doi:10.1016/j.biopha.2021.111318 
 Chen, X., Yu, J., and Shi, J. (2018). Management of diabetes mellitus with puerarin, a natural isoflavone from Pueraria lobata. Am. J. Chin. Med. 46, 1771–1789. doi:10.1142/S0192415X18500891 
 Codogno, P., and Meijer, A. J. (2005). Autophagy and signaling: their role in cell survival and cell death. Cell Death Differ. 12 Suppl 2, 1509–1518. doi:10.1038/sj.cdd.4401751 
 Dai, H., Liu, Q., and Liu, B. (2017). Research progress on mechanism of podocyte depletion in diabetic nephropathy. J. Diabetes Res. 2017, 2615286. doi:10.1155/2017/2615286 
 Fan, X., Li, Z., Wang, X., Wang, J., and Hao, Z. (2020). Silencing of KPNA2 inhibits high glucose-induced podocyte injury via inactivation of mTORC1/p70S6K signaling pathway. Biochem. Biophys. Res. Commun. 521, 1017–1023. doi:10.1016/j.bbrc.2019.10.200 
 Fang, L., Zhou, Y., Cao, H., Wen, P., Jiang, L., He, W., et al. (2013). Autophagy attenuates diabetic glomerular damage through protection of hyperglycemia-induced podocyte injury. PLoS One 8, e60546. doi:10.1371/journal.pone.0060546 
 Gwinn, D. M., Shackelford, D. B., Egan, D. F., Mihaylova, M. M., Mery, A., Vasquez, D. S., et al. (2008). AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell. 30, 214–226. doi:10.1016/j.molcel.2008.03.003 
 Han, H., Cao, A., Wang, L., Guo, H., Zang, Y., Li, Z., et al. (2017a). Huangqi decoction ameliorates streptozotocin-induced rat diabetic nephropathy through antioxidant and regulation of the TGF-β/MAPK/PPAR-γ signaling. Cell Physiol. Biochem. 42 (5), 1934–1944. doi:10.1159/000479834 
 Han, Q., Zhu, H., Chen, X., and Liu, Z. (2017b). Non-genetic mechanisms of diabetic nephropathy. Front. Med. 11, 319–332. doi:10.1007/s11684-017-0569-9 
 Hartleben, B., Gödel, M., Meyer-Schwesinger, C., Liu, S., Ulrich, T., Köbler, S., et al. (2010). Autophagy influences glomerular disease susceptibility and maintains podocyte homeostasis in aging mice. J. Clin. Invest. 120, 1084–1096. doi:10.1172/JCI39492 
 Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y., et al. (2009). Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required for autophagy. Mol. Biol. Cell. 20, 1981–1991. doi:10.1091/mbc.E08-12-1248 
 Ichimura, Y., Kirisako, T., Takao, T., Satomi, Y., Shimonishi, Y., Ishihara, N., et al. (2000). A ubiquitin-like system mediates protein lipidation. Nature 408, 488–492. doi:10.1038/35044114 
 Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002). TSC2 is phosphorylated and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol. 4, 648–657. doi:10.1038/ncb839 
 International Diabetes Federation (2017). IDF DIABETES ATLAS eighth edition. Available at: https://www.diabetesatlas.org/resources/2017-atlas.html (Accessed January 18, 2019). 
 Itakura, E., Kishi, C., Inoue, K., and Mizushima, N. (2008). Beclin 1 forms two distinct phosphatidylinositol 3-kinase complexes with mammalian Atg14 and UVRAG. Mol. Biol. Cell. 19, 5360–5372. doi:10.1091/mbc.E08-01-0080 
 Jin, J., Shi, Y., Gong, J., Zhao, L., Li, Y., He, Q., et al. (2019). Exosome secreted from adipose-derived stem cells attenuates diabetic nephropathy by promoting autophagy flux and inhibiting apoptosis in podocyte. Stem Cell Res. Ther. 10, 95. doi:10.1186/s13287-019-1177-1 
 Jung, C. H., Jun, C. B., Ro, S. H., Kim, Y. M., Otto, N. M., Cao, J., et al. (2009). ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery. Mol. Biol. Cell. 20, 1992–2003. doi:10.1091/mbc.E08-12-1249 
 Kawakami, T., Gomez, I. G., Ren, S., Hudkins, K., Roach, A., Alpers, C. E., et al. (2015). Deficient autophagy results in mitochondrial dysfunction and FSGS. J. Am. Soc. Nephrol. 26, 1040–1052. doi:10.1681/ASN.2013111202 
 Kihara, A., Noda, T., Ishihara, N., and Ohsumi, Y. (2001). Two distinct Vps34 phosphatidylinositol 3-kinase complexes function in autophagy and carboxypeptidase Y sorting in Saccharomyces cerevisiae. J. Cell Biol. 152, 519–530. doi:10.1083/jcb.152.3.519 
 Kim, Y., and Park, C. W. (2017). Response to comment on “New therapeutic agents in diabetic nephropathy”. Korean J. Intern. Med. 32, 570. doi:10.3904/kjim.2017.154 
 Kume, S., Yamahara, K., Yasuda, M., Maegawa, H., and Koya, D. (2014). Autophagy: emerging therapeutic target for diabetic nephropathy. Semin. Nephrol. 34, 9–16. doi:10.1016/j.semnephrol.2013.11.003 
 Lemley, K. V., Lafayette, R. A., Safai, M., Derby, G., Blouch, K., Squarer, A., et al. (2002). Podocytopenia and disease severity in IgA nephropathy. Kidney Int. 61, 1475–1485. doi:10.1046/j.1523-1755.2002.00269.x 
 Lenoir, O., Jasiek, M., Hénique, C., Guyonnet, L., Hartleben, B., Bork, T., et al. (2015). Endothelial cell and podocyte autophagy synergistically protect from diabetes-induced glomerulosclerosis. Autophagy 11, 1130–1145. doi:10.1080/15548627.2015.1049799 
 Li, D. L., Mao, L., Gu, Q., Wei, F., and Gong, Y.-Y. (2020). Quercetin protects retina external barrier from oxidative stress injury by promoting autophagy. Cutan. Ocul. Toxicol. 17, 1–7. doi:10.1080/15569527.2020.1860082
 Li, Z., and Zhang, W. (2017). Protective effect of berberine on renal fibrosis caused by diabetic nephropathy. Mol. Med. Rep. 16, 1055–1062. doi:10.3892/mmr.2017.6707 
 Liang, J., Shao, S. H., Xu, Z. X., Hennessy, B., Ding, Z., Larrea, M., et al. (2007). The energy sensing LKB1-AMPK pathway regulates p27(kip1) phosphorylation mediating the decision to enter autophagy or apoptosis. Nat. Cell Biol. 9, 218–224. doi:10.1038/ncb1537 
 Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H., et al. (1999). Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 402, 672–676. doi:10.1038/45257 
 Liu, J., Li, Q. X., Wang, X. J., Zhang, C., Duan, Y. Q., Wang, Z. Y., et al. (2016). β-Arrestins promote podocyte injury by inhibition of autophagy in diabetic nephropathy. Cell Death Dis. 7, e2183. doi:10.1038/cddis.2016.89 
 Lu, C. C., Wang, G. H., Lu, J., Chen, P. P., Zhang, Y., Hu, Z. B., et al. (2019). Role of podocyte injury in glomerulosclerosis. Adv. Exp. Med. Biol. 1165, 195–232. doi:10.1007/978-981-13-8871-2_10 
 Maezawa, Y., Takemoto, M., and Yokote, K. (2015). Cell biology of diabetic nephropathy: roles of endothelial cells, tubulointerstitial cells and podocytes. J. Diabetes Investig. 6, 3–15. doi:10.1111/jdi.12255 
 Masuda, S., Tamura, K., Wakui, H., Kanaoka, T., Ohsawa, M., Maeda, A., et al. (2009). Effects of angiotensin II type 1 receptor blocker on ambulatory blood pressure variability in hypertensive patients with overt diabetic nephropathy. Hypertens. Res. 32, 950–955. doi:10.1038/hr.2009.131 
 Molitch, M. E., DeFronzo, R. A., Franz, M. J., Keane, W. F., Mogensen, C. E., Parving, H. H., et al. (2004). Nephropathy in diabetes. Diabetes Care 27 Suppl 1, S79–S83. doi:10.2337/diacare.27.2007.s79 
 Mundel, P., and Reiser, J. (2010). Proteinuria: an enzymatic disease of the podocyte?Kidney Int. 77, 571–580. doi:10.1038/ki.2009.424 
 Nakamura, M., Sasai, N., Hisatome, I., and Ichida, K. (2014). Effects of irbesartan on serum uric acid levels in patients with hypertension and diabetes. Clin. Pharmacol. 6, 79–86. doi:10.2147/CPAA.S61462 
 Noda, T., and Ohsumi, Y. (1998). Tor, a phosphatidylinositol kinase homologue, controls autophagy in yeast. J. Biol. Chem. 273, 3963–3966. doi:10.1074/jbc.273.7.3963 
 Pagtalunan, M. E., Miller, P. L., Jumping-Eagle, S., Nelson, R. G., Myers, B. D., Rennke, H. G., et al. (1997). Podocyte loss and progressive glomerular injury in type II diabetes. J. Clin. Invest. 99, 342–348. doi:10.1172/JCI119163 
 Palsamy, P., and Subramanian, S. (2011). Resveratrol protects diabetic kidney by attenuating hyperglycemia-mediated oxidative stress and renal inflammatory cytokines via Nrf2-Keap1 signaling. Biochim. Biophys. Acta. 1812, 719–731. doi:10.1016/j.bbadis.2011.03.008 
 Pohl, C., and Jentsch, S. (2009). Midbody ring disposal by autophagy is a post-abscission event of cytokinesis. Nat. Cell Biol. 11, 65–70. doi:10.1038/ncb1813 
 Qu, H., Song, X., Song, Z., Jiang, X., Gao, X., Bai, L., et al. (2020). Berberine reduces temozolomide resistance by inducing autophagy via the ERK1/2 signaling pathway in glioblastoma. Cancer Cell Int. 20, 592. doi:10.1186/s12935-020-01693-y 
 Rao, V. L. B., Tan, S. H., Candasamy, M., and Bhattamisra, S. K. (2019). Diabetic nephropathy: an update on pathogenesis and drug development. Diabetes Metab. Syndr. 13, 754–762. doi:10.1016/j.dsx.2018.11.054 
 Ravanan, P., Srikumar, I. F., and Talwar, P. (2017). Autophagy: the spotlight for cellular stress responses. Life Sci. 188, 53–67. doi:10.1016/j.lfs.2017.08.029 
 Sharma, D., Kumar Tekade, R., and Kalia, K. (2020). Kaempferol in ameliorating diabetes-induced fibrosis and renal damage: an in vitro and in vivo study in diabetic nephropathy mice model. Phytomedicine 76, 153235. doi:10.1016/j.phymed.2020.153235 
 Shi, Y., and Hu, F. B. (2014). The global implications of diabetes and cancer. Lancet 383, 1947–1948. doi:10.1016/S0140-6736(14)60886-2 
 Sulaiman, M. K. (2019). Diabetic nephropathy: recent advances in pathophysiology and challenges in dietary management. Diabetol. Metab. Syndr. 11, 7. doi:10.1186/s13098-019-0403-4 
 Sun, Q., Fan, W., Chen, K., Ding, X., Chen, S., and Zhong, Q. (2008). Identification of Barkor as a mammalian autophagy-specific factor for Beclin 1 and class III phosphatidylinositol 3-kinase. Proc. Natl. Acad. Sci. USA 105, 19211–19216. doi:10.1073/pnas.0810452105 
 Tagawa, A., Yasuda, M., Kume, S., Yamahara, K., Nakazawa, J., Chin-Kanasaki, M., et al. (2016). Impaired podocyte autophagy exacerbates proteinuria in diabetic nephropathy. Diabetes 65, 755–767. doi:10.2337/db15-0473 
 Tervaert, T. W., Mooyaart, A. L., Amann, K., Cohen, A. H., Cook, H. T., Drachenberg, C. B., et al. (2010). Pathologic classification of diabetic nephropathy. J. Am. Soc. Nephrol. 21, 556–563. doi:10.1681/ASN.2010010010 
 Thaipitakwong, T., Numhom, S., and Aramwit, P. (2018). Mulberry leaves and their potential effects against cardiometabolic risks: a review of chemical compositions, biological properties and clinical efficacy. Pharm. Biol. 56, 109–118. doi:10.1080/13880209.2018.1424210 
 Wang, W., Long, H., Huang, W., Zhang, T., Xie, L., Chen, C., et al. (2020). Bu-shen-huo-xue decoction ameliorates diabetic nephropathy by inhibiting rac1/PAK1/p38MAPK signaling pathway in high-fat diet/streptozotocin-induced diabetic mice. Front. Pharmacol. 11, 587663. doi:10.3389/fphar.2020.587663 
 Wang, X., Gao, L., Lin, H., Song, J., Wang, J., Yin, Y., et al. (2018). Mangiferin prevents diabetic nephropathy progression and protects podocyte function via autophagy in diabetic rat glomeruli. Eur. J. Pharmacol. 824, 170–178. doi:10.1016/j.ejphar.2018.02.009 
 White, K. E., Bilous, R. W., Marshall, S. M., El Nahas, M., Remuzzi, G., Piras, G., et al. (2002). Podocyte number in normotensive type 1 diabetic patients with albuminuria. Diabetes 51, 3083–3089. doi:10.2337/diabetes.51.10.3083 
 Wiggins, R. C. (2007). The spectrum of podocytopathies: a unifying view of glomerular diseases. Kidney Int. 71, 1205–1214. doi:10.1038/sj.ki.5002222 
 Xiao, S., Liu, C., Chen, M., Zou, J., Zhang, Z., Cui, X., et al. (2020). Scutellariae radix and coptidis rhizoma ameliorate glycolipid metabolism of type 2 diabetic rats by modulating gut microbiota and its metabolites. Appl. Microbiol. Biotechnol. 104, 303–317. doi:10.1007/s00253-019-10174-w 
 Xu, Z. J., Shu, S., Li, Z. J., Liu, Y. M., Zhang, R. Y., and Zhang, Y. (2017). Liuwei Dihuang pill treats diabetic nephropathy in rats by inhibiting of TGF-β/SMADS, MAPK, and NF-kB and upregulating expression of cytoglobin in renal tissues. Medicine (Baltimore) 96 (3), e5879. doi:10.1097/MD.0000000000005879 
 Yang, F., Qu, Q., Zhao, C., Liu, X., Yang, P., Li, Z., et al. (2020). Paecilomyces cicadae-fermented Radix astragali activates podocyte autophagy by attenuating PI3K/AKT/mTOR pathways to protect against diabetic nephropathy in mice. Biomed. Pharmacother. 129, 110479. doi:10.1016/j.biopha.2020.110479 
 Yang, Y., Li, Y., Yin, D., Chen, S., and Gao, X. (2016). Coptis chinensis polysaccharides inhibit advanced glycation end product formation. J. Med. Food 19, 593–600. doi:10.1089/jmf.2015.3606 
 Yang, Z., and Klionsky, D. J. (2010). Mammalian autophagy: core molecular machinery and signaling regulation. Curr. Opin. Cell Biol. 22, 124–131. doi:10.1016/j.ceb.2009.11.014 
 Yorimitsu, T., and Klionsky, D. J. (2005). Autophagy: molecular machinery for self-eating. Cell Death Differ. 12 Suppl 2, 1542–1552. doi:10.1038/sj.cdd.4401765 
 Yu, N., Shen, A., Chu, J., Huang, Y., Zhang, L., Lin, S., et al. (2020). Qingda granule inhibits angiotensin II induced VSMCs proliferation through MAPK and PI3K/AKT pathways. J. Ethnopharmacol. 258, 112767. doi:10.1016/j.jep.2020.112767 
 Zhang, L., Shergis, J. L., Yang, L., Zhang, A. L., Guo, X., Zhang, L., et al. (2019). Astragalus membranaceus (Huang Qi) as adjunctive therapy for diabetic kidney disease: an updated systematic review and meta-analysis. J. Ethnopharmacol. 239, 111921. doi:10.1016/j.jep.2019.111921 
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 © 2021 Xuan, Xi, Zhang, Tao, Zhang and Cao. 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.
National Natural Science Foundation of China 10.13039/501100001809		ORIGINAL RESEARCH
published: 27 April 2021
doi: 10.3389/fphar.2021.624303


[image: image2]
Yi–Qi–Jian–Pi–Xiao–Yu–Xie–Zhuo Formula Improves Muscle Atrophy via Modulating the IGF-1/PI3K/Akt Signaling Pathway in 5/6 Nephrectomized Rats
Hong Xia1†, Bingbing Zhang2†, Dan Yang2, Chengyue Zhu3, Jiudan Zhang4, Hongbo Chen1, Hongzhen Ma1, Shouci Hu1, Chao Xu1, Chengqian Shi5, Keda Lu1* and Peipei Zhang1*
1Department of Nephrology, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China
2Postgraduate of Internal Medicine of Traditional Chinese Medicine, Zhejiang Chinese Medical University, Hangzhou, China
3Department of Orthopaedics, The Affiliated Guangxing Hospital of Zhejiang Chinese Medical University, Hangzhou, China
4Department of Endocrinology, The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China
5Department of Nephrology, The Second Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou, China
Edited by:
Jianping Chen, The Fourth Clinical Medical College of Guangzhou University of Chinese Medicine, China
Reviewed by:
Dong Tao Wang, Shenzhen Hospital, Southern Medical University, China
Zhaoyong Hu, Baylor College of Medicine, United States
* Correspondence: Keda Lu, Lukedaq@126.com; Peipei Zhang, zhangpeipeinju@hotmail.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: 31 October 2020
Accepted: 10 March 2021
Published: 27 April 2021
Citation: Xia H, Zhang B, Yang D, Zhu C, Zhang J, Chen H, Ma H, Hu S, Xu C, Shi C, Lu K and Zhang P (2021) Yi–Qi–Jian–Pi–Xiao–Yu–Xie–Zhuo Formula Improves Muscle Atrophy via Modulating the IGF-1/PI3K/Akt Signaling Pathway in 5/6 Nephrectomized Rats. Front. Pharmacol. 12:624303. doi: 10.3389/fphar.2021.624303

The Yi–Qi–Jian–Pi–Xiao–Yu–Xie–Zhuo (YQJPXYXZ) formula has been used for treating chronic kidney disease (CKD) for many years with good efficiency based on the cumulative empirical experience of previous practitioners. Impairment of the IGF-1/PI3K/Akt signaling pathway plays an important role in mediating muscle wasting. This study aimed to observe effects of the YQJPXYXZ formula on muscle atrophy in CKD rats and investigate its possible mechanism on regulation of the IGF-1/PI3K/Akt signaling pathway. The 5/6 nephrectomized rats were randomly allocated into 3 groups: the CKD group, the KT (compound α-ketoacid tablets) group, and the YQJPXYXZ group. Besides, sham-operated rats were included as the sham group. All rats were treated for 12 weeks. Results showed that administration of the YQJPXYXZ formula prevented body weight loss and muscle fiber size decrease. Moreover, the YQJPXYXZ formula increased the IGF-1 level of serum and skeletal muscle in CKD rats and enhanced the phosphorylation level of Akt. Furthermore, the YQJPXYXZ formula decreased the Atrogin1 and MuRF1 mRNA and MuRF1 proteins. In conclusion, our data demonstrated that the YQJPXYXZ formula improves muscle wasting in CKD rats, which might be associated with the modulation of the IGF-1/PI3K/Akt signaling pathway and inhibition of the ubiquitin–proteasome system (UPS).
Keywords: Yi-Qi-Jian-Pi-Xiao-Yu-Xie-Zhuo formula, muscle atrophy, insulin-like growth factor l, phosphoinositide 3-kinase, akt
INTRODUCTION
CKD is characterized by progressive decline in renal function over months or years and is an increasing public health issue (Webster et al., 2017). Protein energy wasting (PEW) refers to loss of body protein mass and fuel reserves (Fouque et al., 2008). Surveys show that PEW is present in 18–75% of CKD patients undergoing maintenance dialysis therapy (Mehrotra and Kopple, 2001; Kalantar-Zadeh et al., 2003). The diagnosis of PEW mainly includes four aspects as follows: biochemical criteria; low body weight, reduced total body fat, or weight loss; a decrease in muscle mass; and low protein or energy intakes (Fouque et al., 2008). Muscle wasting seems to be the strongest predictor for the diagnosis of PEW in CKD (Kaysen, 2005; Fouque et al., 2008).
Many factors result in or accelerate muscle wasting in kidney disease. These include inflammation, acidosis (Kalantar-Zadeh et al., 2004), hemodialysis (HD) treatment (Kaplan et al., 1995), hyperglucagonemia (Sherwin et al., 1976), hyperparathyroidism (Kopple et al., 1980), endocrine disorders such as resistance to insulin (Mak, 1996) and insulin-like growth factor-1(IGF-1) (Ding et al., 1996), and so on. IGF-1 is a kind of protein that promotes anabolism, and its inhibition plays an important role in muscle atrophy in end stage renal disease (ESRD) (Kopple et al., 2007). The IGF-1/PI3K/Akt pathway promoting muscle hypertrophy prevents expression of muscle atrophy–induced UPS, namely, the muscle-specific ubiquitin ligases Atrogin1 and MuRF1 (Stitt et al., 2004).
PEW directly correlates with mortality and morbidity in patients with CKD (Kalantar-Zadeh et al., 2011). However, there have not been effective preventive and therapeutic interventions that delay muscle wasting so far. In recent years more and more traditional Chinese medicine (TCM) formulas are used in patients with CKD in China and other Asian countries because of their characteristics, such as less adverse effect, abundant resources, low cost, and stable effect (Zhong et al., 2013; Zhong et al., 2015). The YQJPXYXZ formula, modified from the 'Buyang Huanwu Decoction' which was first recorded in <Correction in the Errors of Medical Works>, is significant in replenishing qi, invigorating the spleen, eliminating stasis, and purging dampness turbidity. It is formulated with nine herbs, including Radix Astragali, Radix Cyathulae, Semen Persicae, Lumbricus, Chinese rhubarb, plantain herb, Radix Codonopsis, Poria, and white Atractylodes rhizome. According to yin–yang and the five elements theory of TCM, the YQJPXYXZ formula is in a weight ratio of 30:12:12:12:10:20:15:15:15. The YQJPXYXZ formula has been widely used in treating CKD with good efficiency for many years (Lu et al., 2014; Lu et al., 2016). It has been a standard hospital prescription at the First Affiliated Hospital of Zhejiang Chinese Medical University (Hangzhou, China). Despite the good efficiency, the underlying molecular mechanism and pharmacological action of the YQJPXYXZ formula remain unclear. In this study, we examined whether the YQJPXYXZ formula would delay muscle atrophy in 5/6 nephrectomized rats by modulating the IGF-1/PI3K/Akt signaling pathway.
MATERIALS AND METHODS
TCM Preparation: Yi–Qi–Jian–Pi–Xiao–Yu–Xie–Zhuo
The nine herbs are Astragali Radix (30 g), Radix Cyathulae (12 g), Semen Persicae (12 g), Lumbricus (12 g), Chinese rhubarb (10 g), plantain herb(20 g), Radix Codonopsis (15 g), Poria (15 g), and white Atractylodes rhizome (15 g). The nine herbs were purchased from Hangzhou Huadong Pharmaceutical Co., Ltd. (Hangzhou, China). The plant materials were authenticated by Dr. Xishan Xu based on their morphological characteristics. The voucher specimens were kept at the Pharmaceutical Department, the First Affiliated Hospital of Zhejiang Chinese Medical University with numbers 200414, 200406, 200420, 200406, 200514, 200511, 200225, 200306, and 200523, respectively. Assurance of quality control for all the materials was validated according to the 2015 edition of Pharmacopoeia of the people’s Republic of China.
Nine herbal ingredients were mixed by proportions which are shown as numbers that are within the brackets following each scientific name of an herb. The mixture was extracted sequentially with 0.6 L boiling water twice for 1 h. The extracted liquid was mixed and filtered. After filtration, the dregs of the formula were removed. The filtered liquid was lyophilized and then crushed into a thin powder. The powder was suspended in distilled water to a fixed concentration (1.47 g/ml, 6.25 is the conversion coefficient on the basis of body surface area between human and rat) and stored at 4°C. The YQJPXYXZ formula was subsequently used for all experiments in this research. Some powder was stored in an –80°C refrigerator before injection into an HPLC system for analysis.
HPLC Analysis
Standards of calycosin-7-O-β-D-glucoside, astragaloside IV, aloe emodin, atracylenolide III, emodin, chrysophanol, and physcion were purchased from the China Institute of Food and Drug Verification and Research (Beijing, China). Standards of amygdalin, lobetyolin, calycosin, astragaloside III, and formononetin were purchased from Sichuan Victory Biological Technology Co., Ltd. (Chengdu, China). Chromatographic grade acetonitrile was purchased from Merck (Darmstadt, Germany). All the chemical reagents used in this research were of analytic grade.
The YQJPXYXZ powder was subjected to HPLC analysis. 1.0 g YQJPXYXZ powder sample was accurately weighed and sonicated in 20 ml of 75% methanol by ultrasonic extraction for 30 min at 25°C. The weight loss was compensated by adding 75% methanol after extraction. Then the solution was centrifuged at 4,000 rpm for 5 min (LD5-2 A Low-speed centrifuge, Jingli, Beijing, China), and the supernatant was filtered through a membrane with 0.22 µm pores for analysis. All solutions were stored at 4°C until use. HPLC-QQQ-MS/MS analysis was done using a Shimadzu LCMS 8045 instrument coupled with electron spray ionization (Shimazdu, Kyoto, Japan). Chromatographic separation was accomplished on a Thermo Scientific Hypersil GOLD column (Shimazdu, Kyoto, Japan). Chromatographic separation was accomplished on a Thermo Scientific Hypersil GOLD column (150 × 4.6 mm, 3 μm, Thermo Fisher Scientific, Massachusetts, United States) at a flow rate of 0.3 ml/min and an injection volume of 5 μL. The mobile phase was composed of acetonitrile (A) and water (B) with the following gradient elution program: 0–45 min, 22%–95% A; 45–52 min, 95% A. The solution was injected into the HPLC system (Shimadzu, Kyoto, Japan) for analysis in triplicate.
CKD Model Set-Up
The experimental and feeding protocols were in accordance with National Health guidelines and were approved by the First Affiliated Hospital of Zhejiang Chinese Medical University Institutional Animal Care and Use Committee. Male Sprague–Dawley rats were purchased from the Zhejiang Chinese Medical University Laboratory Animal Research Center, certification no. SYXK (ZHE) 2018–0012, weighing 130–150 g. The animals were kept in the animal laboratory in a controlled environment, a cycle of 12 hours of darkness–light and temperature 22 ± 1°C, with free access to food and water. The animals adapted to their surroundings for 1 week before the experiments were started. Male rats were randomly assigned to either the 5/6 nephrectomized group or the sham-operated group. Each animal in the nephrectomized group underwent a 5/6 nephrectomy, consisting of removing the upper and lower one-third parts of the left kidney, and a right unilateral nephrectomy after 2 weeks. In the sham group, anesthesia and surgery were performed without removal of the kidney mass. The rats were given a daily low protein diet the day after the operation. Then, 4 weeks after the operation, the 5/6 nephrectomy group was randomly separated and maintained as three different groups: the CKD group, the KA group, and the YQJPXYXZ group. The sham group acted as the control. Each group included eight rats.
Experimental Diets
The low protein diet was provided by Jiangsu Synergetic Pharmaceutical Bioengineering Company Limited (production license no: Susi Certificate (2014) 01,008) and given to the rats the day after the operation. The low protein diet was as follows (g/Kg): casein 60, starch 539, gelatinized starch 130.5, sucrose 100, soybean oil 70, microcrystalline cellulose 50, mineral salt mixture 35, vitamin mixture 10, L-cystine 3.0, and choline chloride 2.5. KT was provided by Beijing Fresenius Kabi Pharmaceutical Company Limited. The KT composition was as follows (mg/630 mg): racemic keto isoleucine, 67 mg; ketones leucine, 101 mg; phenylalanine ketone, 68 mg; ketones valine, 86 mg; dl-methionine hydroxy, 59 mg; lysine acetate, 105 mg; threonine, 53 mg; tryptophan, 23 mg; histidine, 38 mg; tyrosine, 30 mg; and total N, 36 mg. The concentration of KT suspension was 78.75 mg/ml, and it was stored at 4°C. The sham group and the CKD group were administered with physiological saline. The KT group was administered with KT suspension, and the YQJPXYXZ group was administered with the YQJPXYXZ formula. The feeding volume was 1 ml/100 g once a day. These administrations were given to the groups for a period of 12 weeks. The method involves orally administering to the rat through a feeding needle and swallowing. The rats in all groups had free access to the low protein diet, and water was provided ad libitum.
Renoprotective Effect of YQJPXYXZ Formula on the Remnant Kidney
After 12 weeks of treatment, the rats were terminated, and the remnant kidney tissues were fixed in paraformaldehyde and embedded in paraffin. The tissues were sectioned and stained with hematoxylin and eosin (H&E) staining.
Biochemical Analysis
After 12 weeks of treatment, the rats were terminated using sodium pentobarbital, and blood samples were subsequently collected. Serum creatinine (Scr), blood urea nitrogen (BUN), serum albumin (ALB), and urine creatinine (Ucr) were measured using DiaSys Diagnostics Systems GmbH following the manufacturer’s instructions.
Testing of 24 h Urine Protein
24 h urine samples were collected by using metabolism cages. The 24 h urinary protein excretion was measured with DiaSys Diagnostics Systems GmbH following the manufacturer’s instructions.
Muscle Histology and Myofiber Cross-Sectional Area Measurements
Tibias anterior (TA) muscle samples were fixed in paraformaldehyde and embedded in paraffin. The muscles were sectioned and stained with hematoxylin and eosin (H&E) in line with the standards. In each muscle, six sections of fifty contiguous myofibres were demarcated so that an average of 200 fibers was obtained for fiber area measurement in each group. The image morphometry program was Image Pro Plus6.0 software (Media Cybernetics, Bethesda, MD, United States).
IGF-1 Concentration Test
The concentration of IGF-1 in serum was measured using the appropriate ELISA kit (R&D Systems, Inc., Quantikine ELISA SMG100) according to the manufacturer’s instructions.
Quantitative Real-Time PCR
Total RNA was isolated from the anterior tibial muscle using Trizol (Invitrogen, Carlsbad, CA, United States). RNA concentration and integrity were assessed. cDNA was synthesized using a TaKaRa (RR037A) PrimeScript™ RT reagent Kit at 30°C for 10 min, followed by incubation at 42°C for 60 min and at 95°C for 5 min. The genes analyzed were IGF-1, Atrogin1, MuRF1, and β-actin (reference gene) (Table 1). All primers were synthesized by Invitrogen. Quantitative real-time PCR was run for all genes separately, and amplifications were performed by the ABI Prism 7900HT Sequence Detection System (Applied Biosystems) using TaKaRa (RR820A) TB Green®Premix Ex Taq™ II. The results were quantified as Ct values, where Ct is defined as the threshold cycle of the polymerase chain reaction at which the amplified product is first detected. The expression was normalized by β-actin levels as an endogenous reference.
TABLE 1 | Primer sequences.
[image: Table 1]Western Blot Analysis of Akt and p-Akt Expression in Rat Gastrocnemius Muscle
Gastrocnemius muscles were lyzed using a Triton X-100-based lysis buffer that contained 1% Triton X-100, 150 mM NaCl, 10 mM Tris (pH 7.5), 5 mM EDTA, 5 mM NaN3, 10 mM NaF, and 10 mM sodium pyrophosphate. Muscle extracts were separated using SDS-PAGE and then transferred to a PVDF membrane (Millipore Corporation, Billerica, MA, United States). After blocking, the blots were developed using rabbit monoclonal anti-pAkt antibody or rabbit monoclonal anti-Akt antibody. The blots were then hybridized using HRP-conjugated goat anti-rabbit IgG (Abcam, United States) and developed with a chemiluminescence kit (Life Sciences, Inc., United States). The western band density that corresponded to the Akt or p-Akt or GAPDH was determined using an image analysis system. The detected density was the representation of the expression level of each protein. The density of p-Akt was calculated versus the density of Akt, and the result was shown as the proportion. The proportion was plotted as a bar graph with the value of group N set to be 1. Single antibodies: anti-pAkt (CST, INC. 8200s); anti-Akt (CST, INC. 8200s); anti-MuRF1 (SANTA CRUZ, INC. sc-398608); and anti-IGF-1 (Abcam, ab106836).
Statistical Analysis
Data were analyzed with SPSS 13.0 (SPSS Inc: Chicago, IL, United States). The results are shown as mean ± SD. Statistical significance between groups of data was analyzed by the nonpaired Student’s t test. Evaluation of statistical significance among several groups was carried out by using ANOVA. Statistical significance was taken as p < 0.05.
RESULTS
HPLC of YQJPXYXZ
The major components of YQJPXYXZ were analyzed by using the HPLC-QQQ-MS/MS method. By comparison with the standard reference compounds, twelve compounds were identified: 1) amygdalin, 2) calycosin-7-O-β-D-glucoside, 3) lobetyolin, 4) calycosin, 5) astragaloside IV, 6) astragaloside III, 7) formononetin, 8) aloe emodin, 9) atracylenolide III, 10) emodin, 11) chrysophanol, and 12) physcion. The percentage content of the twelve compounds was estimated using a calibration curve method. The minimal requirement for the amounts of astragaloside IV, chrysophanol, and physcion should be no less than 0.0031 mg/g, 0.0097 mg/g, and 0.0133 mg/g of the dried extract. The extract being used here met the aforementioned requirements. The concentration and retention time of the compounds are shown in Table 2. A representative chromatogram of YQJPXYXZ is shown in Figure 1. The chemical structure of the main active ingredients of the YQJPXYXZ formula is shown in Figure 2.
TABLE 2 | Herbal concentration and retention time of 12 components in YQJPXYXZ.
[image: Table 2][image: Figure 1]FIGURE 1 | HPLC analysis of the YQJPXYXZ formula (A). Mix standards (B). YQJPXYXZ formula extract: (1) amygdalin; (2) calycosin-7-O-β-D-glucoside; (3) lobetyolin; (4) calycosin; (5) astragaloside IV; (6) astragaloside III; (7) formononetin; (8) aloe emodin; (9) atracylenolide III; (10) emodin; (11) chrysophanol; and (12) physcion.
[image: Figure 2]FIGURE 2 | Chemical structure of the main active ingredients of the YQJPXYXZ formula.
Renoprotective Effect of the YQJPXYXZ Formula on the Remnant Kidney
Glomerulosclerosis and tubulointerstitial fibrosis were a prominent feature in the CKD group. These changes were attenuated by treatment with the YQJPXYXZ formula in the YQJPXYXZ group (Figure 3).
[image: Figure 3]FIGURE 3 | Renoprotective effect of the YQJPXYXZ formula on the remnant kidney. HE staining of the remnant kidney tissue. Magnification ×400.
Changes in Renal Function./YQJPXYXZ Improved Kidney Function and Serum ALB Level in 5/6 Nephrectomized Rats
Before administration, the level of Scr, BUN, and ALB did not differ significantly in the 5/6 nephrectomy groups. Compared with the sham rats, Scr, BUN, and ALB increased significantly in the 5/6 nephrectomized rats. After 12 °weeks of the treatments, the 5/6 nephrectomy groups displayed significantly higher Scr and BUN levels than the sham group. In the 5/6 nephrectomy groups, the YQJPXYXZ formula significantly decreased Scr and BUN levels, while KT significantly decreased Scr and tended to decrease BUN compared with the CKD group. Interestingly, the YQJPXYXZ formula was found to reduce the levels of Scr and BUN compared with the KT group. On the other hand, the ALB level was lower in the 5/6 nephrectomy groups than in the sham group. Among the 5/6 nephrectomy groups, the CKD group had a lower serum ALB level than the YQJPXYXZ and KT groups, but no statistical difference was observed between the YQJPXYXZ and KT groups (Table 3).
TABLE 3 | Renal function data (means ± SD).
[image: Table 3]General Biochemical Parameters of Urine
Before the administration, the 24 h urine volume significantly increased in the 5/6 nephrectomy groups compared with the sham group. After 12 °weeks of the administration, the 24 h urine volume tended to decrease in YQJPXYXZ rats, but this decrease did not reach statistical significance. Before administration and after 12 °weeks of the administration, the level of 24 h urine protein in the 5/6 nephrectomy groups significantly increased compared with the sham group. As expected, 24 h urine protein after 12°weeks of the administration was decreased by YQJPXYXZ or KT treatment (Table 4).
TABLE 4 | The 24 h urine volume and 24 h urine protein (means ± SD).
[image: Table 4]Effects of YQJPXYXZ on Muscle Fiber Cross-Sectional Area
We used the cross-sectional area of muscle fiber to evaluate muscle atrophy as previously described. The improved muscle mass was confirmed by an increase in the average cross-sectional area of myofibers in TA muscles in the YQJPXYXZ group. Representative views are shown in Figures 4A,B. The mean cross-sectional area of TA muscle in the CKD group was significantly lower than that in the sham group (P< 0.01). Compared with the CKD group, fiber atrophy was attenuated in the YQJPXYXZ group (p < 0.05).
[image: Figure 4]FIGURE 4 | Effect of the YQJPXYXZ formula on muscle fiber cross-sectional area and body weight in 5/6 nephrectomized rats. (A) HE staining of the TA muscle. Scale bar = 100 g m. (B) Average fiber size of the HE-stained TA muscle. (C) Body weight. Results are presented as mean ± SD, n = 8 per group, #p < 0.01 versus CKD, and Δp < 0.05 versus CKD.
YQJPXYXZ Formula Increases Body Weight of CKD Rats
The body weight of CKD rats was significantly lower than that of sham rats before the treatment, but there were no differences in body weight among the 5/6 nephrectomy groups. Interestingly, we found that both YQJPXYXZ and KT tended to increase the body weight of rats. Moreover, the YQJPXYXZ group showed obvious improvement of body weight in the treatment of 11 and 12°weeks when compared with the CKD group (Figure 4C). Body weight did not significantly differ between the YQJPXYXZ group and the KT group.
YQJPXYXZ Formula Increases Serum IGF-1 and Skeletal Muscle IGF-1 mRNA in CRF Rats
Before the treatment and after 12°weeks of the administration, the 5/6 nephrectomy groups exhibited a significant decrease of serum IGF-1 level compared to the sham group; however, YQJPXYXZ supplementation tended to increase the level of serum IGF-1, and the difference was statistically significant (Figure 5A).
[image: Figure 5]FIGURE 5 | YQJPXYXZ formula increases Sentm IGF-I and skeletal muscle IGF-I mRNA in 5/6 nephrectomized rats. Results are presented as mean ± SD, n = 8 per group, *p< 0.05 versus sham, **p < 0.01 versus sham, and Δp <0.05 versus CKD.
After 12 weeks of the administration, mRNA expression of skeletal muscle IGF-1 was analyzed. As shown in Figure 5B, compared with the sham rats, muscle IGF-1 mRNA reduced in the 5/6 nephrectomized rats, interestingly, which was inhibited by YQJPXYXZ; KT supplementation tended to increase the level of skeletal muscle IGF-1 mRNA, but no statistical difference was observed compared with the CKD and YQJPXYXZ groups.
YQJPXYXZ Formula Increases Skeletal Muscle IGF-1 and p-Akt in CRF Rats by Western Blot
We measured the expression of IGF-1 and p-Akt protein in CKD rats because others (Stitt et al., 2004) have shown that the IGF-1/PI3K/Akt pathway would suppress muscle wasting, and its suppression plays an important role in ESRD-induced muscle atrophy. We found that CKD caused a marked reduction of IGF-1 and p-Akt protein when compared with the sham group (Figure 6). However, the YQJPXYXZ formula increased that significantly compared with the CKD group. The expressions of IGF-1 and p-Akt protein in the KT group were not different from those in the CKD group.
[image: Figure 6]FIGURE 6 | YQJPXYXZ formula increases skeletal muscle IGF-I and p-Akt in 5/6 nephrectomized rats by Western blot. Results are presented as mean ± SD, n = 8 per group, and Δp<0.05 versus CKD.
YQJPXYXZ Formula Inhibits UPS
UPS is one of the major pathways involved in regulation of muscle wasting. Low p-AKA activity in muscle is associated with an increase in Atrogin1 and MuRF1 expression and protein degradation (Lee et al., 2004; Sandri et al., 2004). To further analyze whether there is an effect of the YQJPXYXZ formula on this pathway to regulate muscle atrophy, we evaluated the expression of Atrogin1 and MuRF1 mRNA. The CKD group displayed a significant increase in the mRNA expression of Atrogin1 and MuRF1, and the changes were inhibited by the YQJPXYXZ formula or KT administration (Figure 7).
[image: Figure 7]FIGURE 7 | YQJPXYXZ formula inhibits the UPS in 5/6 nephrectomized rats. Results are presented as mean ± SD, n = 8 per group, *p< 0.05 versus sham, **p < 0.01 vs. sham, and #p < 0.01 versus CKD.
YQJPXYXZ Formula Reduces Skeletal Muscle Murf1 in CRF Rats
At the end of this study, the Murf1 protein levels at different time points of YQJPXYXZ formula administration were examined. As Figure 8 shows, the YQJPXYXZ formula decreased the expression of the Murf1 protein level in a time-dependent manner. The Murf1 protein was significantly lower in weeks 8 and 12, respectively, than that before the YQJPXYXZ formula administration.
[image: Figure 8]FIGURE 8 | YQJPXYXZ formula reduces skeletal muscle Murf1 in 5/6 nephrectomized rats. Results are presented as mean ± SD, n = 8 per group, and *p < 0.05 versus 0 weeks.
DISCUSSION
PEW characterized with muscle wasting is a serious complication of CKD and strongly associated with increased morbidity and mortality of patients (Caetano et al., 2016). Muscle wasting, that is, muscle atrophy, is well described in CKD patients, especially in incident and prevalent dialysis patients (Guarnieri et al., 1983; Carrero et al., 2008). Rat models with chronic renal failure display enhanced protein degradation and impaired protein synthesis in skeletal muscle (Li and Wassner, 1986). Accelerated muscle proteolysis is the primary cause of the loss of muscle protein in CKD, while the influence of CKD on protein synthesis is much less prominent than an increase in protein degradation (Mitch and Goldberg, 1996).
Specific complications uncovered in CKD generally occur in other catabolic conditions. These complications which impair IGF-1 signaling to some extent usually include insulin resistance, metabolic acidosis, inflammation, and so on. Kopple et al. (2007) proved that exercise training increases the muscle IGF-I protein level of maintenance hemodialysis patients. Another study indicates that serum IGF-1 and skeletal muscle IGF-1 and IGF-1 mRNA were reduced in CRF rats, elucidating the impaired actions of IGF-1 on protein synthesis and degradation in skeletal muscle of CRF rats (Ding et al., 1996). Skeletal muscle IGF-I promotes skeletal muscle protein synthesis and hypertrophy and suppresses protein degradation (Musarò et al., 2001). In CKD patients, impaired responses to IGF-1 result in suppression of the phosphatidylinositol 3-kinase/Akt (PI3K/Akt) signaling pathway. Then, the p-Akt decreases, leading to reduced phosphorylation of the family of forkhead transcription factors (FoxO1, 3, and 4). When these factors are not phosphorylated, they can translocate to the nucleus to stimulate transcription of the muscle-specific E3 Ub ligases, Atrogin-1 and MuRF-1. The expression of these E3 Ub ligases stimulates muscle protein degradation in the UPS (Lee et al., 2004), which is now widely accepted as the ubiquitin–proteasome pathway resulting in muscle atrophy.
While too many factors can affect the nutritional status of CKD patients, a combination of therapeutic approaches are required to prevent or reverse PEW. These approaches involve optimal nutritional support, correction of acidosis, and physical exercise, which are insufficient to reestablish muscle mass and strength in this vulnerable population. Novel treatment strategies are urgently needed. According to the above mechanisms, related potential pharmacological therapy has been examined. Administration of supraphysiologic doses of anabolic steroids increases muscle size and strength in patients with various CKD conditions (Oliveira et al., 2019). Recombinant human growth hormone (rhGH) has also been examined in maintenance dialysis patients and can improve nutritional biomarkers. Thus, pharmacologic doses of rhGH are expected to be another potential anabolic therapy for maintenance dialysis patients. As SIRT (sirtuins) protein blocks the activities of the transcription factors FoxO1 and FoxO3 (Lee and Goldberg, 2013), SIRT1 activation represents an attractive possible novel pharmacological approach to prevent muscle wasting (Tonkin et al., 2012). In addition, ubiquitin–proteasome inhibitors could be a future treatment option in muscle wasting patients induced by CKD. While too many factors can affect the nutritional status of CKD patients, a combination of therapeutic approaches are required to prevent or reverse PEW. At present, there is no FDA-approved pharmacologic approach to prevent or attenuate wasting in CKD patients. Active research into direct pharmacological treatment based on preclinical translational research and subsequent randomized controlled trials is urgently required.
The last several years have seen the use of TCM as an alternative treatment in patients with CKD in China and other Asian countries (Zhong et al., 2015). The major effects of TCM are related to anti-inflammatory, antioxidative, antifibrotic, and immunomodulatory pathways (Wojcikowski et al., 2006; Zhong et al., 2015). YQJPXYXZ is a traditional Chinese herbal formula and has been used to treat CKD with good efficacy for many years. YQJPXYXZ can improve renal function and clinical symptoms of CKD patients with qi deficiency and blood stasis syndrome. YQJPXYXZ can protect the remnant kidney function and against malnutrition in a 5/6 nephrectomized rat model. To investigate the possible mechanism of the YQJPXYXZ formula, in the present study, we experimented on 5/6 nephrectomy-induced CKD rats. We observed that both KA and YQJPXYXZ formulas had similar effects of delaying muscle atrophy. Results have shown that YQJPXYXZ significantly prevented body weight loss and muscle fiber size decrease and improved protein depletion. Moreover, YQJPXYXZ could increase the IGF-1 level of serum and skeletal muscle in CRF rats, enhance phosphorylation level of Akt, and decrease the Atrogin1 and MuRF1 mRNA and MuRF1 proteins. These results confirmed the potential pharmacological targets underlying and modulating the IGF-1/PI3K/Akt signaling pathway along with inhibiting the UPS of YQJPXYXZ, which exerts its preventive and therapeutic effects in 5/6 nephrectomized rats.
In summary, our data revealed that the YQJPXYXZ formula could delay muscle wasting, which is associated with modulating the IGF-1/PI3K/Akt signaling pathway and inhibiting the UPS. Further efforts are required to improve our understanding of the mechanisms of the YQJPXYXZ formula and perform well-designed RCTs to confirm its efficacy and safety.
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Autosomal dominant polycystic kidney disease (ADPKD) is a common hereditary kidney disease, which is featured by progressively enlarged bilateral fluid-filled cysts. Enlarging cysts destroy the structure of nephrons, ultimately resulting in the loss of renal function. Eventually, ADPKD develops into end-stage renal disease (ESRD). Currently, there is no effective drug therapy that can be safely used clinically. Patients progressed into ESRD usually require hemodialysis and kidney transplant, which is a heavy burden on both patients and society. Therefore, looking for effective therapeutic drugs is important for treating ADPKD. In previous studies, herbal medicines showed their great effects in multiple diseases, such as cancer, diabetes and mental disorders, which also might play a role in ADPKD treatment. Currently, several studies have reported that the compounds from herbal medicines, such as triptolide, curcumin, ginkolide B, steviol, G. lucidum triterpenoids, Celastrol, saikosaponin-d, Sparganum stoloniferum Buch.-Ham and Cordyceps sinensis, contribute to the inhibition of the development of renal cysts and the progression of ADPKD, which function by similar or different mechanisms. These studies suggest that herbal medicines could be a promising type of drugs and can provide new inspiration for clinical therapeutic strategy for ADPKD. This review summarizes the pharmacological effects of the herbal medicines on ADPKD progression and their underlying mechanisms in both in vivo and in vitro ADPKD models.
Keywords: chronic kidney disease (CKD), autosomal dominant polycystic kidney disease (ADPKD), herbal medicine, therapy, pathogenesis
INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary kidney disease, with the current incidence of 1/1,000–1/400 worldwide. The course of the disease is characterized by multiple growing cysts in bilateral kidneys. The cysts are derived mainly from renal tubular epithelium. As the cyst getting larger, the cysts compress the normal renal parenchyma, thus resulting in the destruction of the normal renal structure and function (Bergmann et al., 2018).
Pkd1 and Pkd2 are two main genes participating in the pathogenesis of ADPKD, which encode protein polycystin 1 (PC1) and polycystin 2 (PC2), respectively (Cornec-Le Gall et al., 2019). Pkd1 gene mutation accounts for approximately 85–90% of total ADPKD patients, and 10–15% ADPKD patients are caused by Pkd2 gene mutation. PC1 localizes to the primary cilia, plasma membrane and adhesion complex in polarized epithelial cells. PC2 is a six-transmembrane protein and functions as a Ca2+-responsive cation channel of the transient receptor potential family, and co-localizes with PC1 to the cilium and plasma membrane. Proteins PC1 and PC2 work together to form the PC1-PC2 complex, which is activated in reaction to ciliary bending and then leads to the release of Ca2+ from the intracellular store, thus inducing signal transduction. The disruption of the functional PC1/PC2 complex abolishes normal cellular Ca2+ signaling, which subsequently increases intracellular cAMP and activates PKA signaling pathway, then activating downstream proliferative signalings (Yamaguchi et al., 2006). During the progression of ADPKD, some signaling pathways are activated, which are related to hyperproliferation, fluid secretion and fibrosis, such as mTOR, JAK, Wnt and MAPK signaling pathways. And some other pathways are suppressed, for example, AMPK pathway, which participates in intracellular energy generation.
However, existing drugs have their own limitations in ADPKD therapy. At present, tolvaptan, the first FDA-approved drug, is available clinically for ADPKD patients. Tolvaptan acts as a V2R antagonist, and functions by downregulating intracellular cAMP level to inhibit the abnormal proliferation in ADPKD kidneys. However, a signal of liver toxicity risk emerged with tolvaptan application, which is marked by extremely elevated ALT level and needs to be carefully monitored during the therapy. Another drug of vaptans, Lixivaptan, which is a newer, nonpeptide, oral V2R-specific antagonist, exhibits relatively preserved renal function (stage 1 and 2) and moderately impaired renal function (stage 3). Another family of drugs are the analogs of somatostatin, lanreotide and octreotide, which slow the progression of ADPKD by inhibiting the chlorine channel. However, they did not show significant effect on the renal function in clinical trials.
In addition, interventions to the abnormal signaling pathways, metabolic and dietetic approach are also regarded as possible strategies for ADPKD drug development. For example, mTOR inhibitors (everolimus and sirolimus), metformin (an agonist of AMPK), 2-deoxy glucose (2DG) (a glucose analog that can paralyze the glycolytic pathway), tyrosine kinase inhibitors (bosutinib and tesevatinib) and caloric restriction diet are all reported to retard cyst growth in ADPKD patients to different extent (Testa and Magistroni, 2020). But none of these drugs mentioned above is considered as satisfactory therapeutic agents for ADPKD for their drawbacks, such as unstable effects on slowing the progression of the disease, restricted applications of the aquaretic type drugs and little effect on the loss of renal function. Therefore, there still remains an urgent demand for alternative effective drugs.
The therapeutic properties of plants have long been recognized to treat various diseases for centuries. At present, a number of plant natural products have either been clinically used to treat a variety of human diseases, or have shown particularly interesting biological activities that are worth further exploration (Li and Weng, 2017), such as artemisinin from artemisia annua, which has great anti-malaria effect and won the Nobel prize in 2015. Recently, some studies have found that herbal medicines play different pharmacological roles in renal diseases including ADPKD (Wang et al., 2019). Several natural herbal medicines have been reported to restrain cystogenesis and improve renal function in animal models of ADPKD (Yuajit and Chatsudthipong, 2016). In this article, we summarized the pharmacological effects of several herbal medicines on ADPKD and the underlying mechanisms (Figure 1), expecting to provide new prospectives for ADPKD treatment.
[image: Figure 1]FIGURE 1 | Schematic illustration of the key mechanisms of ADPKD pathogenesis and targets of potential treatments of herbal medicines. PC1 and PC2 express in different subcellular locations and aberrant function of PC1 and PC2 results to decreased intracellular Ca2+ and subsequent activation of cAMP via AC6. Abnormally increased cAMP leads to the activation of PKA, activating Ras/B-Raf/MEK/ERK and mTOR signaling pathways through inhibiting TSC1 and TSC2, which drive cell proliferation. Moreover, the activated PKA can also promote the transport of Cl− into the cyst cavity via CFTR, thus causing increased cyst fluid secretion. Autophagy can also be induced by Ca2+-mobilizing agents by activating the CaMKKβ-AMPK-mTOR signaling cascades. In addition, EGF activates Ras and promotes cell proliferation by binding to the corresponding receptor. The targets of candidate drugs are depicted as red boxes. Abbreviations: PC1, polycystin-1; PC2, polycystin-2; AC6, adenylyl cyclase six; V2R, vasopressin type 2 receptor; SSTR, somatostatin receptor; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CFTR, cystic fibrosis transmembrane conductance regulator; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; MEK, mitogen activated protein kinase; ERK, extracellular-signal regulated kinase; TSC, tuberous sclerosis; mTOR, the mammalian target of rapamycin; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+ atpase; CaMKKβ, Ca2+/CaM-dependent protein kinase β; AMPK, AMP-activated protein kinase; GA-A, ganoderic acid A; SBH, Sparganum stoloniferum Buch.-Ham.
PHARMALOGICAL EFFECT OF HERBAL MEDICINE ON ADPKD
Triptolide
Triptolide is a diterpene triepoxide that was first isolated from the medicinal plant Tripterygium wilfordii Hook F (TWHF) and its structure was characterized in 1972. Its molecular formula is C20H24O6 and the molecular mass is 360 (Wei et al., 2019). Clinical and experimental studies have shown that triptolide has anti-inflammatory and immunosuppressive activities in bone marrow, heart, kidney and skin transplantation, and can effectively prolong the survival time of the graft. Therefore triptolide has been widely used in inflammatory and autoimmune diseases (Yuan et al., 2019), including rheumatoid arthritis (RA), immune-complex nephritis, systemic lupus erythematosus (SLE), and organ transplantation (Liu, 2011).
It was found that triptolide could bind to PC2 based on extensive chromatographic protein fractionation, MALDI-MS analysis, and Western blot results. As a PC2 agonist, triptolide could restore cytosolic Ca2+ release. In Pkd2+/− mouse renal epithelial cells, triptolide increased intracellular Ca2+. When the cell line re-expressed Pkd2, the intracellular Ca2+ level was elevated and apoptosis was increased with triptolide’s incubation (Leuenroth et al., 2007). Therefore, triptolide might inhibit cyst development by activating PC2, thus increasing intracellular Ca2+ and inducing caspase pathway. According to some other studies, induction of expression of p53 protein, activation of MAPK pathway and inhibition of NF-κB signaling pathway may also play roles in the progress of apoptosis, which needs to be further explored (Kim et al., 2010; Tai et al., 2010).
Rapamycin, an inhibitor of mTOR, could inhibit the cystic progress of ADPKD kidneys by downregulating cyclin A, cyclin B, cyclin 1D and cyclin E, which are associated with cell cycle, thereby preventing abnormal proliferation of renal epithelial cells (Li A. et al., 2017). Roscovitine, a cycle-dependent kinase inhibitor, has been shown to inhibit the formation of renal cysts in animal models (Billot et al., 2018), further illustrating that cell cycle may be one of targets in inhibiting ADPKD. Considering the cell cycle arrest effect of triptolide in colon cancer, the regulation of cell cycle may be involved in the inhibition of triptolide on the renal cyst formation in animal models. Triptolide arrested cell growth in Pkd1−/− mouse renal epithelial cell line. The up-regulated expression of cyclin p21 was detected (Leuenroth et al., 2007). Furthermore, inhibitory effect of triptolide on cell cycle was also demonstrated in the smooth muscle cells induced by platelet-derived growth factor (PDGF) (He et al., 2020) and renal cell carcinoma cells (Li et al., 2011) through G0/G1 cell cycle arrest, which supports that triptolide may induce cell cycle arrest in ADPKD model.
Curcumin
Curcumin, a polyphenol diferuloylmethane extracted from the rhizome of Curcuma longa plant, has been reported to have multiple effects including anti-oxidation, anti-inflammation and anti-proliferation. Curcumin has shown potential therapeutic effects on various diseases such as neurodegenerative disorders, inflammation-related diseases, fibrosis and cancers via regulating NF-κB, Wnt/β-catenin, MAPK and mTOR signaling pathways (Iqbal et al., 2009), which also are involved in the pathogenesis of ADPKD. Previous studies have demonstrated the inhibitory effect of curcumin on cyst growth by inhibiting cell proliferation and promoting epithelial cell differentiation in Pkd1 deletion mouse models, suggesting its potential to be a natural candidate drug for ADPKD.
In the forskolin-induced MDCK model, which is an in vitro cyst model with MDCK cells cultured in 3D collagen gel, the cell proliferation was significantly inhibited by curcumin incubation and the inhibitory effect may be reversible. The Western blot results revealed that in MDCK cells, curcumin could downregulate B-Raf, upregulate Raf-1 and inhibit ERK signalings, indicating that curcumin inhibits cyst development via suppressing Ras/B-Raf/MEK/ERK signaling pathway (Gao et al., 2011).
Another crucial modulator of cell proliferation activated in ADPKD is STAT3. An inducible kidney-specific Pkd1-deletion mouse model was designed to investigate whether STAT3 signaling was involved in the inhibition of cystogenesis by curcumin. Experimental analysis reflected that activated STAT3 was significantly reduced by curcumin. Therefore, STAT3 inhibition might be a possible mechanism in the curcumin-mediated inhibition on cystogenesis (Leonhard et al., 2011).
MDCK tubule model, in which MDCK cells were incubated in 3T3 conditioned medium, was used to investigate the effect of chemicals on the differentiation of MDCK cells/cysts. Treated with curcumin (at 0.4, 2 or 10 μM) for 12 days, the number of tubule-like structures increased in a dose-dependent manner, and the average length of the longest tubules derived from each MDCK cyst treated by curcumin was longer than those in control group. Consequently, curcumin can promote MDCK cell differentiation, subsequnently inhibiting cyst development (Gao et al., 2011).
Ginkolide B
Ginkgolide B, a major terpene lactone, is an active component of Ginkgo biloba. Ginkgolide B is used as a traditional medicine due to its pharmacological properties such as anti-inflammatory, anti-oxidant, anti-tumor and anti-apoptotic activity (Zhou et al., 2016). Ginkgolide B was also found to inhibit cyst growth in MDCK cyst model and in Pkd1 knockout mice. Experimental results showed that ginkgolide B inhibited cyst formation and growth in a dose-dependent manner through downregulating Ras/MAPK pathway and the inhibitory effect was reversible (Zhou et al., 2012).
Stevioside and Its Derivative
Stevioside is a high-sweet, low-calorie sweetener extracted from the leaves and stems of Stevia Rebuadiana plant, which is a herbaceous plant of the composite family. It is degraded by intestinal microflora to its aglycone, steviol, then taken up into the blood circulation. Stevioside has been reported to have properties including anti-hypertension, anti-hyperglycemia, anti-inflammation, anti-tumor, anti-diarrhea and immunity regulation (Chatsudthipong and Muanprasat, 2009). At present, the pharmacological effect and possible mechanisms of stevioside and its derivative steviol in ADPKD have been investigated, and the possible mechanisms in suppressing cyst progression include restraining the cyst fluid secretion and inhibiting tubule cell proliferation.
ADPKD progression contains two key processes, cell proliferation and fluid secretion, involving multiple signaling pathways. The fluid secretion is driven by cAMP-activated transepithelial chloride transport via the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel located at apical membrane of the ADPKD epithelial cells lining the cyst (Li and Sheppard, 2009). CFTR chloride channel has been proposed as a potential target for PKD intervention. Steviol and its derivatives (isosteviol, dihydroisosteviol and 16-oxime isosteviol) inhibited the formation and growth of cysts in the MDCK cyst model, and the inhibitory effect of steviol was the greatest. Furthermore, the underlying mechanisms of the inhibition of steviol on the forskolin-stimulated apical chloride current included direct inhibition of CFTR chloride channel activity and reduction of CFTR expression via activating proteasome degradation pathway (Yuajit et al., 2013). In addition to proteasome degradation, an ADPKD mouse model showed that steviol also activated adenosine monophosphate-activated protein kinase (AMPK) signaling pathway, which could subsequently decrease CFTR chloride channel expression. Accordingly, steviol can retard cyst expansion in part by reducing CFTR expression via promoting AMPK activity or proteasome-mediated CFTR degradation (Yuajit et al., 2014).
It has been demonstrated that cyst expansion is induced by the excessive secretion of Cl− and water into the cyst lumen through CFTR and aquaporins (AQPs) respectively. Aquaporin 2 (AQP2) is involved in fluid secretion in ADPKD and promotes cyst enlargement. Steviol was found to significantly inhibit the growth of cysts in vitro by reducing AQP2 expression in mouse renal cyst epithelial cells. In addition, steviol treatment could increase the expression of enzyme marker of lysosomes, LAMP2, whch also might play a role in AQP2 degradation. Thus, steviol reduced AQP2 expression by reducing AQP2 transcription and promoting proteasome and lysosome-mediated AQP2 degradation, sequentially slowing cyst growth (Noitem et al., 2018).
Stevioside is metabolized into steviol by gut bacteria, which is easily absorbed by the gut and can also reach the kidney (Cosola et al., 2018). In Pkd1flox/flox: Pkhd1-Cre mice, high dose of stevioside could decrease kidney weight and cystic index similar to steviol, but could not improve renal function as steviol. In an orthologous mouse model of human ADPKD (Pkd1flox/flox;Pkhd1-Cre), stevioside and steviol inhibited the CFTR expression and mTOR/S6K proteins by activating AMP-activated protein kinase, thereby delaying the cyst development through inhibiting proliferation of renal epithelial cells (Yuajit et al., 2014). Moreover, Steviol enhanced the expression of lysosomal enzyme marker LAMP2, indicating the increase of lysosomal degradation of β-catenin, which involves in cell proliferation (Yuajit et al., 2017). In general, stevioside and its derivative, steviol, could regulate pathways of cell proliferation to slow down progression of cysts.
G. lucidum Triterpenoids
Ganoderma lucidum is a Chinese traditional medicine. It has been widely used as a dietary supplement or medicine to enhance immunity and therefore improve health for more than 2,000 years in Asia region (Hsu and Yen, 2014). Previous studies have confirmed that Ganoderma lucidum consists of a large number of bioactive components, including terpenoids, proteins, polysaccharides, amino acids, flavonoids, alkaloids and steroids (Geng et al., 2020). Pharmacological and clinical studies showed a variety of pharmacological effects of G. lucidum including anti-oxidation, anti-inflammation (Zhang et al., 2018), anti-liver disorder (Zhong et al., 2018) and anti-tumor (Chen S. et al., 2017), which were mainly attributed to two major active components: G. lucidum polysaccharides and G. lucidum triterpenoids (GTs) (Wu et al., 2001; Liang et al., 2019). GTs can also target NF-κB, Ras/MAPK, PI3K/Akt/mTOR and other signalings through G protein-coupled receptor or RTK membrane receptor signal transduction pathways, causing stagnation of cell cycle and inducing tumor cell apoptosis (Gao et al., 2002). Based on the fact that the activated signaling pathways in the pathogenesis of ADPKD are highly similar to that in solid tumor, drugs inhibiting tumor proliferation may have similar effects in the treatment of ADPKD.
To investigate whether GTs have the potential in inhibiting the progression of ADPKD, MDCK cyst model was performed, and GTs were shown to inhibit the formation and growth of cysts (Su et al., 2017). Meanwhile, the embryonic renal cyst model and two rapidly advancing ADPKD mouse models were employed to confirm the inhibitory effect of GTs on renal cysts at organ level and in internal environment. In vitro experiments also showed that the GTs could down-regulate the expression of H-ras, B-Raf, p-MEK, p-ERK, Egr-1 and c-fos, and up-regulate the expression of Raf-1, suggesting that GTs suppressed cell proliferation by down-regulating intracellular excessive accumulation of cAMP and the Ras/MAPK signaling pathway. Meanwhile, GTs promoted epithelial tubule formation in MDCK cells, which also contributes to alleviate the development of cysts by promoting epithelial cell differentiation (Su et al., 2017).
Due to the complexity and structural diversity of triterpene components of G. lucidum, screening and identifying the effective monomer components is of great significance for the development of drugs for ADPKD treatment with G. lucidum extract. 12 monomer components, including ganoderic acid A, ganoderic acid B, ganoderic acid C2 and ganoderic acid D, were isolated and extracted from GTs. The pharmacodynamic study was carried out in the in vitro MDCK cyst model and found that compared with other monomers, ganoderic acid A (GA-A) has a superior inhibitory effect on the development of ADPKD renal cysts, as shown in Figure 2 (Meng et al., 2020). Results showed that GA-A could inhibit the expression of B-Raf, p-ERK and c-fos in a dose-dependent manner, with no significant effect on normal cells and the kidney tissue of wild-type mice, indicating that GA-A could inhibit the development of ADPKD cysts by down-regulating the Ras/MAPK signaling pathway. The in vitro activities of GA-A and other GT compounds were compared via MDCK cyst model and embryonic kidney cyst model, and it was found that the inhibitory effect on cyst of GA-A was better than other compounds (Meng et al., 2020). Therefore, GA-A may be the main effective component in retarding the development of ADPKD cysts, and has the potential to be developed as a therapeutic drug for the treatment of ADPKD.
[image: Figure 2]FIGURE 2 | Inhibition of GA-A on the growth of cysts in ADPKD. (A) Representative light micrographs of MDCK cysts in collagen gel from 4th to 12th day that were untreated or treated with GA-A at different concentrations. The first row, as the control group, was given only FSK stimulation for 12 days; the second, third, and fourth rows were given FSK and 6.25, 25, 100 μM GA-A co-stimulation from the 5th to 12th day, respectively. In the fifth row, FSK and 25 μM GA-A were co-stimulated from the fifth to eighth day, and the GA-A was washed out from the 9th to 12th day with only FSK. The thick black lines indicate the culture time with GA-A. Scale bar = 500 μm. As the concentration of GA-A increases, the inhibitory effect on cyst growth was more obvious. The cyst growth could be restored after removal of GA-A, indicating that the inhibitory effect of GA-A on cyst growth is reversible. (B) Representative graphs of inhibitory effect of different doses of GA-A on mouse embryonic kidney cysts on day 0 and day 6. Embryonic kidneys were cultivated as the negative control (Ctrl) without 100 μM 8-Br-cAMP or exposed to different GA-A concentrations in the presence of 100 μM 8-Br-cAMP. Scale bar = 500 μm. Results showed that GA-A also inhibited the cyst development at the organ level and the inhibitory effect showed a certain dose-effect relationship. (C) Mouse kidneys from wild-type (WT) mice and kPKD mice on postnatal day 4 were treated with vehicle or 50 mg/kg/d GA-A for 4 days. Scale bar = 5 mm. Compared with WT mice, the kidney volumes of kPKD mice were significantly increased, and GA-A effectively inhibited the kidney volumes of kPKD mice with no obvious effect on the kidney volume of WT mice. (D) Hematoxylin and eosin staining of kidneys in vehicle- or GA-A-treated kPKD mice. Scale bar = 1 mm. The kidney of kPKD mice had obvious cystic structure, and normal tissue structure of the kidney was destroyed. The cyst growth in the kidney of kPKD mice treated with GA-A was effectively slowed. (E) Representative Western blotting of signaling proteins in MDCK cells treated with 10 μM FSK and without or with GA-A at different concentrations for 30 min. Results demonstrated that GA-A downregulating the Ras/MAPK signaling pathway in the FSK-treated MDCK cells. (F) Representative Western blotting of signaling proteins in mouse kidneys without or with GA-A treatment.
Celastrol
Celastrol is another main active ingredient of Tripterygium wilfordii in addition to triptolide (Salminen et al., 2010). Previous in vitro studies have proved that celastrol has a significant inhibitory effect on the angiogenesis of vascular endothelial cells and the proliferation of endothelial cells. And celastrol showed anti-inflammatory, anti-tumor, anti-obesity properties and the application in autoimmune diseases (Lee et al., 2014; Liu et al., 2015; Shaker et al., 2014; Yu et al., 2018). Celastrol also played a part in regulating autophagy and apoptosis (Liu et al., 2019) and inhibiting cell proliferation in tumor cells (Liu et al., 2019), suggesting that celastrol could possibly possess the therapeutic potential for ADPKD.
Celastrol was identified as a potent inhibitor of cyst growth in both in vitro 3D cell model and a Pkd1-deficient mouse model (Booij et al., 2019). Considering the anti-inflammatory effect of celastrol in other diseases, the effect of celastrol on pro-inflammatory factors and signaling pathways in ADPKD was investigated. The experimental results indicated that celastrol could suppress the expression of proinflammatory cytokines and macrophage infiltration, and had a tendency to decrease NF-κB with no statistical difference (Chang et al., 2018). According to the knowledge that AMPK activation retards renal cystogenesis via inhibiting mTOR-mediated cell proliferation, the level of AMPK phosphorylation was measured with celastrol treatment in the cystic kidneys. The results displayed that celastrol considerably increased AMPK activation. Thus, celastrol exerts a more powerful role in anti-inflammatory effect than in inhibiting cell proliferation. However, 2 mg/kg/d dosage of celastrol may be toxic in female Pkd1 miR TG mice, and the potential complications should be monitored and paid extra attention to (Chang et al., 2018).
Saikosaponin-d
Saikosaponin-d, one of the major triterpenoid saponins derived from Bupleurum falcatum L (Umbelliferae), has strong pharmacological activities, such as antipyretic, sedative, anti-inflammatory, antibacterial, liver protection, anti-nephritis and immune regulation effects (Cheng et al., 2006; Li C. et al., 2017). Based on previous studies that saikosaponin-d inhibited cell proliferation in three human anaplastic thyroid cancer cell lines and induced G1-phase cell cycle arrest in different cancer cell lines (Liu and Li, 2014), saikosaponin-d can be presumed to be developed as an alternative herbal medicine for ADPKD.
In terms of the pathogenesis of ADPKD, autophagy plays a crucial role in the cystogenesis (Zhu et al., 2017), which is supported by the fact that autophagy activators can slow down the formation and growth of renal cysts, thereby preserving renal function in a Pkd1 mutant zebrafish model.
In the MDCK cell cyst model, MDCK cells were cultivated for 7 days with forskolin stimulation and formed cysts. With saikosaponin-d treatment, cyst diameters were significantly reduced. The induction of cell cycle arrest of saikosaponin-d was also confirmed in ADPKD cells by accumulation of P27 (Shi et al., 2018). In addition, saikosaponin-d increased autophagy by increasing autophagosome formation and promoted autophagic flux in ADPKD cells. Furthermore, previous experimental results (Wong et al., 2013) showed that saikosaponin-d increased cytosolic Ca2+ level and activated autophagy via CaMKK β-MPK-mTOR kinase cascade, which may explain the role of saikosaponin-d in the inhibition of cyst growth in ADPKD (Shi et al., 2018).
Sparganum stoloniferum Buch.-Ham
The Chinese herb Sparganum stoloniferum Buch.-Ham (SBH), also called common burred rhizome, consists of several active ingredients including volatile oils and flavonoids, saponins, organic acids, phenylpropanoids and alkaloids (Wang et al., 2015). Recent evidence proved that SBH exerts anticoagulant, antithrombotic, analgesic, anti-inflammatory, antitumor and other pharmacological effects (Sun et al., 2011). The effect of SBH on ADPKD has also drawn the attention.
The direct activation of epithelial growth factor receptor (EGFR) by its ligands is associated with hyperactivated proliferation (Melenhorst et al., 2008), migration, inflammation and fibrosis (Rayego-Mateos et al., 2018) of renal tubular cells. Downregulation of this pathway has been suggested to be involved in the pathogenesis of ADPKD (Torres and Harris, 2006). Based on previous researches, SBH could regulate EGFR activation, therefore explaining the therapeutic potential for ADPKD. In ADPKD cyst-lining epithelial cells, compared with untreated group, SBH could significantly inhibit cell proliferation stimulated by epithelial growth factor (EGF). Moreover, SBH could also repress the phosphorylation of EGFR in cyst-lining epithelial cells stimulated by EGF. Therefore, SBH may inhibit PKD cyst growth by inhibiting phosphorylation of EGFR (Chenggang et al., 2002) and decreasing the proliferation of the cyst-lining epithelial cells.
Cordyceps sinensis
Cordyceps sinensis (Cordyceps, Dong Chong Xia Cao), a herbal medicine also known as Chinese caterpillar fungus, is one of widely accepted ingredients in traditional Chinese medicine (Zhang et al., 2014). Laboratory and clinical studies have demonstrated that Cordyceps sinensis could improve a wide range of disorders, including respiratory, kidney, liver and cardiovascular diseases and hyperlipidemia (Chen Y. C. et al., 2017). Cordyceps sinensis also showed therapeutic effects on CKD (Deng et al., 2001) by inhibiting mesangial proliferation (Yang et al., 2003) and reducing the accumulation of extracellular matrix in the renal cortex and renal interstitial fibrosis (Dong et al., 2019) with its anti-oxidant (Yamaguchi et al., 2000) and anti-inflammatory properties.
The extract of Cordyceps sinensis, FTY720 (fingolimod), acts as a potent inhibitor of the S1P receptor (S1PR) due to the similar chemical structure to sphingosine-1-phosphate (S1P). In Cy/+ Han:SPRD rat, which is a non-orthologous rat model of ADPKD, FTY720 downregulated the expression of proinflammatory cytokines including IL-6 and TNFα, and attenuated the activation of inflammatory pathways such as the STAT and NF-κB pathways, leading to the inhibition of renal cyst growth and improvement of renal function. As the only clinical drug derived from Cordyceps sinensis, FTY720 may delay the progression in ADPKD through inhibition inflammation via reducing the accumulation of S1P (Li et al., 2020).
CONCLUDING REMARKS
Autosomal dominant polycystic kidney disease is a common hereditary kidney disease, which is characterized by progressively enlarged cysts and may eventually develop into end-stage renal failure. Based on the pathogenesis of ADPKD, several drugs are currently under investigation, including vasopressin antagonists, somatostatin analogs and mTOR inhibitors. However, these drugs have some limitations, such as severe liver toxicity and unstable activities. Therefore, searching for effective, stable and safe medicines for ADPKD is imperative. Natural products extracted from herbal medicines, have been drawing extensive attention due to their good efficacy against ADPKD progression and safety in vivo studies, such as triptolide, curcumin, ginkolide B, steviol, G. lucidum triterpenoids, celastrol, saikosaponin-d, Sparganum stoloniferum Buch.-Ham and cordyceps sinensis, as shown in Table 1.
TABLE 1 | Underlying possible mechanisms of herbal medicine in ADPKD.
[image: Table 1]However, the use of herbal medicines still requires careness, since some herbal medicines have a narrow therapeutic window, bringing restrictions to clinical application. Meanwhile, although herbal medicines are realtively safe, they may also exhibit a potential toxic effect at a relatively high dose. For example, the main adverse reactions of triptolide include liver and kidney injuries, and the loss of functions of reproductive system and hematopoietic system. Furthermore, some herbal medicines with complex components lack proper standards to evaluate their pharmacological effects, which limits the clinical use and requires further research to clarify the main ingredients with effectiveness or toxicity.
To sum up, herbal medicines exhibit great therapeutic effects on ADPKD in both in vivo and in vitro experiments. To develop herbal medicines into effective therapeutic drugs for ADPKD, further studies are required.
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Chronic kidney disease (CKD) is a common progressive disease that is typically characterized by the permanent loss of nephrons and an eventual decline in glomerular filtration rate. CKD increases mortality and has a significant impact on the quality of life and the economy, which is becoming a major public health issue worldwide. Since current conventional-medicine treatment options for CKD are not satisfactory, many patients seek complementary and alternative medicine treatments including Traditional Chinese Medicine. Herbal medicine is often used to relieve symptoms of renal diseases in the clinic. The kidney is abundant in the number of mitochondria, which provide enough energy for renal function and metabolism. In recent years, a vital role for mitochondrial dysfunction has been suggested in CKD. Mitochondria have become a new target for the treatment of diseases. A growing number of studies have demonstrated herbal medicine could restore mitochondrial function and alleviate renal injury both in vivo and in vitro. In this review, we sum up the therapeutic effect of herbal medicine in CKD via targeting mitochondrial function. This implies future strategies in preventing CKD.
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INTRODUCTION
Chronic kidney disease (CKD) is a major public health issue worldwide, which is related to severe complications, poor quality of life and increased financial burden (Bello et al., 2017). CKD is defined as a gradual decrease in renal function and eventually resulting in end-stage renal disease (ESRD). The main aims of treatment are to slow the progression of the decline in renal function and limit extrarenal complications (Nasrallah et al., 2014). However, the current therapeutic approaches for CKD have not achieved the desired effects in the clinic (Leporini et al., 2016).
The search for complementary and alternative medicine treatments for CKD is thus arousing more and more attention. In the clinic, many patients seek Traditional Chinese Medicine for alternative therapy. Traditional Chinese Medicine plays an important role in the Chinese healthcare system that has been developed over the centuries to prevent and treat diseases. It includes mind-body practices and herbal medicines (Spatz et al., 2018). Herbal medicine is abundant in various chemical components, such as active substances with therapeutic value and nutritional active ingredients, which determines the characteristics of its multi-target. Studies showed that herbal medicine could relieve symptoms, decrease proteinuria, and slow the reduction of renal function (Zhong et al., 2015).
Mitochondria provide energy for the kidney to clear waste in the blood and regulate water and electrolyte balance (Sun et al., 2019). Mitochondrial dysfunction is closely related to the development and progression of CKD. The maintenance of mitochondrial function relies on the balance of mitochondrial turnover and mitochondrial dynamics (Aparicio-Trejo et al., 2018). Mitochondrial turnover includes mitochondrial biogenesis, which augments mitochondrial mass and ATP production, and mitophagy that removes damaged mitochondria (Pedraza-Chaverri et al., 2016). Mitochondria are in a dynamic equilibrium of fission and fusion to maintain mitochondrial homeostasis.
Although a vast amount of evidence showed herbal medicines could alleviate renal injury by regulating mitochondrial function, a more detailed understanding of the role of mitochondrial homeostasis in herbal medicines is still limited. This review pays attention to the therapeutical effect of herbal medicines in CKD by targeting mitochondrial function, especially the application prospect of herbal medicines (Table 1 and Figure 1).
TABLE 1 | Mitochondria-targeted herbs in chronic kidney disease.
[image: Table 1][image: Figure 1]FIGURE 1 | Therapeutic interventions of herbal medicine by targeting mitochondrial homeostasis. Many procedures are involved in mitochondrial homeostasis, such as the production of ROS, mitochondrial dynamics and mitochondrial biogenesis. Herbal medicine plays a protective role in CKD via decreasing the augmentation of ROS, inhibiting mitochondrial fission, promoting mitochondrial fusion, as well as increasing mitochondrial biogenesis and the copies of mtDNA (Created with BioRender.com).
Herbal Medicines in CKD via Targeting Mitochondrial Biogenesis
Mitochondrial biogenesis is a complicated process that new mitochondria are generated from preexisting mitochondria to increase mitochondrial mass. Mitochondrial biogenesis mainly includes four parts: the inner and outer mitochondrial membranes synthesis, synthesis of the proteins encoded by mitochondria, synthesis and imported mitochondrial proteins encoded by nuclear, as well as replication of mitochondrial DNA (mtDNA) (Li et al., 2017; Fontecha-Barriuso et al., 2020). Peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) is the key regulator of mitochondrial biogenesis which can not only improve the expression of nuclear respiratory factor 1 and 2 (NRF1 and NRF2) but also enhance the interaction with them. The activation of NRF1 and NRF2 stimulates mtDNA replication and transcription via mitochondrial transcription factor A (Tfam). Also, the activation of NRF1 and NRF2 increases the transcription of subunits of mitochondrial electron transport chain encoded by nuclear (Uittenbogaard and Chiaramello, 2014; Li et al., 2017). Berberine, a naturally occurring isoquinoline alkaloid, is present in Coptidis rhizoma and Cortex Phellodendri (Zhang et al., 2016). Qin et al. reported that PGC-1α was significantly decreased in db/db mice and palmitic acid-induced podocytes. Berberine increased the expression of PGC-1α and improved mitochondrial function via the AMPK/PGC-1α pathway both in vivo and in vitro (Qin et al., 2020). Hyperoside, also named quercetin 3-o- β -D-galactopyranoside, is a flavonol glycoside extracted from Rhododendron ponticum L that is widely used in Traditional Chinese Medcine (Li et al., 2013; Wang et al., 2018). Chen et al. proposed hyperoside improved the loss of PGC-1α and mitochondrial dysfunction caused by adriamycin both in vivo and in vitro (Chen et al., 2017). Leonurine (C14H21N3O5), a natural alkaloid, is derived from Herba Leonuri (Hu et al., 2019; Zhang et al., 2019). Leonurine could ameliorate the expression of PGC-1α in adriamycin-treated podocytes (Liu et al., 2018). Resveratrol is a polyphenolic phytoalexin belonging to the stilbenes derivative which is abundant in berries, grapes, nuts (Asgary et al., 2019). Kim et al. observed that resveratrol increased the protein level of PGC-1α and Nrf2 and ameliorated mitochondrial dysfunction in aging-related renal injury (Kim et al., 2018). Salidroside is a bioactive compound isolated from Traditional Chinese Medicine Rhodiola rosea (Zhao et al., 2019). Xue et al. proposed salidroside attenuated the damage of renal structure and function in STZ-induced diabetic mice. Furthermore, the decrease of PGC-1α was reversed in salidroside-treated mice (Xue et al., 2019).
Herbal Medicines in CKD via Targeting Mitochondrial Dynamics
Mitochondria are continuously changing their morphology by constant fission and fusion to adapt to environmental imperatives and cellular energetic needs (Rovira-Llopis et al., 2017). The disruption between the balance of fission and fusion leads to mitochondrial dysfunction and eventually evokes the development of mitochondria-related diseases. Mitochondrial dynamics depend on several dynamin-related guanosine triphosphatases (GTPases). Mitochondrial fission, split one mitochondrion into two daughter mitochondria, is mainly regulated by Dynamin-related protein 1 (Drp1) in the cytosol and its receptors on the outer membrane, including fission protein 1 (Fis1), mitochondrial fission factor (MFF) and mitochondrial dynamics proteins of 49 kDa and 51 kDa (MiD49 and MiD51) (Benigni et al., 2016). Mitochondrial fusion, combine two mitochondria into one mitochondrion, is a two-step process resulting from its double membranes. Mitofusin1 and 2 (Mfn1/2) contribute to outer-membrane fusion, while Optic Atrophy 1 (OPA1) mediates the fusion of the inner membrane (Mishra and Chan, 2016). Chen et al. showed adriamycin triggered mitochondrial fission and reduced the expression of Mfn1, which were reversed after treating with hyperoside (Chen et al., 2017). Polydatin is a monocrystalline and polyphenolic drug extracted from the traditional herb Polygonum cuspidatum (Gao et al., 2015). Zheng et al. pointed that polydatin ameliorated renal function in KKAy mice and reduced apoptosis in KKAy mice and high glucose-exposed podocytes. In addition, they found polydatin decreased the elevation of p-Drp1 and fragmented mitochondria caused by high glucose. Furthermore, they demonstrated the upregulation of Drp1 by transfection with Drp1-GFP lentivirus enhanced apoptosis and fragmented mitochondria while polydatin blocked the increase of apoptosis (Zheng et al., 2017). Hui et al. showed the expressions of Mfn2 and OPA1 were declined but the level of Drp1 was increased in 5/6 nephrectomized rats model and TGF-β1-treated mesangial cells. Resveratrol treatment reversed these changes and restored mitochondrial function both in vivo and in vitro (Hui et al., 2017).
Herbal Medicines in CKD via Targeting Mitochondrial ROS
Reactive oxygen species (ROS), byproducts of cellular aerobic metabolism, play a significant part in cellular signaling processes. ROS consists of superoxide anion (O2•−), hydroxyl radicals (OH•), and hydrogen peroxide (H2O2) (Schieber and Chandel, 2014). As the main production of endogenous ROS, mitochondria consumed 1–2% of oxygen to produce ROS in the process of mitochondrial respiration (Pinegin et al., 2018). It has been reported that complex I and complex III of the mitochondrial electron transport chain are the major sites of the production of ROS in mitochondria (Mazat et al., 2020). ROS produced by complex I (NADH: ubiquinone oxidoreductase) is mainly in the mitochondrial matrix, while ROS created by complex III (ubiquinol: cytochrome oxidoreductase) is both in the matrix and intermembrane space. Mitochondrial matrix dehydrogenases contribute a lot to the generation of ROS as well (Pinegin et al., 2018; Stefanatos and Sanz, 2018; Bouchez and Devin, 2019). Scavenging of ROS contributes to the homeostasis of ROS in mitochondria. The O2•− produced in the mitochondrial matrix is dismutated to H2O2 by superoxide dismutase protein 2 (SOD2). The O2•− generated in intermembrane space is converted to H2O2 by SOD1 (Diebold and Chandel, 2016). H2O2 is degraded to H2O by glutathione peroxidases (GPX) or peroxiredoxins (PRX). The excessive production of mitochondrial ROS or the impaired antioxidant defense leads to mitochondrial dysfunction and renal injury (Angelova and Abramov, 2018). Zhang et al. discovered, in high glucose treated cultured tubular epithelial cell line and human kidney proximal tubular cell line, berberine mitigated ROS production and elevated the level of GSH and SOD by PI3K/Akt pathway (Zhang et al., 2016). In palmitic acid-induced podocytes, berberine attenuated the increased generation of ROS reflected by MitoSOX Red (Qin et al., 2020). As a plant-derived pentacyclic lupane-type triterpenoid, betulinic acid can be extracted from white birch trees (Phillips et al., 2018; Ríos and Máñez, 2018). Xie et al. proposed betulinic acid raised the expression of SOD through AMPK/NF-κB/Nrf2 pathway in streptozotocin-induced diabetic rats (Xie et al., 2017). Celastrol, a naturally occurring pentacyclic triterpene, is extracted from Tripterygium wilfordii (Fang et al., 2019). Zhan et al. found treatment with celastrol decreased the production of ROS in high glucose-treated podocytes (Zhan et al., 2018). Curcumin, a natural polyphenol, is an active component of turmeric that has been used as a spice and traditional medicine for centuries in India and China (Bahrami et al., 2019). Sun et al. discovered the level of ROS was escalated in a time-dependent way in high glucose-induced podocytes. In contrast, the activity of SOD was gradually reduced in podocytes exposed to high glucose in a time-dependent manner. Curcumin inhibited ROS and improved the activity of SOD in diabetic nephropathy both in vivo and in vitro (Sun et al., 2016). Liu et al. found leonurine alleviated the augmentation of ROS and increased the level of SOD2 in adriamycin-induced podocyte injury (Liu et al., 2018). Nepeta angustifolia C. Y. Wu, a traditional Tibetan medicine, consists of pentacyclic triterpenes and bioactive flavonoids which are reported to have anti-inflammatory and antioxidant effects (Huang et al., 2019). In the kidney of diabetic rats, the expressions of SOD and GSH were remarkably augmented after exposure to Nepeta angustifolia C. Y. Wu. In addition, Nepeta angustifolia C. Y. Wu attenuated ROS production in H2O2-induced rat glomerular mesangial cells. Compared with the group treated with H2O2, Nepeta angustifolia C. Y. Wu also improved the expression of SOD in rat glomerular mesangial cells (Huang et al., 2020). Polydatin, a resveratrol glycoside, ameliorated ROS levels in high glucose-treated primary podocytes and glomerular mesangial cells. Additionally, Gong et al. pointed out that polydatin increased the activity of SOD in the kidney and serum of diabetic mice (Gong et al., 2017; Zheng et al., 2017). Hui et al. observed resveratrol reversed the enhancement of ROS in 5/6 nephrectomized rats and TGF-β1-treated mouse mesangial cells (Hui et al., 2017). Furthermore, resveratrol improved SOD1 and SOD2 in aged mice and H2O2-treated human kidney proximal tubular cells by activating Nrf2 and SIRT1 pathways (Kim et al., 2018).
Herbal Medicines in CKD via Targeting Mitochondrial DNA
Mitochondrial DNA (mtDNA), consisting of 16,569 base pairs in humans, is a circular double-stranded genome (El-Hattab et al., 2017). mtDNA carries 37 genes containing 13 polypeptides, 22 tRNAs and 2 rRNAs (Srirattana and St. John, 2019). The proteins encoded by 13 polypeptides are major parts of mitochondrial oxidative phosphorylation including 7 subunits of Complex I, 1 of Complex III, 3 of Complex IV, and 2 of Complex V (Roubicek and Souza-Pinto, 2017). Apart from them, other proteins mitochondria needed are encoded by nuclear, synthesized in the cytoplasm, and eventually transported into mitochondria (Szczepanowska and Trifunovic, 2015). The mtDNA is coated with proteins and organized in a complex named mitochondrial nucleoid. Mitochondrial nucleoids are located on the matrix side of the mitochondrial inner membrane and well-distributed in the mitochondria for cellular metabolic needs (Almannai et al., 2018). The copy number of mtDNA is the indicator of mitochondrial function (Tin et al., 2016). In adriamycin (Chen et al., 2017) mice, the level of urinary albumin (Chen et al., 2017) was lifted while mtDNA was significantly reduced. Compared with the adriamycin group, the group exposed to hyperoside exhibited lower urinary albumin and increased mtDNA. In addition, co-incubated with hyperoside augmented the copies of mtDNA in adriamycin-induced human podocytes (Chen et al., 2017).
There are some limitations in this review that merit attention. First, herbal medicine usually has multiple targets. Further studies are needed to confirm whether mitochondria are the specific target. Second, very little is known about how herbal medicine enters the mitochondria and regulates mitochondrial homeostasis. Third, most of the Traditional Chinese Medicine we mentioned above showed protective effects in animal and cellular experiments, it remains unclear if they could be applied to clinical trials.
CONCLUSION
Recently, more and more attention has been paid to the role of mitochondria in the occurrence and development of chronic kidney disease. A growing number of studies have proved mitochondria gradually became the promising target for the therapy of CKD. Traditional Chinese Medicine targeting mitochondria provides new ideas for the clinical treatment of CKD.
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Background: Chronic kidney disease (CKD) is a leading cause of morbidity and mortality. Mitochondrial dysfunction has been implicated as a key factor in the development of CKD. According to traditional Chinese medicine (TCM) theory, many Chinese Yang/Qi-invigorating botanical drugs/herbal formulations have been shown to produce promising outcomes in the clinical management of CKD. Experimental studies have indicated that the health-promoting action of Yang/Qi invigoration in TCM is related to the up-regulation of mitochondrial energy generation and antioxidant status.
Objective: In this review, we aim to test whether Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations can provide medical benefits in CKD and its complications. And we also explore the possible involvement of mitochondrial-associated signaling pathway underlying the beneficial effects of Yang/Qi invigoration in TCM.
Methods: A systematic search of “PubMed”, “China National Knowledge Infrastructure (CNKI)” and “Google Scholar” was carried out to collect all the available articles in English or Chinese related to Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations and their effects on mitochondrial function and chronic kidney disease.
Result and Discussion: The relationship between the progression of CKD and mitochondrial function is discussed. The effects of Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations and their active ingredients, including phytosterols/triterpenes, flavonoids, and dibenzocyclooctadiene lignans, on CKD and related alterations in mitochondrial signaling pathways are also presented in this review. In the future, exploration of the possible beneficial effects and clinical studies of more Yang- and Qi-invigorating botanical drugs/herbal formulations in the prevention and/or/treatment of CKD and the molecular mechanisms relating to the enhancement of mitochondrial functions warrants further investigation.
Conclusion: Given the critical role of mitochondrial function in safeguarding renal functional integrity, the enhancement of mitochondrial energy metabolism and antioxidant status in kidney tissue is likely involved in renal protection. Future studies on the biochemical and chemical basis underlying the effects of Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations from a mitochondrial perspective will hopefully provide novel insights into the rational development of new drugs for the prevention and/or treatment of CKD.
Keywords: Yang/Qi invigoration, Chinese medicine, mitochondrial function, mitochondrial antioxidant capacity, chronic kidney disease
INTRODUCTION
Chronic kidney disease (CKD) is a global health problem, which poses a great threat to a growing number of people worldwide. A systematic analysis of CKD showed that its global prevalence is 9.1%, with 1.2 million deaths having resulted from CKD and its complications in 2017. (Theo and Boris, 2017). CKD is a long-term clinical condition characterized by impaired renal structure and function, as well as a reduction in glomerular filtration rate. Although the etiology of CKD is complex, mitochondrial dysfunction has been widely accepted as a major contributing factor in its pathogenesis (Takemura et al., 2020). Mitochondrial dysfunction results in defective mitochondrial oxidative phosphorylation, a reduction in ATP production, and an increase in mitochondrial DNA damage, all of which contribute to the progression of the disease. A growing body of experimental and clinical evidence has demonstrated that mitochondria-targeted therapeutic agents may offer a promising approach to the alleviation of CKD-related disease (Galvan et al., 2017).
Traditional Chinese medicine (TCM) has long been used as an integral part of mainstream medicine for the treatment of CKD in China. Based on TCM theory, the pathogenesis of CKD is complex, in that CKD is considered to be the consequence of an assault from both internal and external “evils” (i.e., pathogenic factors), which further leads to the imbalance of Yin and Yang function in the body (Gobe and Shen, 2015). According to clinical observations in patients suffering from CKD, the most common syndrome or disease pattern in TCM is “Kidney-Yang” deficiency (Wang et al., 2016). In this regard, in the practice of TCM, many Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations have been shown to ameliorate the symptoms of CKD. The exploration of these Yang/Qi tonic botanical drugs as the source of new agents for the treatment of CKD has recently attracted the increasing attention of many researchers (Zhong et al., 2013). For instance, You-Gui Pill, a typical Yang/Qi-tonic formulation, possesses the kidney yang-tonifying effects according to the TCM theory. It has been clinically used as the basic formula for the treatment of patients with Kidney-Yang Deficiency syndrome for hundreds of years in China. A clinical study in China showed that treatment of You-Gui Pill can significantly lower serum creatinine levels, reduce proteinuria and improve glomerular filtration in CKD patients with yang-deficiency syndrome (Liu et al., 2016). However, the biochemical and molecular mechanisms underlying the possible therapeutic effects of Yang/Qi-invigorating tonic botanical drugs on CKD remain largely unknown. Results obtained from experimental studies indicate that the health-promoting effect of Yang/Qi-invigoration in TCM is closely related to the up-regulation of mitochondrial function and antioxidant status. In this article, we provide an overview of the potential effects of Chinese Yang/Qi-invigorating tonic botanical drugs on ameliorating CKD and its complications, with particular emphasis on the possible mechanism(s) involving mitochondria-associated signaling pathways.
METHODOLOGY
A systemic search of “PubMed”, “CNKI”, and “Google Scholar” was conducted to collect all available articles in English or Chinese that are related to the Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations applied in the treatment of CKD, and their effects on mitochondrial function. The queries “[mitochondria (Title/Abstract)] AND [chronic kidney disease (Title/Abstract)]” were used in “Google Scholar” and “PubMed” to search for implications of mitochondrial dysfunction in CKD. To search for articles reporting the use of Chinese Yang/Qi-invigorating botanical drugs in treating CKD, the designation “Yang OR Qi OR Chinese OR botanical drug(s)”, “chronic kidney disease” (the Chinese translation for this query was used when searching in the CNKI) was used in “Google Scholar” and “CNKI”. After reading the titles and abstracts, 82 articles were selected by the reviewers to include in this article. The scientific names of all the botanical drugs were included and checked basing on the principle of scientific nomenclature for plants described in Revera et al.’s review (Rivera et al., 2014). The main mitochondrial regulatory pathways through which the Chinese Yang/Qi-invigorating botanical drugs ameliorate CKD were identified by finding the intersections and connections between the signaling pathways and molecules presented in the articles found during the aforementioned searches.
RESULTS
The Implication of Mitochondrial Dysfunction in Chronic Kidney Disease
Mitochondria are vital organelles involved in the cellular regulation of energy balance and oxidative status in response to environmental stimuli. They generate bioenergy to support various cellular processes through the oxidation of fuel molecules. Furthermore, mitochondria are crucial in regulating cell survival (via ATP production) and death (via the induction of apoptosis) under conditions of stress. The kidney, which contains cells enriched with mitochondria, is an organ with high energy demand. Therefore, the maintenance of mitochondrial function plays a critical role in safeguarding renal functional integrity. The implication of mitochondrial dysfunction in association with key regulatory factors and signaling pathways involved in the pathogenesis of CKD will be discussed in the context of mitochondrial biogenesis and oxidative capacity, as well as mitochondrial dynamics.
Mitochondrial Biogenesis and Oxidative Capacity
Mitochondria are self-replicating organelles, which contain their genome (mtDNA) and ribosomes. The regulation of mitochondrial content is controlled by cellular signals in response to various environmental stimuli. Disruption in mitochondrial biogenesis is one of the crucial processes contributing to the development of CKD.
Among the various regulatory factors, peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PCG-1α), the master regulator of mitochondrial biogenesis, emerges as an important component involved in the defective mitochondrial biogenesis in CKD (Sharma et al., 2013; Galvan et al., 2017). PCG-1α was found to up-regulate the expression of a large number of genes involved in mitochondrial protein synthesis and DNA replication, which results in increased mitochondrial number (Schreiber et al., 2004). Although PCG-1α is confined to the nucleus (Wu et al., 1999), it is thought to affect the replication and expression of many mitochondrial genes by interacting with a variety of proteins and stimulating downstream signaling pathways. PCG-1α co-activates two nuclear respiratory factors Nrf-1 and Nrf-2, both of which can stimulate the expression of mitochondrial transcription factor A (Tfam) (Virbasius and Scarpulla, 1994). Tfam can be translocated into mitochondria and binds to mitochondrial mtDNA, with the resultant promotion of both replication and transcription of mtDNA (Parisi and Clayton, 1991; Virbasius and Scarpulla, 1994; Wu et al., 1999). Also, PGC-1α is found to interact with estrogen-related receptor α (ERRα), which is also a major contributor to mitochondrial biogenesis (Schreiber et al., 2004).
Consistent with the crucial function of PGC-1α in mitochondrial biogenesis, the down-regulation of PGC-1α levels is prevalent in animal models of CKD and also in patients with CKD. A clinical study in diabetic patients with CKD has shown that PGC-1α levels are significantly decreased in cortical tubulointerstitial samples, which is associated with the reduction of mitochondrial proteins and mtDNA contents, an indirect indication of global suppression of mitochondrial biogenesis (Sharma et al., 2013). Furthermore, the histological features of kidney tissue were improved by the transgenic expression of PGC-1α in renal tubular cells in a mouse model of CKD (Galvan et al., 2017).
The influence of PGC-1α, a key regulator of metabolism, extends beyond mitochondrial biogenesis. Several studies have demonstrated increases in the expression of a wide array of genes related to the electron transport chain and fatty acid oxidation reactions upon the activation of PGC-1α (Wu et al., 1999; Schreiber et al., 2004). Given the marked reduction in PGC-1α levels in CKD, it seems likely that mitochondrial oxidative capacity is impaired in CKD. In support of this, Kang et al. have demonstrated decreased expression of proteins related to fatty acid oxidation, amino acid catabolism, as well as carbohydrate metabolism in kidney samples obtained from patients with CKD, with the reduction in fatty acid oxidation-related enzymes and regulators being the most prominent. The resultant increase in intracellular lipid accumulation leads to lipotoxicity, which can promote the progression of CKD (Kang et al., 2015).
One possible mechanism underlying the role of mitochondrial biogenesis in CKD was proposed by (Weinberg, 2011), wherein biogenesis allowed a fixed amount of oxidative load to be distributed among more mitochondria, thus alleviating the oxidative stress in each mitochondrion, thereby reducing the production of reactive oxygen species (ROS), with resultant protection of renal cells from oxidative injury. However, under certain conditions, such as chronic tubulointerstitial injury with pre-existing loss of the peritubular microvasculature, the unilateral enhancement of mitochondrial biogenesis could exacerbate the existing pathological conditions (Weinberg, 2011). Therefore, a more comprehensive understanding of the balance between mitochondrial biogenesis and relevant pathological processes in CKD would be required for the development of rational therapeutic interventions in CKD.
Mitochondrial Oxidative Stress
In addition to energy generation, the mitochondrion is also the major site of cellular ROS production (Kowaltowski et al., 2009). Mitochondrial oxidative stress has long been implicated in the pathogenesis of CKD (Dounousi et al., 2006; Richter et al., 2015; Duni et al., 2019). Increased generation of ROS and impaired antioxidant status can lead to mitochondrial oxidative stress-induced kidney damage (Halliwell, 1991). Albuminuria and hyperuricemia associated with CKD may be related to enhanced mitochondrial oxidative stress (Che et al., 2014; Duni et al., 2019). For instance, albumin in cultured proximal renal tubular epithelial cells increased the extent of ROS production, which could trigger a signaling pathway leading to glomerular damage (Tang et al., 2003). Transforming growth factor (TGF)-β, a cytokine that is responsible for a wide range of renal cell pathologies, has also been shown to stimulate ROS generation in an NADPH oxidase-dependent manner in pre-glomerular vascular muscle cells (Sharma et al., 2005). Also, an increased level of ROS was detected in peripheral blood mononuclear cells of patients with stage IV-V CKD (Granata et al., 2009), implicating a general increase in oxidative stress in CKD patients.
On the other hand, mitochondrial antioxidant enzymes appeared to be commonly down-regulated in CKD, indicative of a compromised antioxidant capacity. Mitochondria are equipped with intrinsic antioxidant machinery that can scavenge excessive ROS and thus maintain a balanced oxidative status. The suppression of PGC-1α due to a deficit of endothelial nitric oxide synthase can lead to drastic decreases in activities of mitochondrial antioxidant enzymes (Weinberg, 2011). Marked decreases in activities of superoxide dismutase, catalase, and glutathione peroxidase, as well as reduced glutathione (GSH) levels, were also observed in blood samples from patients with chronic renal failure, possibly as a result of defective mitochondrial antioxidant capacity (Vaziri, 2004). The overproduction of ROS can cause a series of adverse effects including mtDNA and nuclear DNA damage, protein oxidation, mitophagy, inflammation, and cell apoptosis (Galvan et al., 2017), all of which can eventually exacerbate the progression of CKD. In this regard, treatment with antioxidants, such as omega-3 polyunsaturated fatty acids, N-acetylcysteine, vitamin E, vitamin C, and allopurinol, have all been demonstrated to produce beneficial effects in patients with renal disease (Vaziri, 2004; Che et al., 2014; Zanetti et al., 2017). Therapeutic interventions aimed at restoring a normal antioxidant status may therefore offer a promising prospect for treating or at least slowing the progression of CKD.
Mitochondrial Dynamics
Mitochondria are dynamic organelles that constantly change their morphology, size, and quantity through fission and fusion in response to cellular signals to meet metabolic demands (Galvan et al., 2017). The balance between fission and fusion is not only crucial for the maintenance of normal mitochondrial morphology and function, but also the regulation of cellular metabolism and cell survival (Youle and Van Der Bliek, 2012). Excessive mitochondrial fission coupled with arrested fusion can result in mitochondrial fragmentation, which causes cell apoptosis and the subsequent development of CKD (Zhan et al., 2013).
Dynamin-related protein 1 (Drp1) is a protein responsible for the fission of the mitochondrial outer membrane. Multiple Drp1 molecules are recruited to the mitochondrial outer membrane by cellular signals, with the formation of a ring-like structure that subsequently severs the membrane during fission (Wai and Langer, 2016). The recruitment of Drp1 is stimulated by Rho-associated coiled coil-containing protein kinase 1 (ROCK1), which has been implicated in promoting albuminuria, mesangial matrix expansion, and podocyte apoptosis in diabetic nephropathy in mice (Wang et al., 2012a). Also, several studies have demonstrated increased mitochondrial fission and fragmentation in renal cells from mice with diabetic nephropathy (Wang et al., 2012b; Zhan et al., 2013; Zhan et al., 2015). Recent findings have shown that excessive mitochondrial fission is closely linked to the intrinsic pathway of cell apoptosis. Drp1 and several other proteins, such as Fis1 and mitochondrial E3 ubiquitin ligase MARCH5, in the mitochondrial fission machinery also appear to enhance the permeabilization of the mitochondrial outer membrane, with a resultant release of cytochrome c from the intermembrane space into the cytosol (Martinou and Youle, 2011). The released cytochrome c interacts with other proteins in the cytosol and activates caspases, resulting in cell apoptosis (Suen et al., 2008). Given the role of dysregulation of mitochondrial dynamics in inducing apoptosis of renal cells, restoration of the balance between mitochondrial fission and fusion may be beneficial in ameliorating CKD.
Chinese Yang/Qi-Invigorating Tonic Botanical Drugs and Mitochondrial Function
Concepts of Yang/Qi-Invigoration in Traditional Chinese Medicine
According to ancient Chinese philosophy, everything in the Universe can be divided into two opposite but complementary aspects of Yin and Yang (Gong and Sucher, 2002; Ji and Yu, 2020). The Yin-Yang theory has been applied to the clinical practice of TCM for the diagnosis and treatment of diseases for thousands of years (Xue and Cheng, 2020). The maintenance of Yin and Yang balance is essential to promote good health in humans. Yin and Yang interaction generates Qi, which acts as the driving force of blood that carries essential nutrients and oxygen through the body (Leong and Ko, 2019). As far as body function is concerned, Qi, which is under the influence of Yang, is described as Yang/Qi in the context of health promotion (Chen et al., 2019).
Yang/Qi plays a dominant role in maintaining the normal functioning of organs in the human body, namely, the Heart, Liver, Spleen, Lung, and Kidney, according to TCM theory (Chang and Liu, 2020; Ma et al., 2020). Among these five visceral organs, the Kidney, whose functions not only include those of the kidneys in modern medicine, is of the utmost importance and is viewed as the root of Qi. Yang/Qi deficiency in the kidney can lead to chronic world-wide health problems, such as CKD, diabetes, and hypertension (Zhang, et al., 2019). The marked depletion of Yang/Qi usually causes cell death, which is consistent with the crucial role of mitochondria in determining the survival and death of the cell. As such, the mitochondrion can be viewed as the functional unit of Qi generation in cells. Yang/Qi-invigorating botanical drugs in TCM are therefore postulated to be capable of improving mitochondrial function.
Yang/Qi-Invigorating Tonic Botanical Drugs Increase Mitochondrial Energy Generation and Antioxidant Capacity
The commonly used Yang-invigorating botanical drugs in China include Dipsacus asper Wall. ex C.B. Clarke (Caprifoliaceae), Cibotium barometz (L) J. Sm (Cibotiaceae), Curculigo orchioides Gaertn (Hypoxidaceae), Epimedium sagittatum (Sieb. et Zucc.) Maxim (Berberidaceae), Cynomorium coccineum subsp. songaricum (Rupr.) J. Léonard (Cynomoriaceae), Cistanche deserticola Y. C. Ma (Orobanchaceae), Morinda officinalis F. C. How (Rubiaceae), and Cuscuta chinensis Lam (Convolvulaceae). Chinese Qi-invigorating tonic botanical drugs, including Panax ginseng C. A. Mey (Araliaceae), Schisandra chinensis (Turcz.) Baill (Schisandraceae), Astragalus mongholicus Bunge (Leguminosae), etc., are also frequently used together with Yang-invigorating botanical drugs in the practice of TCM. Several studies have shown that Yang/Qi-invigorating tonic botanical drugs can enhance mitochondrial ATP generating capacity (ATP-GC) by increasing mitochondrial electron transport in various types of cells and tissues in situ and ex vivo, which thus delineates the biochemical basis of Yang/Qi-invigoration in TCM (Ko et al., 2006; Ko et al., 2006; Li et al., 2015). A recent study has shown that Cistanche deserticola Y. C. Ma (Orobanchaceae) increases mitochondrial ATP-GC in H9c2 cardiomyocytes and rat hearts by enhancing the activities of mitochondrial complex I and complex III, which indicates the possible involvement of an enhancement in oxidative phosphorylation (Ko et al., 2006; Leung and Ko, 2008). Further studies have demonstrated that Yang/Qi-invigorating tonic botanical drugs consistently enhance mitochondrial ATP-GC in H9c2 cardiomyocytes in situ (Leong et al., 2015), in which different mechanisms underlying the stimulation of ATP-GC are observed. The capacity of Yang-invigorating tonic botanical drugs to increase mitochondrial ATP-GC was found to be related to the fluidization of the mitochondrial inner membrane. When the mitochondrial inner membranes are stabilized by cholesterol, the stimulation of ATP-GC by Yang-invigorating tonic botanical drugs was abolished. Another representative Chinese Qi-invigorating tonic formulation, Si-Jun-Zi Decoction, consisting of Panax ginseng C. A. Mey (Araliaceae), Astragalus mongholicus Bunge (Leguminosae), Codonopsis pilosula (Franch) Nannf (Campanulaceae), and Atractylodes macrocephala Koidz (Compositae), was also shown to enhance mitochondrial energy metabolism, as evidenced by increased levels of ATP, total adenylate pool (TAP), and adenylate energy charge (ACE) in skeletal muscle of mice (Li, 2012).
Similarly, extracts of Qi-invigorating tonic botanical drugs, Panax ginseng C. A. Mey (Araliaceae), Panax quinquefolius L (Araliaceae), and Codonopsis pilosula (Franch) Nannf (Campanulaceae), also stimulated mitochondrial ATP-GC in cultured cardiomyocytes, with Panax ginseng C. A. Mey (Araliaceae) being the most potent (Wong and Ko, 2012). The stimulation of ATP-GC by Qi-invigorating tonic botanical drugs was consistently associated with an increase in cellular GSH levels (Leong et al., 2018). GSH, which serves as the first line of defense against mitochondrial oxidative stress in cells, can directly or indirectly scavenge ROS, and reverse oxidative modification of proteins, thereby preserving mitochondrial structure and function. Long-term treatment with a multi-component Yang/Qi invigorating herbal formulation (VI-28), which contains Panax ginseng C. A. Mey (Araliaceae), Cordyceps sinensis (Berk) Sacc (Ophiocordycipitaceae), Salvia miltiorrhiza Bunge (Lamiaceae), Allium tuberosum Rottl. ex Spreng (Amaryllidaceae), Cnidium monnieri (L). Cusson (Apiaceae), Tetradium ruticarpum (A.Juss) T.G.Hartley (Rutaceae) and Kaempferia galanga L (Zingiberaceae), was found to increase the activities of enzymatic antioxidants, such as CuZn-superoxide dismutase (SOD), and levels of non-enzymatic antioxidants, such as GSH and alpha-tocopherol (a-TOC) in rat brain, heart, liver and skeletal muscle tissues in vivo (Leung et al., 2005). A Qi-invigorating formulation, Bu-zhong-yi-qi decoction, was found to reduce apoptosis and necrosis in renal tubular epithelial cells and protect against 5-fluorouracil-induced renal injury in mice, possibly through an increase in mitochondrial antioxidant capacity (Xiong et al., 2016).
Yang/Qi-Invigorating Tonic Botanical Drugs/Herbal Formulations Ameliorate Chronic Kidney Disease
In laboratories, many single Yang/Qi-invigorating botanical drugs have been shown to provide renal protective effects in animals. Red ginseng extract has been reported to protect against gentamicin-induced kidney failure by suppressing ROS production and increasing reduced glutathione levels in rats (Shin et al., 2014). Wang et al. demonstrated that treatment of a Curculigo orchioides Gaertn (Hypoxidaceae) extract reversed decreases in cytochrome P450 3A activity and cytochrome P450 3A4 expression in hydrocortisone-induced kidney-Yang deficiency rat models. (Wang et al., 2012b). Treatment with an Astragalus mongholicus Bunge (Leguminosae) and Panax notoginseng (Burkill) F.H.Chen (Araliaceae) formulation in combination with Bifidobacterium was found to protect kidneys in CKD by decreasing macrophage inflammatory response in the kidney and intestine via inhibiting Mincle signaling (Tan et al., 2020).
In the practice of TCM, a large number of Yang/Qi-invigorating tonic formulations have been shown to alleviate CKD-related symptoms, such as proteinuria, edema, and decreased glomerulus filtration. The potential pharmacological targets relevant to CKD involve a reduction in the extent of proteinuria, serum creatinine levels, urinary albumin/creatinine ratio, and urea nitrogen levels, as well as a decrease in plasma albumin levels in CKD patients. The potential pharmacological targets of Yang/Qi-invigorating tonic formulations in CKD patients are summarized in Table 1.
TABLE 1 | Effects of Yang/Qi-invigorating formulations on the treatment of CKD.
[image: Table 1]Although the therapeutic effects of Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations are evident, the underlying biochemical mechanisms remain unclear. A clinical study has shown an association between increased oxidative stress and renal proximal tubular cell injury in CKD patients with proteinuria (Nishi et al., 2013). The decreased mitochondrial respiration was found to be associated with increased serum creatinine levels in rats (Wilson et al., 1984). The global knock-out of PGC1α, a key transcriptional regulator of mitochondrial proteins, enhanced the serum BUN and creatinine levels in mice, indicative of the important role of mitochondrial bioenergetics in the maintenance of renal integrity (Mei and Tam, 2011). Furthermore, mitochondrial dysfunction has been suggested to be involved in mediating albumin-induced renal tubular injury (Zhuang et al., 2015). Severe renal tubular structural damage and tubular cell apoptosis were observed in an albumin-challenged mouse model, which is paralleled by increases in mitochondrial ROS production and mitochondrial cytochrome c release as well as a reduction in mitochondrial DNA copy number. Given the critical role of mitochondrial dysfunction in the progression of CKD, the observation of an enhancement of mitochondrial function and antioxidant status by Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations in both cultured cells and animal models of CKD have prompted investigation of the relevant signaling pathways.
Effects of the Active Ingredients From Chinese Yang/Qi-Invigorating Botanical Drugs on Mitochondrial Function and Chronic Kidney Disease
To elucidate mechanisms of action, it is essential to identify the chemical components responsible for the pharmacological action(s) of Chinese Yang/Qi-invigorating tonic botanical drugs. With regard to chemical structures, components can be categorized into different groups, which include phytosterols, triterpenes, flavonoids, alkaloids, dibenzocyclooctadiene lignans, tannins, polysaccharides, and volatile oils (Pan et al., 2011). In the following section, major groups of active components identified in Chinese Yang/Qi-invigorating tonic botanical drugs and their effects on mitochondrial function and CKD will be illustrated.
Phytosterol and Triterpenes
Phytosterols and triterpenes are the major categories of active ingredients isolated from Chinese Yang/Qi-invigorating tonic botanical drugs (Chen et al., 2014b). An ursolic acid-rich fraction isolated from Cynomorium coccineum subsp. songaricum (Rupr.) J. Léonard (Cynomoriaceae; Cynomorii Herba), also a Chinese Yang-invigorating botanical drugs, protected against gentamicin-induced kidney damage in rats, as evidenced by the suppression in plasma creatinine and blood urea nitrogen levels (Chen et al., 2014c). However, β-sitosterol, one of the active constituents derived from Cistanche deserticola Y. C. Ma (Orobanchaceae; Cistanche Herba), was not shown to protect against gentamicin nephrotoxicity in rats, which was likely due to its low bioavailability in kidney tissues (Wong et al., 2014). The underlying mechanism involves the stimulation in mitochondrial ATP generation capacity as well as the enhancement of mitochondrial antioxidant status. Administration of ursolic acid was also found to ameliorate renal fibrosis in adenine-induced CKD in rats (Thakur et al., 2018). Further studies showed that both β-sitosterol and ursolic acid could incorporate into the mitochondrial inner membrane, thereby increasing membrane fluidity, with the subsequent increase in mitochondrial electron transport, as well as ATP generation (Shi et al., 2013; Chen et al., 2014a). During the process of ATP generation, a small amount of mitochondrial ROS is inevitably produced, which can serve as signaling molecules that further activate the AMPK-PGC1α pathway to increase mitochondrial biogenesis (Chen et al., 2017). (Figure 1)
[image: Figure 1]FIGURE 1 | Possible signaling pathways underlying the beneficial effects of representative Chinese Yang/Qi-invigorating herbs and their active ingredients on ameliorating CKD and its complications.
Flavonoids
Flavonoids, another major group of active compounds from Chinese Yang/Qi-invigorating tonic botanical drugs, have also been demonstrated to protect against CKD and its related symptoms. Icariin, a flavonoid isolated from Epimedium sagittatum (Sieb. et Zucc.) Maxim (Berberidaceae; Epimedii Herba), was found to attenuate the progression of CKD and the loss of structural and functional integrity of kidney tissue, as evidenced by reduced serum levels of uric acid, creatinine, and blood urea nitrogen (Huang et al., 2015). Transplantation of icariin-treated human umbilical cord mesenchymal stem cells (huMSCs) was found to reduce the extent of fibrosis, oxidative damage, and inflammatory responses in renal cells in a rat model of chronic kidney failure (Li et al., 2017). A recent study has also demonstrated that oral administration of icariin can attenuate streptozotocin (STZ)-induced type 1 diabetic nephropathy, which is accompanied by a decrease in superoxide anion production and an increase in the expression and activity of antioxidant enzymes in human glomerular mesangial cells. The beneficial effect of icariin in STZ-induced type 1 diabetic nephropathy seems to be causally related to the GPER-mediated p62-dependent Keap1 degradation and Nrf2 activation (Wang et al., 2020). (Figure 1) The active ingredient of Ginseng, ginsenoside-Rd, has been found to protect against renal failure induced by cisplatin administration through a reduction in oxidative stress and an inhibition of DNA fragmentation (Yokozawa and Dong, 2001). In addition, Astragaloside IV, a lanolin alcohol-derived tetracyclic triterpene saponin isolated from Astragalus propinquus Schischkin (Leguminosae), was found to improve renal function and fibrosis by inhibiting miR-21-induced podocyte dedifferentiation and mesangial cell activation in diabetic mice. (Wang et al., 2018).
Dibenzocyclooctadiene Lignans
Schisandra chinensis (Turcz.) Baill (Schisandraceae), a widely used Chinese astringent botanical drug with the capability of invigorating the Qi of the five visceral organs, has been shown to produce therapeutic effects in various renal diseases (Hancke et al., 1999; Panossian and Wikman, 2008). Schisandrin B (Sch B), which is one of the major active components in Schisandra chinensis (Turcz.) Baill (Schisandraceae; Schisandrae Fructus), was found to protect against chemically induced nephrotoxicity through the activation of mitochondrial pathways (Chiu et al., 2008; Lai et al., 2017). A study reported by Chiu et al. showed that long-term Sch B treatment enhanced the antioxidant capacity of renal mitochondria by elevating the level and activity of antioxidant components such as GSH, α-tocopherol (α-TOC), and SOD in rats. Sch B treatment, which can elevate mitochondrial oxidative capacity and maintain mitochondrial structural integrity as well as enhance mitochondrial antioxidant capacity, protected against nephrotoxicity induced by gentamicin (Chiu et al., 2008). In addition, Sch B has also been demonstrated to ameliorate cyclosporine A (CsA)-induced nephrotoxicity in human proximal tubular epithelial cells (HK-2), presumably by suppressing the mitochondrial apoptotic pathway and preventing autophagy through the enhancement of antioxidant capacity (Lai et al., 2017). Early studies have shown that the metabolism of Sch B is mediated by cytochrome P450, with a resultant increase in ROS signaling molecules. The activation of the Nrf-2 pathway may be involved in the protection afforded by Sch B against CKD. (Figure 1).
DISCUSSION
Basing on our findings in this literature review, certain Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations have shown beneficial effects on CKD via the mediation of mitochondrial pathways. However, there are also many other Yang/Qi-tonic botanical drugs/herbal formulations possessing the potential effects for the treatment of CKD without demonstrating the involvement of alterations in mitochondrial functions. For example, Eucommia ulmoides Oliv (EU), also known as Du-Zhong, a widely used Chinese Yang-tonic botanical drugs, was found to ameliorate renal damage in diabetic mice by decreasing advanced glycation end-products (AGEs) production and receptor of AGE expression and suppressing oxidative stress (Do et al., 2018). While the authors demonstrated that the biochemical mechanism underlying the beneficial effect of EU in diabetic nephropathy was partially mediated by the activation of the Nrf2 pathway, a more detailed mechanism of action likely involves the enhancement of mitochondrial antioxidant status. Therefore, the possible beneficial effects of more Yang- and Qi-invigorating botanical drugs/herbal formulations in the prevention and/or/treatment of CKD and the molecular mechanisms related to enhancing mitochondrial functions warrant further investigation. In addition, this paper focused mainly on the therapeutic potential of Yang/Qi-invigorating botanical drugs/herbal formulations against CKD through the modulation of mitochondrial functions in animal studies. Future clinical studies on Yang/Qi-invigorating botanical drugs/herbal formulations and effects on mitochondrial functions in CKD patients are warranted.
CONCLUSION
In the practice of TCM, empirical evidence for the benefits of Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations in the prevention/treatment of CKD has been demonstrated. Given the critical role of mitochondrial function in safeguarding renal integrity, the enhancement of mitochondrial energy metabolism and antioxidant status in kidney tissue is likely involved in renal protection. As active ingredients of distinct chemical structure exert pharmacological actions through differing signaling pathways, the effects of Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations on CKD may result from synergistic interactions of multiple herbal components. Future studies on the biochemical and chemical basis underlying the effects of Chinese Yang/Qi-invigorating tonic botanical drugs/herbal formulations from a mitochondrial perspective will hopefully provide novel insights for the development of new drugs for the prevention and/or treatment of CKD.
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Peritoneal dialysis (PD) can improve the quality of life of patients with kidney disease and prolong survival. However, peritoneal fibrosis can often occur and lead to PD withdrawal. Therefore, it is imperative to better understand how to inhibit and slow down progression of peritoneal fibrosis. This study aimed to investigate the regulatory effect of Saikosaponin d (SSD), a monomer extracted from the plant Bupleurum, on peritoneal fibrosis and the contribution of TGFβ1/BMP7/Gremlin1 pathway cross-talk in this process. To this aim, we used a model 5/6 nephrectomy and peritoneal fibrosis in rats. Rats were divided into four groups, namely a control group (saline administration); a model group (dialysate administration; group M); a SSD group (dialysate and SSD administration); and a positive drug group (dialysate and Benazepril Hydrochloride administration; group M + A). Histological analysis indicated that peritoneal fibrosis occurred in all groups. WB, ELISA, and PCR essays suggested that TGFβ1 and Gremlin1 levels in group M were significantly higher than those in group C, whereas BMP7 expression was significantly lower. TGFβ1, Gremlin1 and BMP7 levels were significantly lower in the group where SSD was administered than in the other groups. The expression of BMP7 in SSD group was significantly increased. In addition, levels of Smad1/5/8 as assessed by PCR, and levels of p-Smad1/5/8 expression as assessed by WB were also significantly higher in the SSD group than in the M group. Expression of vimentin and α-SMA, two important markers of fibrosis, was also significantly decreased. Our study suggests a role for the TGFβ1/BMP7/Gremlin1/Smad pathway in peritoneal fibrosis with potential therapeutic implications. Finally, our results also suggest that the monomer SSD may be able to reverse peritoneal fibrosis via regulation of the TGFβ1/BMP7/Gremlin1/Smad pathway.
Keywords: saikosaponin d, peritoneal fibrosis (PF), TGFβ1, Bmp7, gremlin1
INTRODUCTION
The incidence of chronic kidney disease has been increasing in recent years (Collaborators, 2013). As a result, the number of patients with end-stage renal disease (ESRD) is also increasing (McCullough et al., 2019) (Yamagata et al., 2015) (Hsuyuan et al., 2004). Peritoneal dialysis (PD) is a form of renal replacement therapy and an effective way to improve the quality of life and prolong survival of patients with end-stage renal disease. It is estimated that over 250 thousand patients are treated by PD worldwide. However, the complications of PD, such as peritonitis and peritoneal fibrosis, can negatively impact the therapeutic effect of PD. Peritoneal fibrosis is one of the leading causes of ultra filtration failure (UFF), which is the most common reason for PD withdrawal (Kinashi et al., 2013). Therefore, understanding how to inhibit or slow down the progression of peritoneal fibrosis is a clinical priority.
Epithelial-mesenchymal transformation (EMT) is a biological process that occurs when peritoneal mesothelial cells are damaged, resulting in a change in the normal polarity of cells. The loss of tight junctions between cells and the myofibroblast phenotype of mesothelial cells is one of the causes of peritoneal fibrosis (Stone et al., 2016) (van Baal et al., 2017). Clinical evidence for the presence of high glucose concentrations in the PD fluid is known to stimulate the EMT process. In addition, inflammation, hypoxia, and other stimuli can also increase the risk of peritoneal fibrosis (Zhou, 2019). Several clinical studies reported the occurrence of structural changes of the peritoneal membrane in patients who have received long-term continuous ambulatory peritoneal dialysis (CAPD), such as loss of mesothelial cell morphology and acquisition of a range of fibroblast characteristics due to EMT (Yáñez-Mó et al., 2003), leading to the accumulation of myofibroblasts. The expression of α-SMA is a typical feature of these cells, and its production is regulated the TGFβ pathway (Padwal and Margetts, 2016). Other pathways also play an important role in inducing EMT in the peritoneal mesothelial cells (PMC), such as activation of NFkB by angiotensin Ⅱ and activation of RhoA/Rho kinase signal by AGEs (Q. Wang et al., 2018b) (Morinelli et al., 2016). Currently, only a few treatments, such as metformin and tamoxifen, or genetic approaches such as gene knockout, have shown to inhibit EMT in vivo or in vitro in an effective way (Shin et al., 2017) (Chul et al., 2019) (Yan et al., 2018). Therefore, an urgent need remains for an effective clinical treatment of PD-associated peritoneal fibrosis.
TGFβ is a main player during fibrosis and is known to induce EMT of mesothelial cells. Bone morphogenic protein 7 (BMP7), which belongs to the BMP family of growth factors family, has also been associated with renal fibrosis (Morrissey et al., 2002) (Wang and Hirschberg, 2003). BMPs can antagonize the fibrotic effects of TGFβ by phosphorylating Smad1/5/8 and activating Smad6 (Chaverneff and Barrett, 2009) (Leeuwis et al., 2011). In vitro experiments have suggested that inhibition of BMP7 can stimulativee EMT of tubular epithelial cells induced by TGFβ1 (Strippoli et al., 2016).
Gremlin is a mediator downstream of TGFβ shown to promote fibrosis, and to induce the EMT process via activation of the smad pathway, thereby affecting TGFβ (Rodrigues-Diez et al., 2012) (Rodrigues-Diez et al., 2014). Prior studies suggested that Gremlin is able to promote renal, liver, and lung fibrosis (Boers et al., 2006) (Church et al., 2017) (Farkas et al., 2011). Gremlin also acts as an endogenous antagonist of BMP2/4/7 (Brazil et al., 2015) and can bind BMP [19] and prevent BMP7 from exerting its normal anti-fibrotic effect (Yang et al., 2012). A study by Zhao and colleagues has shown that the inhibitory effect of a proprietary Chinese medicine on hepatic fibrosis is associated with the suppressed expression of Gremlin and increased expression of BMP-7 (Zhao et al., 2014). However, it remains to be seen whether cross-talk between the TGFβ/BMP7/Gremlin pathways occurs during the course of peritoneal fibrosis.
Saikosaponin d (SSD) is one of the active components extracted from bupleurum, which is an herb used in traditional Chinese medicine. According to the theory of traditional Chinese medicine, the peritoneum is closely related to tri-jiao, and bupleurum can be used to treat tri-jiao disease. SSD is one of the main active triterpene saponins in bupleurum and has a steroid-like structure (Chen et al., 2016). It is mainly metabolized by the liver and although it is also metabolized by other organs. Doses of SSD that are much higher (8X) than the clinical safe dose (12.957 mg/kg) may induce acute liver injury. SSD can act on human hepatic stellate cells (Chen et al., 2016) and pancreatic stellate cells (Cui et al., 2019). It can also inhibit pro-inflammatory cytokines, improve the oxidative stress response of renal tubule cells by inhibiting ROS production, and block the cell cycle and apoptosis (Li et al., 2018). Previous studies have shown that bupleurum can protect from hepatic fibrosis and extracellular matrix deposition by inhibiting TGFβ1 and regulating IFN-g and IL-10 (Yen et al., 2005) (Liu et al., 2018). SSD has also been shown to ameliorate pancreatic fibrosis by regulating the PI3K/Akt/mTOR pathway (Cui et al., 2019). However, to the best of our knowledge, no studies in the literature have shown a therapeutic effects of SSD on peritoneal fibrosis or investigated the molecular mechanisms underlying this putative role.
In order to understand the putative effect of SSD on peritoneal fibrosis, we aimed to investigate: 1) whether a cross-talk of theTGFβ1/BMP7/Gremlin1 pathways was involved in the progression of peritoneal fibrosis; 2) whether SSD exerted inhibitory effects on peritoneal fibrosis in rat model of kidney disease; 3) whether a potential regulatory effect of SSD on peritoneal fibrosis was dependent on a TGFβ1/BMP7/Gremlin1 pathway cross-talk.
MATERIALS AND METHODS
Animal and Cell Line Experiments
Male SD rats were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd, and kept in the Institute of Radiation Medicine, Chinese Academy of Medical Sciences, on a 12-h light/dark cycle at 22°C. All animal experiments were conducted in accordance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and with the methods for the management of experimental animals of China. The ethical approval for this study was No. IRM-DWLL-2020100.
A total of 60 rats were used to establish the 5/6 nephrectomy model. In brief, 2/3 left nephrectomy was performed in the first week and total right nephrectomy performed in the second week, and was followed by an observation period of 4 wk. Rats were randomly divided into four groups (15 rats each) and underwent different regimens: 1) Control group (group C):15 ml of normal saline was injected intraperitoneally (ip) every day. Rats received normal saline (10 ml/kg) by gavage once daily. 2) Model group (group M): 15 ml of 4.25% dialysate was injected ip every day. Rats received normal saline (10 ml/kg) by gavage once daily. 3) SSD group: 15 ml of 4.25% dialysate was injected ip every day. Rats received SSD (5 mg/kg; with 0.5% NaCMC) by gavage once daily. 4) Positive drug group (group M + A):15 ml of 4.25% dialysate was injected ip every day. Rats were given the anti-fibrosis compound Benazepril Hydrochloride (Aoyama et al., 2002) (Yan et al., 2013) by gavage (5 mg/kg) once daily. At the end of the experiment, 10 rats were collected from each group, and test samples were randomly selected.
Human peritoneal mesothelial cells (HPMC) (HTX2481ATCC) were purchased from Otwo Biotech Shenzhen limited. Cells were cultured in a medium with fetal bovine serum (1:10), and penicillin and streptomycin (100:1). Cells were incubated at 37°C in 5% CO2. HPMCs were cultured in 96-well cell culture plates at a cell density of 3*104 cells per well. Cells were divided into five groups: 1) Control group: 10%FBS; 2) Model group: 10% FBS + TGF-β1 (10 ng/ml); 3) SSD group: 10% FBS + TGF-β1 (10 ng/ml)+SSD; 4) BMP7 group: 10% FBS + TGF-β1+BMP7 (100 ng/ml); 5) Gremlin group: 10% FBS + TGF-β1+Gremlin (400 ng/ml).
Reagents
SSD (CAS: 20874-52-6, China) was purchased from Chengdu Purifa Technology Development Co. LTD; NaCMC(C8621-25g, China) was purchased from Beijing Solebao Technology Co. LTD; TGF-β1 (AF-100-21C, United States) was purchased from PeproTech; BMP7 (Recombinant Human Bone Morphogenetic Protein 7, HY-P7008, United States) was purchased from MedChemExpress; and Gremlin (SRP4657, United States) was purchased from Sigma.
Histological Evaluation
Peritoneal tissue was fixed in a formalin solution and embedded in paraffin. Tissue blocks sectioned, and dewaxed and hydrated prior to staining. Sections were stained with an hematoxylin solution first and then with eosin, followed by mounting in neutral resins. Masson staining was also performed. In brief, dewaxed sections were stained with Weigert hematoxylin and then with Ponceau S solution. Sections were then cleaned with phosphomolybdic acid solution and stained with aniline blue solution. Sections were inspected under a microscope (40× and 100× magnification) to assess the degree of peritoneal fibrosis.
Immunohistochemistry (IHC) Staining
Tissue sections were dewaxed with xylene, incubated in 3% H₂O₂ for 30 min to block endogenous peroxidases, and subjected to antigen retrieval. Sections were then blocked with goat serum, incubated with a primary antibody overnight at 4°C [E-cadherin (1:50, #3195; CST), ZO-1 (1:100, ab216880; abcam)], washed in xx and subsequently incubated with a secondary antibody for 1 h at room temperature. Antibody reactions were visualized by DAB staining, followed by hematoxylin staining for 3 min. Sections were then further cleaned and sealed.
Immunofluorescence Staining
Cells from each group were extracted and fixed, and permeabilized with Triton100. Cells were blocked with goat serum and incubated for 30 min. The primary antibody (E-cadherin and zo-1:1:100) was then added and incubated overnight at 4°C, followed by secondary antibody (1:200) incubation for 1h at room temperature. Cell nuclei were stained with DAPI. The sections were inspected under a fluorescence microscope and representative images were obtained.
Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)
Following collection of peritoneal tissue, total RNA extraction was extracted with a TRIZOL solution. All-in-One™ First-Strand cDNA Synthesis Kit was used for reverse transcription (GeneCopoeia Cat. No.AORT-0050) according to the manufacturer’s instructions. Data quantification was carried out by 2-△△CT with ABI7500 Fast fluorescence quantitative PCR. Platinum® SYBR® Green qPCR SuperMix-UDG (company?) was used for amplification. Primer sequences are shown in Table1:
TABLE 1 | Primers for reverse transcription-quantitative polymerase chain reaction analysis.
[image: Table 1]Western blot (WB)
A total of 100 mg peritoneal tissue was collected from each rat and lysed with 500 μl of cold protein lysate RIPA (Solarbio) buffer containing protease inhibitor (0.4 mM PMSF, 1 mM Iodo, 1 μM Pepstatin A). Centrifugation was performed at 14000 rpm at 4°C for 10 min, after which the supernatant was collected. Protein concentration was determined by the BCA method. Samples were loaded as 50 μg of protein in 5X loading buffer. The protein sample was separated by SDS-PAGE, transferred to a PVDF membrane (Millipore), and blocked with 5% skimmed milk solution at room temperature for 1 h. Membranes were then incubated with primary antibodies [Gremlin1 (1:1000), ab157576; Abcam; BMP7 (1:1000), ab56023; Abcam); TGFβ1 (1:1000), ab92486; Abcam; and β-Actin (1:1000), PAB36265; Bioswamp] at 4 °C overnight. On the following day, the membranes were washed and incubated with Goat anti-Rabbit secondary antibodies [(1:20000), SAB43714; Bioswamp]. After washing with TBST, the membrane was visualized using a gel imaging analyzer (FluorChem FC2 Imaging System; Alpha Innotech). Image analysis was performed using the AlphaView software (Alpha Innotech).
ELISA
100 µl serum was added to ELISA Plate and incubated at 37°C for 1 h. The plate was then washed with xx, and incubation with 100 μl of antibody solution was performed at 37°C for 1 h. Plates were then washed three times, followed by incubation with 100 µl of ELISA antibody working solution at 37°C for 30 min. Plates were then washed again five times and incubated with 100 µl of substrate solution at 37°C for 10 min. The absorbance value was measured by a marker. The standard curve was plotted to calculate sample concentration. ELISA kits used detected BMP7 (USCNK; SEA799Ra) , gremlin1 (USCNK; SEC128Ra)and TGFβ1 (USCNK; SCA124Ra).
Statistical Analysis
The SPSS 22.0 software was used for statistical analysis. All data were expressed as means ± standard derivation (S.D.). Data normally distributed were analyzed by one-way ANOVA, whereas data not normally distributed were analyzed by Kruskal–Wallis test. A p-value < 0.05 was considered as statistically significant.
RESULTS
Effect of SSD on Peritoneal Fibrosis in Rats With Renal Failure
Peritoneal tissue sections were stained with H&E and Masson to assess the degree of histologic alterations. Peritoneal tissue samples from group C showed a smooth and thin normal peritoneum structure (Figures 1C,D). In samples from group M, in which dialysate was administered ip, the peritoneum structure was disorganized with increased thickness and obvious hyperplasia (Figures 1A,B and Figure 2F). The average thickness of the peritoneal in M group vs C group p = 0.000). Moreover, vascular proliferation was also present (Figures 1C,D and Figure 2G). The richness of blood vessels was significantly higher in the M group than in the C group (p = 0.004). In the intervention groups, both after administration of SSD (group SSD) or after administration of the anti-fibrosis compound Benazepril (group M + A), the average thickness of peritoneum was lower than that in group M, but higher than that in group C (Figures 1C,D and Figure 2F). The difference in the thickness of the peritoneum in SSD group vs M group was statistically different (p = 0.039). The thickness of the peritoneum in M + A group vs M group p = 0.000). In addition, compared with group M, the level of disorganization of the peritoneal structure (peritoneal thickening and vascular hyperplasia) was less pronounced in the SSD group than in the M + A group, (Figures 1C,D and Figure 2G). The difference in the richness of blood vessels in the SSD group vs the M group was statistically different (p = 0.041). Semi-quantitative analysis of Masson staining suggested that the fibrosis area in group M was not only significantly larger than that in the control group but also significantly larger than those in the other two groups (Figure 2C, all p < 0.01). The fibrosis area in the group SSD was also significantly lower than that in group M + A (Figure 2C, p = 0.000).
[image: Figure 1]FIGURE 1 | H&E staining sections and Masson staining sections of peritoneal tissue. (A) H&E staining of a sample in the group M (B) H&E staining of the same sample the group M (n = 6–7) at higher magnification (C,D) H&E and Masson staining of samples in the experimental groups. The yellow arrows indicate hyperplastic blood vessels. The red arrow indicates fat cells. The blue arrow indicates inflammatory cells. The black arrows indicate thickened peritoneum. Magnifications are 40× in (A) and 100× in (B–D).
[image: Figure 2]FIGURE 2 | (A,B) Immunohistochemichal staining of E-cadherin (200×) and ZO-1 (200×) in the peritoneum of the experimental groups. (C) Semi-quantitative analysis of the average optical density of the fibrotic area, based on Masson staining (D) Semi-quantitative analysis of the average optical density of E-cadherin immunostaining (E) Semi-quantitative analysis of the average optical density of ZO-1 immunostaining. (F) Semi-quantitative analysis of the thickness of the peritoneum. (G) Semi-quantitative analysis of the richness of blood vessels (n = 5–7). For comparison with group M ## indicates p < 0.01; for comparison with the C group, ** indicates p < 0.01; for comparison with the SSD group△ indicates p < 0.01.
To further determine whether the histological alterations observed in the peritoneum were caused by fibrosis, IHC was performed to assess E-cadherin and ZO-1 expression, two factors associated with intercellular connections. Figures 2A,B shows that the brown staining area in specimens of group C is very large, and its color appears stronger than in group M. After administration of either SSD (SSD group) or Benazepril (group M + A), the brown staining area of the peritoneum was larger than that in specimens of group M, although it was smaller than that in specimens from group C (Figures 2A,B). Figures 2D,E shows semi-quantitative analysis for the several parameters measured in all groups. Based on our immunohistochemistry results, the expression of E-cadherin and ZO-1in the peritoneal tissue was significantly lower in specimens of group M compared with specimens of group C (both p = 0.000). In the SSD group, however, the intensity of the staining was significantly higher than that in the M group (both p = 0.000). These results suggest a potential role for SSD in inhibiting peritoneal fibrosis in rats.
Role of TGFβ1/BMP7/Gremlin1 Pathway in Peritoneal Fibrosis
WB examined protein levels of TGFβ1, BMP7, and Gremlin1. Quantitative analysis shown in Figures 3A–C suggest that the protein levels of TGFβ1 and Gremlin1 were significantly higher in group M than in group C (both p = 0.000; Figures 3B,C), whereas BMP7 expression was significantly lower compared with group C (p = 0.000; Figures 3D,E). Following SSD administration, TGFβ1 and Gremlin1 protein levels were significantly lower than in the M group (TGFβ1 in SSD group vs M group p = 0.028; Gremlin1:SSD group vs M group p = 0.003; Figures 3B,C), whereas BMP7 level was significantly higher than that in group M (p = 0.001; Figures 3D,E).
[image: Figure 3]FIGURE 3 | (A) WB of TGFβ1 and Gremlin1; β-Actin was used as the loading control. (B,C) Protein levels of TGFβ1 and Gremlin1 in each group. (D) WB of BMP7. (E) Quantification of protein levels of BMP7 in each group. (F–H) ELISA results of TGFβ1, Gremlin1, BMP7. n = 8 For comparison with the group M, ## indicates p < 0.01; for comparison with the C group, ** indicates p < 0.01, for comparison with the SSD group, △ indicates p < 0.01.
To validate these results, ELISA was used to detect the level of TGFβ1, BMP7, and Gremlin1. The same trend was observed, i.e., the levels of TGFβ1 and Gremlin1 in group M were significantly higher than those in group C (TGFβ1 and Gremlin1 in C group vs M group p = 0.000; Figures 3F,G), whereas BMP7 levels were significantly lower than those in group C (p = 0.001; Figure 3H). Following SSD administration, levels of TGFβ1 and Gremlin1 were significantly lower than those in group M (TGFβ1 and Gremlin1 in SSD group vs M group p = 0.000; Figures 3F,G), while BMP7 expression was also significantly higher than that in group M (p = 0.000; Figure 3H).
PCR assay was also performed to detect the level of RNA expression of TGFβ1, BMP7, Gremlin1, and of the fibrosis-related cytokines Vimentin and α-SMA. Based on our PCR results, RNA levels of TGFβ1, BMP7, and Gremlin1 maintained the same trend as previously observed from WB and ELISA tests, i.e., the levels of TGFβ1 and Gremlin1 in group M were significantly higher than those in group M, while the level of BMP7 was significantly lower than that in group C (TGFβ1, Gremlin1 and BMP7 in C group vs M group p = 0.000; Figure 4); following administration of SSD, all these changes were significantly attenuated (TGFβ1 and Gremlin1 in SSD group vs M group p = 0.000; BMP7 in SSD group vs M group p = 0.036; Figure 4). In addition, levels of Smad1/5/8 also showed the same trend as levels of BMP7, i.e., they were significantly lower in group M than in group C (TGFβ1, Gremlin1 and BMP7 in C group vs M group p = 0.000; Figure 5A); whereas they were significantly higher in the SSD group than in group M (TGFβ, Gremlin1 and BMP7 in SSD group vs M group p = 0.000 Figure 5A). To further confirm the involvement of Smad pathway activation, p-smad1/5/8 was detected by WB. Our results showed that the expression level of p-smad1/5/8 in group M was significantly lower than that in group C (p = 0.000; Figures 5B,C), whereas it was significantly higher in the SSD group than in group M (p = 0.004; Figures 5B,C). Moreover, the RNA expression levels of vimentin and α-SMA, which are closely related to the process of fibrosis, were significantly higher in group M than in group C (both p = 0.000; Figure 6), but significantly lower in group SSD than in group M (both p = 0.000; Figure 6). These results suggest that the TGFβ1/BMP7/Gremlin1 pathway was involved in the process of peritoneal fibrosis both in the presence and absence of the SSD intervention.
[image: Figure 4]FIGURE 4 | Expression levels of TGFβ1, Gremlin1 and BMP7 of peritoneal tissue by PCR. Data are presented as mean ± SD (n = 3). For comparison with the group C, * indicates p < 0.05 and *** indicates p < 0.001; for comparison with the group M, ### indicates p < 0.001; for comparison with the SSD group, △ indicates p < 0.001.
[image: Figure 5]FIGURE 5 | (A) Expression of Smad1/5/8 of peritoneal tissue by PCR. (B) WB of P-smad1/5/8. (C) Quantification of protein levels of Smad1/5/8. Data are presented as mean ± SD (n = 3). For comparison with the group M ## indicates p < 0.01; for comparison with the C group, ** indicates p < 0.01 and *** indicates p < 0.001; for comparison with the group M, ## indicates p < 0.01 and ### indicates p < 0.001; for comparison with the SSD group, △ indicates p < 0.01.
[image: Figure 6]FIGURE 6 | Expression levels of vimentin and α-SMA of peritoneal tissue by PCR. Data are presented as mean ± SD (n = 3). For comparison with the group M, ## indicates p < 0.01; for comparison with the C group, ** indicates p < 0.01; for comparison with the group M, ## indicates p < 0.01; for comparison with the SSD group, △ indicates p < 0.01.
Inhibitory Effect of SSD on EMT Processes in vitro
We conducted a small study to investigate the effect of SSD, BMP7 and Gremlin1 on EMT at a cellular level. Levels of E-cadherin and ZO-1, two factors associated with intercellular connections, were detected by immunofluorescence in the different groups. A preliminary MTT assay showed that cell viability was better when the SSD dose was 20 μM (Figure 7A). Compared to the control group, levels of E-cadherin and ZO-1 were significantly reduced in the model group, where interference with the TGFβ (E-cadherin in control group vs model group p = 0.015; ZO-1 in control group vs model group p = 0.000; Figures 7B,C). Expression levels of E-cadherin and ZO-1 were significantly increased in the BMP7 intervention group than in the model group (E-cadherin in the model group vs BMP7 group p = 0.000; ZO-1 in model group vs BMP7 group p = 0.001; Figures 7B,C). Administration of SSD also significantly led to TGFβ-induced reductions in levels of E-cadherin and ZO-1 (E-cadherin in SSD group vs model group p = 0.011; ZO-1 in SSD group vs model group p = 0.036; Figures 7B,C). The inhibitory effect of SSD on EMT was reversed with Gremlin1 intervention (E-cadherin in SSD group vs Gremlin1 group p = 0.002; ZO-1 in SSD group vs Gremlin group p = 0.004; Figures 7B,C). E-cadherin and ZO-1 levels in the Gremlin1 group were significantly lower than those in the control group (p < 0.01; Figures 7B,C).
[image: Figure 7]FIGURE 7 | Effects of SSD on HPMC proliferation and expression levels of E-cadherin and ZO-1 detected by immunofluorescence in different HPMC groups: (A) MTT experiment: The proliferation rate of HPMCs interfered with TGFβ1 by different doses of SSD (5, 10, 20, 50 μM). (B,C) Semi-quantitative analysis of E-cadherin and ZO-1 expression levels detected by immunofluorescence. n = 5. For comparison with the group M, ## indicates p < 0.01; for comparison with the control group, ** indicates p < 0.01. (D,E) Representative immunofluorescence images (200×). Changes of EMT markers in HPMCs after interference of the TGFβ1 pathway by SSD, BMP7, and Gremlin1 are shown.
DISCUSSION
SSD is a monomer extracted from Bupleurum, a plant used in traditional Chinese medicine. Bupleurum can affect “San Jiao”, which is a term related to peritoneum in traditional Chinese medicine, and is thought to be associated with the peritoneum. In addition, bupleurum is also recognized for its anti-inflammatory properties and its inhibitory effect on liver, pancreas, and renal fibrosis (Cui et al., 2019) (Liu et al., 2018) (Li et al., 2018) (Ren et al., 2020). In light of these findings, we hypothesized that bupleurum could also ameliorate peritoneal fibrosis. In this study, we have chosen one monomer in bupleurum for a more detailed investigation. Our choice of SSD, a monomer with known inhibitory effects on pancreatic fibrosis (Cui et al., 2019), is based on theories that combine traditional Chinese medicine and modern medicine concepts.
We demonstrated formation of peritoneal fibrosis following 4 wk of administration with dialysate (via ip injection) in a rat model of the 5/6 nephrectomy. Histological methods, in particular Masson staining, were used to evaluate fibrosis. In the model group, the structure of the peritoneum was disordered with increased thickness and obvious hyperplasia. Vascular hyperplasia was also observed (Figures 1, 2). SSD intervention resulted in an improvement of these phenotypes. In particular, Masson staining showed that the range of fibrosis was significantly lower in the SSD group than in the group M (Figures 1, 2). The average peritoneum thickness was also thinner than that of group M, while angiogenesis was barely detected in the SSD group. In a previous report, Liu and colleagues (Liu, 2004) described four crucial events leading to renal tubular EMT, i.e.,loss of epithelial adhesion properties; de novo expression of SMA and actin reorganization; disruption of the tubular basement membrane; and enhanced cell migration and invasion. In order to evaluate the peritoneal EMT process, we investigated the expression levels of E-cadherin and ZO1, two important markers of intercellular connections. Our results showed that E-cadherin and ZO1 levels were the lowest in group M, In the presence of SSD, however, the dialysate-induced reduction in these markers was significantly attenuated (both p < 0.01; Figures 1, 2). These findings are consistent with our hypothesis, suggesting that SSD inhibited the process of peritoneal fibrosis induced by dialysate in an experimental rat model of renal failure.
We then wondered whether the TGFβ1/BMP7/Gremlin1 pathway was involved in the progress of peritoneal fibrosis. Gremlin is poorly expressed in normal adult organs (Zhang and Zhang, 2009), although its expression increases when fibrosis is induced. In addition, it has been shown that Gremlin can also induce peritoneal fibrosis and blood vessel formation (Siddique et al., 2014). Indeed, we found that expression of Gremlin in the model group (both at protein and RNA level) was significantly higher than in the control group and the SSD group (Figures 3, 4). As an antagonist of BMPs, Gremlin plays different roles in a variety of cells and pathological conditions. For example, Gremlin can antagonize BMP2 in pancreatic cells and antagonize BMP7 in renal tubular epithelial cells (Marquez-Exposito et al., 2018).
Our previous studies suggested that BMP7 and Gremlin can impact organic fibrosis, such as fibrosis of heart, liver, and kidney (Yang et al., 2012) (Zhang and Zhang, 2009) (Zeisberg et al., 2007) (Protein- et al., 2007). As a TGFβ family member, BMP7 is often considered an anti-TGFβ-like factor (Phillips and Fraser, 2010) and can block fibrosis and the EMT process, in a TGFβ pathway dependent manner. TGFβ and BMP7 share similar downstream Smad signaling pathways (Meng, Chung and Lan, 2013). Previous studies have also shown that BMP7 can inhibit the expression of Smad3 and activate the expression of Smad6 (Phillips and Fraser, 2010) (Morrissey et al., 2002). In addition, substantial research focused on the BMP7/Gremlin/Smad1 pathway. However, few studies investigated the roles of Smad5 and Smad8. Moreover, while previous studies mostly focused on kidney fibrosis, liver and neurological diseases (Chaverneff and Barrett, 2009) (Leeuwis et al., 2011) (L. Wang et al., 2018a) research on a potential role of BMP7, Gremlin, and Smad1/5/8 in peritoneal fibrosis is scarce. It remains unknown whether BMP7 and Gremlin are expressed in peritoneal tissue, and whether the BMP7/Smad1/5/8 pathway in involved in peritoneal fibrosis. Therefore, we set out to investigate the role of TGFβ1/BMP7/Gremlin1 and Smad1/5/8 in the present study.
We have detected the expression levels of Gremlin1, TGFβ1, Smad 1/5/8, P-smad1/5/8 and BMP7 by several techniques including WB, ELISA and PCR. Our results indicate that, compared with the control group, expression of Gremlin1 and TGFβ1 was significantly higher in the model group, whereas the expression of Smad 1/5/8, P-smad1/5/8 and BMP7 was significantly lower (Figures 3–5). In addition, our in vitro results suggest that Gremlin has a potential role in reversing the action of SSD in the inhibition of the EMT process. We found that the addition of BMP7 reversed the activation of TGFβ on the cell EMT process. These findings suggest that the role of Gremlin 1 in peritoneal fibrosis may be linked to activation of the Smad-dependent TGFβ pathway. One possibility is that Gremlin1 can activate the TGFβ pathway and inhibit the expression of BMP7 and Smad1/5/8, thereby inducing peritoneal fibrosis.
The phenotypes observed in the model group were ameliorated in the SSD group. Expressions of TGFβ1 and Gremlin1, which have a fibrosis-promoting effect, were significantly reduced, both at protein and RNA level, whereas expression of anti-fibrosis markers such as BMP7, Smad1/5/8 and p-smad1/5/8 were significantly increased (Figures 3–5), suggesting that the anti-fibrotic effect of SSD is associated with BMP7 activation of Smad1/5/8. This is consistent with a previous report showing that BMP7 can activate Smad renal tubular cell (Piscione, Phan and Rosenblum, 2001). The activation of Smad1/5/8 can inhibit Smad2/3, resulting in an anti-fibrotic effect. Interestingly, the effect of SSD on Peritoneal fibrosis was significantly better than that of Benazepril (M + A group). Similarly, the effect of SSD on the expression of anti-fibrosis factors, such as BMP7 and Gremlin1, was more obvious in the group SSD than that of the M + A group (Figures 3, 4). Expression of vimentin and α-SMA, two markers of fibrotic transformation, was significantly reduced in the SSD group, further suggesting that SSD has a better anti-fibrosis effect than Benazepril (Figure 6), at least under our experimental conditions. These results were further confirmed in our in vitro experiments. Together, these findings suggest that SSD can effectively inhibit peritoneal fibrosis, likely in a TGFβ1/BMP7/Gremlin1/Smad pathway dependent manner.
Overall, our results suggest that the TGFβ1/BMP7/Gremlin1/Smad pathway may be a potential therapeutic target for peritoneal fibrosis. In particular, our study has also demonstrated that the monomer SSD may be able to reverse peritoneal fibrosis by regulating TGFβ1/BMP7/Gremlin1/Smad pathway. However, the correlation between the degree of peritoneal fibrosis and ultrafiltration was not detected in animal experiments performed in our study, an no correlation between treatment and ultrafiltration improvement was detected. Future experiments are necessary to validate our results and confirm the anti-fibrosis effect of SDS, as well as the molecular mechanisms underlying this potential role.
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h-NLRP3
m-NLRP3
h-ASC
m-ASC
h-pro-IL-1p
m-pro-IL-1p
h-CCN1
m-CCN1
h-BAX
mBAX
h-Bol-2
m-Bcl-2
h-caspase-3
m-caspase-3
h-caspase-9
m-caspase-9
h-GAPDH
mM-GAPDH

Forward

GATCTTCGCTGCGATCAACAG
ATTACCCGCCCGAGAAAGG
GCCGAGGAGCTCAAGAACT
AGACCACCAGCCAAGACAAG
GCTTGGTGATGTCTGGTCCA
GCTTGGTGATGTCTGGTCCA
TCGGCAGCCTGAAAAAGGGCA
ACCCGGATTTGTGAGGTGC
CCCGAGAGGTCTTTTTCCGAG
AGACAGGGGCCTTTTTGCTAC
ATCGCCCTGTGGATGACTGAG
GGGGCTACGAGTGGGATGC
TGCATACTCCACAGCACCTGGTTA
CGATTATGCAGCAGCCTCAA
GGTCACGGCTTTGATGGAGAT
GCTCTTCCTTTGTTCATCTCC
GGAGCGAGATCCCTCCAAAAT
TGACCTCAACTACATGGTCTACA

Reverse

CGTGCATTATCTGAACCCCAC
CATGAGTGTGGCTAGATCCAAG
AGCTTGTCGGTGAGGTCCAA
CTCCAGGTCCATCACCAAGT
TCAACACGCAGGACAGGTAC
TCAACACGCAGGACAGGTAC
TCGCAGCGGAAGCGCATCTT
GCAGGAACCGCAGTACTTGG
CCAGCCCATGATGGTTCTGAT
AATTCGCCGGAGACACTCG
CAGCCAGGAGAAATCAAACAGAGG
GCGGTAGCGGCGGGAGAAGT
CATGGCACAAAGCGACTGGATGAA
AGGAGATGCCACCTCTCCTT
(CCACCTCAAAGCCATGGTCTT
CATCTGGCTCGGGGTTACTGC
GGCTGTTGTCATACTTCTCATGG
CTIOCCATIOTICGEOTTIC
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Total AE*

Hyperkalemia

All SAE?°

AE leading to withdrawal

Neoplasms benign, malignant, and unspecified
Hospitalization for endometrial adenocarcinoma
Hospitalization for lung cancer

Cardiac disorders

Acute myocardial infarction

Hepatobiliry disorders

Hospitalization for liver function disorder
Nervous system disorders

Hospitalization for transient ischemic attack
Hospitalization for ischemic stroke
Hospitalization for hemorthagic stroke
Musculoskeletal and connective tissue disorders
Hospitalization for gout

Blood and lymphatic system disorders
Hospitalization for decreasing white blood cell counts
Gastrointestinal disorders

Hospitalization for peptic ulcer

Hospitalization for erosive gastritis

Death due to gastrointestinal bleeding
Metabolism and nutrition disorders
Hospitalization for hyperkalemia

Infections and infestations

Hospitalization for pneumonia

Other

Death due to unknown causes

BYF group (n = 276)

Losartan group (n = 278)

272

1

Rate per 100 patient-year

1489
89.8
3.83

0.55

0.55

0.55
0.56

14

0.55
0.55

n

281
188
1

15

=Y ITRUCICEN

oa waig

S S SRR

o
)

Rate per 100 patient-year
161.8
108.3
633
1.15

0.58

173

1.15

0.58

0.58

0.58

Rate ratio (95%ClI)

0.92 (0.78, 1.09)
0.83 (0.67, 1.03)
0.61(0.20, 1.71)

0.95 (0.01, 74.64)

0.48 (0.01,9.13)

1.90 (0.10, 1122)

“Adverse events (AES) and serious AEs (SAES) were classilied accoraing to the Medical Dictionary for Regulatory Activities (MedDRA) central coding dictionary, Chinese version 20.0.
“A serious adverse event was defined as death, a lfe-threatening episode, hospitalization, or prolongation of existing hospitaization, a persistent or substantial disabilty or incapacity, oran

event otherwise considered to be an important medical event.

BYF. Bupi Yishen Formula: Cl, confidence interval.
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Variable Losartan group (n=284)
Primary outcome

Unadjusted eGFR slope (SE)* -4.53(0.64)
Secondary outcomes

Composite endpoint” 95 (36.4%)
ESKD" 91 (34.9%)
Stroke or cardiovasoular events 3(1.1%)

Death 4

Doubling of serum creatinine 1(0.4%)

BYF group (n=283)

-2.30 (0.63)

73 (28.1%)
71 (27.3%)
1(0.4%)
1(0.4%)
0

Difference (95% CI)

-2.24 (-4.01, -0.46)

0.61(0.44,0.85) ©
061 (043, 0.85)°

"eGFR slope calculated in the mixed-effects model, no adjustment.# 18 cases without available data and 28 ineligible cases (ESKD at baseline) were excluded from analysis (23 in the

josartan group and 23 in the BYF group).

“Shown as Cox regression analysis results, HR (95%C1, adjusted center effect, sex, age, weight, systolc pressure, hypertension history and gout/hyperuricemia history.

BYF, Bupi Yishen Formula; Cl, confidence interval: SE, standard error: eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease.
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Characteristics

Male sex, n (%)
Age (years), mean + SD
Ethic original, n (%)
Han ethnicity
Other ethnicities
Body mass index (kg/m??, mean+SD
Primary renal disease, 1 (%)
Chronic glomerulonephritis
Polyoystic kidney disease
Obstructive nephropathy
Other
Estimated GFR (m/min/1.73 m?) °, mean + SD
Serum creatinine (umol/L)°, mean + SD
Urinary protein-to-creatinine ratio?, median (IQR)
Blood pressure (mm Hg), mean + SD
Systolic
Diastolic
Hypertension history, 1 (%)
ACE/ARB medication history, n (%)
Gout/hyperuricemia history, n (%)
Keto-amino acids medication, 1 (%)
Affacalcidlol medication, 1 (%)

“Calculated as weight in kiograms divided by height in meters squared

Total (n = 567)

317 (65.9%)
522 +14.1

520 (93.3%)
38 (6.7%)
229134

377 (66.5%)
14 (2.5%)
5 (2.6%)
161 (28.4%)
224158
2558 + 66.7
1.3(062.2)

1280+ 9.4
79.7+73
296 (62.2%)
23 (4.2%)
90 (15.9%)
40 (7.3%)
22 (4.0%)

*Two participants in the losartan group had no available data of baseline eGFR.
“Two participants i the losartan group had no avaiable data of baseline serum creatinine.

111 patients in the losartan group and 102 participants in the BYF group had no available data of baselne urinary protein-to-creatinine rati.

Losartan
group (n = 284)

151 (63.2%)
519+ 14.1

265 (93.3%)
19 (6.7%)
229£33

189 (66.5%)
8(2.8%)
8(2.8%)

79 (27.9%)
22355
2535 + 55.8
1.4 (06,2.3)

127588
794174
147 (51.8%)
12 (4.3%)
43 (15.1%)
25 (9.1%)
10 (3.6%)

BYF group (n = 289)

166 (58.7%)
525 +14.0

264 (93.3%)
19 (6.7%)
229£35

188 (66.5%)

6(2.1%)

7 (2.5%)
82 (20.0%)
22454
2581 +76

13(0.7,2.1)

1285 + 100
80.1£72
149 (62.7%)
11 (4.0%)
47 (16.6%)
15 (5.5%)
12 (4.4%)

BYF, Bupi Yishen Formula; SD, standard deviation; GFR, glomerular fitration rate; IQR, interquartile range; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor

hlocker
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Gene

Collagen |
IL-1B
MCP-1
TNFa
AlkbhS
GAPDH

Forward primer

5'-TGTTGGCCCATCTGGTAAAGA-3'
5'-ACTACAGGCTCCGAGATGAA-3'
5'-TCCCAATGAGTAGGCTGGAG-3"
5'-CCTGGCCAACGGCATGGATC-3'
5'-GTCCCGGGACAACTACAAGG-3'
5'-TGCACCACCAACTGCTTAG-3'

Reverse primer

5'-CAGGGAATCCGATGTTGCC-3"
5'-TGGGTCCGACAGCACGAGGC-3'
5'-AGTGCTTGAGGTGGTTGTGG-3"
5'-CGGCTGGCACCACTCGTTGG-3'
5'-GATGTGGATGGGGTCAACGT-3'
5'-GGATGCAGGGATGATGTTC-3"
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Gardnia fasminoes E¥s
Aneum paimatum L.
Puisatita chinensi{Bge JRegel

Engiish name

rstoiocnic
Manshurnss

Fadic arstcloctia.
Asanm sicboidi
Root of Kasmpler
Arstoiocna
Sophora avescens
Betdnutpaim Seed

Grvamon Bark
Toosendan Frut

Nephrotoxiccompounds.
Adstciocric acd
Adstolocnc aca
Adstdocnc acd
Adstoiocnc acd
Adsdocnc acd
Adstolochic acd
Adstclocic acd
Matra
Leonurne
Asecoloe
Toosendanin
Trptoide

Tichosanthin

Xanthotoxn,
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Study

Li et al.
(2015)

Zhang
etal
(2014p)
Qiu etal
(2014)
Chen
et al.
(2013b)
Wang
et al.
(2012b)

180

417

479

190

578

Therapeutic Arms.

TSF vs. placebo

Abelmoschus manihot (L) Medk. vs.
losartan vs. Abeimoschus manihot (L.)
Medik. + losartan

Rehmannia glutinosa acteosides +
irbesartan vs. irbesartan

Shenai particle vs. prednisone +
cyclophosphamide

CHMs vs. benazepril vs. CHMs vs.
CHMs + benazepri

Disease

Diabetic nephropathy

Primary glomeruar
disease

Primary chronic
glomerulonephritis
Idiopathic membranous
nephropathy

Primary glomerulonephri-
tis in CKD stage 3

Primary Duration of

Outcomes Intervention
(weeks)

Changes of UAER 24

and 24 h-UP

Change in 24

24 h-UP

Percent change of 8

24 h-UP

Complete remission 48

o partial remission

€GFR 24

Outcomes

UAER: ~19.53 (-52.47, 13.41)vs. ~7.01
(-47.33, 33.73) yg/min; p = 0.70. 24 h
UP: -0.21 (-0.48, 0.06) vs. 0.36 (-0.04,
0.76) g/24 h; p = 003

-608 + 457 vs. -376 £ 577 (p = 0.009)
vs. 545 + 500 mg/24 h (p < 0.001)

36.42 + 43.17 vs. 27.97 + 50.28%;
p=003

46/63 (73.0%) vs. 54/69 (78.3%);
p=05

48.46 + 15.90 vs. 43.00 + 12.37 vs.
48.31 + 17.50 mi/min; p < 0.05

TSF. Tangshen Formula; UAER, Changes of urinary albumin excretion rate; 24 h-UP, 24-h urinary protein; CHMSs, Chinese herbal medicines: eGFR, estimated glomerular fitration rate.
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Herbal Name

Astragalus - mongholicus
Bunge

Salvia miltiorrhiza
Bunge Lee et al. (2011);
Cao et al. (2017)

Tripterygium
wilforali Hook. f.

Abelmoschus manihot
(L) Medi. Zhou et al.
(2012); Tu et al. (2013)
Mao et al. (2015); Ge et
al. (2016 Cai et al
(2017); Liu et @l (2017);
Han et al. (2019); Li et al.
(2019); Yang et al.
(2019a)

Pueraria montana (Lour.)
Merr.

Rheum palmatum L.
Zeng et al. (2013)

Paeonia lactifiora Pall.

Panax
notoginseng
(Burkil) F.H.Chen

Panax ginseng C.AMey.
Caliskan et al. (2015)

Reynoutria
japonica Houtt.

Paconia x
suffiuticosa Andrews
Zhang et al. (2014c);
Zhang et al. (2014d)

Epimedium
brevicornu Maxim.

Coptis chinensis Franch.

Ren et al. (2018)

Rehmannia
glutinosa (Gaertn.) DC.

Lycium
barbarum L.

Bupleurum
chinense DC.

Main Active Compounds

Astragaboside (Gao et al., 2012
Gui et al, 2013; Wang et dl,
2014; Xu et al, 2014a; Che
etal, 2015 Wang et al, 2015¢t
Guo et al, 2017; Zhou et al,
2017b; Chen et al, 2018; Du
etal, 2018; Ji et al, 2018; Chen
etal, 2019; Ju et al, 2019; Qu
etal, 2019;Suetal, 2019; Warg
et al, 20190), calycosin (Tang
etal, 2011; Zharg et al., 20190
Magnesumithospermate B (Park
et al, 2017; Lin et al, 2019
Wang et al., 2019b; Zheo et al.,
2019), salvienolic acid B (Wang
et al, 2010; Pan et al, 2011;
Ma et al., 2017), salvanolic acid
A (Hou et al., 2017), tanshincne
IA (Liu et al., 2011; Wu et al.,
20126, Wang et al, 2015b;
Jiang et al., 2016)

Tripterygum glycoside (Wan
etal, 2010; Cheng et al.,
2015a; Ma et al., 2015b; Wu
et al,, 2017; Gong et al., 2018;
Zhan et al., 2019; Wang et al,
2020), triptolide (Gaoet al., 2010;
Yuanetal, 2011; Maetal., 2013;
Cao et al, 2015; Zhou et al,
2016; Dong et al, 2017; Li
et al., 2017c; Liang et al, 2018;
Yang et al, 20190; Wan et al,
2020),

celastrol (Yu et al., 2018; Zhang
etal, 2019c)

Hyperoside (Wu et al., 2019)

Puerarin (Kim et al., 2010; Zhong
et al, 2014; Pan et al, 2015;
Song et al., 2016; Zhou et al.,
2017a; Li et al., 2017b; Song
etal., 2017; Tripath et al., 2017;
Wang et al, 2019a; Li et al,
20200 Liu et ., 2020)

Rhein (Chen et al., 2015b; Meng
etal, 2015; Tu et al, 2017; Bi
etal, 2018; Chen et al., 2019d;
Hu et al, 2020, Wu et al.,
2020b),  chrysophanol  (Dou
et al, 2020)

Paconiforin (Chen et al., 2017;
Lu et al, 2017; Zhang et al.,
2017b; Liu et al,, 2019a; Shao
et al, 2019), total glucosides of
pacony (Suetal., 2010; Xuetal,
2014b)

Notoginsenoside (Liu et al.,
2010; Liu et al, 2014; Liu etal.,
2015b; Du et dl., 2016b; Liu
et al, 2019b; Zhang et al,
2019a; Zhang et al, 2019
Fan et al,, 2020)

Ginsenoside Rg1 (Wang et al.,
2015¢; Ni et al, 2017a; Du
et al, 2018; Li et al, 2018),
Rb1 (Gao et al, 2020), Rh2b
(@i et al, 2019), ginseng total
saponin (Ha and Ha, 2019).
Polydatin (e et al., 2012; Chen
et al, 2013a; Gao et al., 2015;
Lu et al, 20152 Somn et al.,
2015; Chen et al, 2016a; Ni
et al,, 2017b; Gu et al., 2019)
Pacono (Liu et al., 2018; Zhang
et al., 2018), terpene glycoside
component from Paeonia x suf-
fiuticosa Andrews (Chen et al,
2016b)

Icariin (Qi et al,, 2011; Li et al,
2013; Liang et al., 2014; Huang
et al, 2015; Ma et al, 2015
Zhang et al., 2017a; Qiao et al.,
2018; Su et al., 2018; X et al.,
2018; Chen et al,, 2019)
Berberine (Liu et al., 2008a; Liu
etal,, 2008b; Liu et al., 2009; Wu
et al, 2012a; Li and Zhang,
2017; Zhang et ., 2019d)
Catalpol (Dong and Chen,
2013; Zhu et al,, 2015; Zhang
et al,, 2019b; Chen et al.,
2019c; Chen et al,, 2020)
Lycium barbarum  polysaccha-
rides (Du et al, 2016a; Liao
et al, 2019; Lu et al, 2019;
Wu et al., 2020a)

Bupleurum polysaccharides (Liu
et al, 20190), sakosaponin
B2 (Ren et al., 2020)
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Indications

GKD Zhang et al.
(2014a), DN Li et al.
(2011), nephrotic syn-
drome Feng et al.
(2013)

DN Shen et al. (2020),
hypertensive nephropa-
thy Xu et al. (2019b)

CKD Wang et al.
(2018), DN Ren et al.
(2019), primary
nephrotic syndrome
Chen et al. (20130)

DN Shi et al. (2019),
primary glomerular dis-
ease Zhang et al.
(2014b), IgA nephropa-
thy Li et al. (2020a)

Stage Ill DN Wang et al.
(20152)

CKD Wang et al.
(2012a)

DN Zhu et al. (2016)

DN Tang et al. (2020)

Early CKD Xu et al.
(2017)

CKD®

CKD®

CKD®

CKD®

CKD®

CKD®

CKD®

Abbreviations: CKD, chronic kidney disease; DN, diabetic nephropathy. Mechanisms were confirned by multiple in itro and in vivo studlies, +++; mechanisms were shown only in two to

four studies, +-

‘mechanism was shown only in one study, +. © Used by traditional medicines practitioners without clinical studies.
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Group 24 h urine volume (m) 24 h urine protein (mg)

0 weeks 12 weeks Group 0 weeks
Sham 3.50 £+ 0.71 1400 +849 2267 +2.51 21.03 + 3.58
CKD 9.38+229" 27.00+906 37.00+529" 34.50+3.17"
YQIPXYXZ 9.20 +3.35" 24.75+585 3333+ 153" 27.51+0.58
KA 940 +358" 33202377 34.33+513" 28.88+2317°

"5 < 0.050.05 versus sham, *'p < 0.01 versus sham, Ap < 0.05 versus CKD.
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Group

Sham

CKD
YQUPXYXZ
KA

Scr (umol/L) BUN (mmol/L) ALB (g/L)

0 weeks 12 weeks 0 weeks 12 weeks 0 weeks 12 weeks
28.00 + 246 30.70 £ 177 270 £ 0.20 3.86+ 1.66 31.93 £ 0.65 33.16 + 0.69
65.43 + 12.93" 63.80 £ 10.71” 9.40 + 268" 11.41 224" 2958 + 1.40 24.07 +1.26"
61.69 +9.15" 43.15 £ 4.137® 9.37 165~ 7.54+1.077"® 30.21 £ 1.01* 25.98 + 1.48"
62.36 +7.57" 5036 + 47174 9.97 2007 9.83 +1.83" 29.89 +1.447 25.29 + 093"

"5 < 0.05 versus sham, *p < 0.01 versus sham, Ap < 0.05 versus CKD,

"5 < 0.01 versus CKD, ®p < 0.05 versus KA.
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Compounds

Amygdalin
Galycosin-7-O--D-glucoside
Lobetyolin
Calycosin
Astragaloside IV
Astragaloside Il
Formononetin
Aloe emodin
Atracylenolide Il
Emodin
Chrysophanol
Physcion

Content (mg/g)

0.0166
0.0900
0.0147
0.1021
0.0043
0.0218
0.0543
0.0677
0.0288
0.0443
0.0118
0.014

Retention time (min)

8226
10.093
13.719
16.881
19.531
20.129
22875
24,955
20.142
31.631
37377
39.834
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Gene

IGF-1
Atrogint
MURF1
B-Actin

Forward

5'-TACTTCAACAAGCCCACAGG-3'
5'-CCACTCTACACTGGCAACAGCAG-3
5'-CCTCGTGCCGCCATGAAGTG-3"
5'-GGAGATTACTGCCCTGGCTCCTA-3

Reverse

5'-ACATCTCCAGCCTCCTCAGA-3'
5'-AGGCAGGTCGGTGATCGTGAG-3'
5'-GTCGATGATGTTCTCCACCAGCAG-3'
5'-GACTCATCGTACTCCTGCTTGCTG-3'
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Gene

Collagen IV
Fibronectin
p62
Beclin-1

mTOR

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Oligonucleotide sequence

5'-ACACAGTCAAACCACAGCCAATCC-3’
5'-TGGGCGTGCTCATTTCCTTGTAC-3'
5'-CTTGGTGCGCTACTCACCTG-3'
5'-ATGCTGTTCGTACACGCTGG-3'
5'-AAGTTCCAGCACAGGCACAGAAG-3'
5'-TCCCACCGACTCCAAGGCTATC-3'
5'-GGCCAGACAGTGTTGTTGCT-3"
5'-CCCCAGAACAGTACAACGGC-3'
5'-GTGTGGCAAGAGCGGCAGAC-3'
5'-TGTTGGCAGAGGATGGTCAAGTTG-3'
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Pinyin Plant Batch Adult daily ~ Corresponding Composition

name part number dose of herb (%)
used granules dose (g)
(9

Astragalus mongholicus Bunge HuangQi Root 19040231 45 30 313
Pueraria montana var. lobata (Willd,) Maesen and S.M.Almeidaex  GeGen Tuber 19070871 2 20 208
Sanjappa & Predeep

Scutellria baicalensis Georgi HuangQin  Root 19041911 2 10 104
Coptis chinensis Franch Huanglian  Rhizome 19041621 1 6 63
Sparganium stoloniferum (Buch.-Ham. ex Graebn,) Buch.-Ham. ~ SanLeng Tuber 18082331 05 10 104
ex Juz

Curcuma longa L JiangHuang  Tuber 19030331 05 10 104

Morus alba L SangYe Leaf 19011351 1 10 10.4
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NO.

37

39

il

50

Compound (M + H’)

Hydroxysaffor yellow A (613.17)

Loganin (391.10)

Psoralen (187.03)

Angeicin (187.03)

Angelol A (377.16)

Neobavaisoflavone (323.12)

Determination
of material

Standard substance
BSHX decoction
Medicated serum
Standard substance
BSHX decoction
Medicated serum
Standard substance
BSHX decoction
Medicated serum
Standard substance
BSHX decoction
Medicated serum
Standard substance
BSHX decoction
Medicated serum
Standard substance
BSHX decoction
Medicated serum

RT (min)

8.616

8.505

8.652

10.703
10.675
10.672
22,631
22.586
22.567
23.128
23.100
23.263
23.592
23.597
23.561
28.379
28.384
28.316

Area

693,059
10,328,871
7,857
908,617
3,579,119
810,000
4,740,253
21,195,972
69,802
3,199,797
10,364,014
62,431
8,673,348
7,7,691,776
7,714
16,170,451
54,374,987
275,510

Area%

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

Height

137,604
16,68,432
1,839
198,682
819,828
206,680
724919
2,956,094
11,838
428,622
1,539,838
11,571
1,792,473
18,144,727
13,888
3,269,979
9,708,411
55,958

Max Y

138,846
1,701,596
1,839
204,010
845,941
210,103
736,082
2,999,738
12,812
458,025
1,627,915
13,976
1,795,711
13,214,665
14,512
3,333,621
10,168,491
58,873

Concentration
(mM)

069
1026
078 x 102
1.05
413
093
234
10.44
0.34x 107"
255
826
0.50 x 107"
094
843
0.78 x 1072
351
11.79
0.60 x 107"
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Chinese name

Bu Gu Zhi
Dang Gui
Du Huo

Du Zhong
Gou Qi Zi

Hong Hua

Mo Yao

Rou Cong Rong
Shu Di Huang
TuSiZi

Shan Zhu Yu

English name

Psoraleae Fructus
Angelica Sinensis Radix
Angelicae Pubescentis Radix

Eucommia Cortex

Lycii Fructus

Carthami Flos

Myrrh

Cistanches Herba
Rehmanniae Radix Pragparata
Cuscutae Semen

Comi Fructus

Latin name

Cullen corylfolum (L) Medik.
Angelica sinensis (Oliv,) Diels

Angelica biserrata (R.H.Shan and C.Q.Yuan) C.Q.Yuan and

RH.Shan
Eucommia ulmoides Olv.

Lycium barbarum L.

Carthamus tinctorius L.
Commiphora myrha (T.Nees) Engl.
Cistanche deserticola Ma
Rehmannia glutinosa (Gaertn.) OC.
Cuscuta chinensis Lam.

Cornus officinalis Siebold and Zucc.

Palace of Origin

Sichuan, China
Gansu, China
Hubei, China

Hunan, China
Ningxia, China
Xinjang, China
Hainan, China
Neimenggu, China
Henan, China
Neimenggu, China
Henan, China

Quantities (g)

15
10
10

10
10
6
10
10
15
10
10
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KI = (left kidney mass/body mass) x 100% (Li et al., 2010)
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AUC =1(BGO0 + BG30) x 0.5/2] + [(BG30 + BG60) x 0.5/2)
+ [(BG60 + BG90) x 0.5/2] + [ (BGS0 + BG120)
% 0.5/2] (1)
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Variable

mAIb/Ucr (ug/mg)

BUN (mmol)
Ser (mol/L)
MDA (nmol/mg)

Time

Before medication
After medication
After medication
After medication
After medication

Group
sc DNM MET HDBL HDBM HDBH
1045140 3654 +139"  37.93+260" 37.53 £ 131" 37.19 £ 169" 38.39 + 196"
1128+ 158 5827 +283" 2122+ 187" 34241527 2281 +236"" 16.68 + 1.08""
621+ 048 14.63 + 1.68" 9.04 + 1.24%" 9.90 + 2.41%" 884 +1.90"" 6.99 +1.82"
3222+319 6150 + 424" 37.18 + 2.10°" 39.18 + 525" 37.16 + 3.38"" 3310+ 373"
3.80+0.18 828+ 0.53" 4.93 + 056" 567 + 073" 488 +0.38"" 4121027
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Gene

Smad1
Smads
Smad8
vimentin
aSAM
TGFp1
Gremiint
BMP7
GAPDH

Forward Primer Sequence

TGTTGGTGGATGGTTTCA
AGGACAGCCAAGCAAG
TGCGAGTTCCCGTTTG
GATGTTCGGTGGCTCC
GGGAGTGATGGTTGGA
AGGAGACGGAATACAGGG
AAGAAAGGGTCCCAAGG
GACCCCAGAACAAGCAA
CAAGTTCAACGGCACAG

Reverse Primer Sequence

ACTCCTTTCCCGATGTG
CGATCCAAAAGGAAACT
AGGGTAGGTGGCGTTGT
CGGTGTTGATGGCGTC
GGCAGGGACATTGAAG
ATGAGGAGCAGGAAGGG
TGATGATAGTGCGGCTG
CTCACAGTAGTAGGCAGCAT
CCAGTAGACTCCACGACAT
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miRNA
name

miR-192-5p
miR-194-5p
miR-802-5p
miR-143-3p

Fold
change
(CKD/Control)

0.272
0.094
0.155
0.262

Log,
fold
change
(CKD/Control)

-1.879
-3419
-2.694
-1.934

P
Value

0.005
0.014
0.021
0.007

Regulate

Down
Down
Down
Down

Fold
change
(cKD
+

JPYSF/CKD)

226
10.62
4.963
2253

Log
fold
change
(CKD
+

JPYSF/CKD)

1.176
3.409
2311
1172

P
Value

0.042
0.011
0.043
0.045

Regulate

Up
Up
Up
Up
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Sample

Control 1
Control 2
Control 3
CKD 1
CKD 2
CKD 3
CKD +
JPYSF 1
CKD +
JPYSF 2
CKD +
JPYSF 3

Raw
reads

11845169
11714568
11335456
12075144
10149132
11739564
11611491

11879773

11773488

Clean
reads

11763251
11551267
11075601
11854499
9884698
11381060
11356766

11621065

11530144

Clean
rate
(%)

99.31
98.61
97.71
98.17
97.39
96.95
97.81

97.82

97.93

Q20
(%)

97.5
97.46
97.49
96.81
97.42
97.16
97.45

97.05

97.05

Q30
(%)

94
93.86
93.98
92.87
93.82
93.66
93.83

93.3

93.22

GC
(%)

69.73
66.84
61.99
60.66
62.19
63.5
66.18

65.78

54.13
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Plant name

Astragalus membranaceus (Fisch.) Bge. var.
mongholicus (Bge.) Hsiao

Atractylodes macrocephala Koidz.
Dioscorea opposita Thunb.

Cistanche deserticola Y.C. Ma

Amomum kravanh Pierre ex Gagnep.
Salvia mitiorrhiza Bunge.

Rheum palmatum L.

Glycyrrhiza uralensis Fisch.

Herb name

Astragali Radix

Atractylodis Macrocephaiae Rhizoma
Dioscoreae Rhizoma

Cistanches Herba

Amomi Fructus Rotundus
Salviae Mitiorrhizae Radix et Rhizoma

Rhei Radix et Rhizoma

Glycyrrhizae Radix et Rhizoma Pragparata
cum Melle

Chinese
name

Huang Qi

Bai Zhu
Shan Yao
Rou Cong
Rong

Dou Kou
Dan Shen

Da Huang

Zhi Gan Cao

Medicinal part

Root

Rhizome
Rhizome
Fleshy stem

Fruit

Root and
Rhizomes
Root and
Rhizomes
Root and
Rhizomes

Voucher
number

20100152
201002422
20100372
20400562

2020862
20100062

20100402

201000822

Dosage
@

30
10
30
10

10
15

10
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Cause of CKD

O deiiency

vang doficency

G eficiency and dampness
together with bood stass
syndrome

Yang deficency

O deiiency

O deiiency

O deficincy and heat
syndromo

O deiioncy

Vang dofisency

Vang dofisency

O deiciency

‘Yang/Qi-invigorating tonic formulations

Yrshen rocipe Astragalus monghoicus Bunge (Loguiminosae)
Atractyodes macroosphat Keidz. (Compostas), Ashmannia
glutinosa (Gaertn) OC. (Plantaginaceas), Apina axphyia Mo,
@ngberacoas), Sotanum americanum Ml (Solanaceas)
Discorea nipponica Meldno (Doscoreaceas), Smiax glabra
"R, (Smiacaceae), Cob acrymaobi var. ma-yen (RomCail)
Stapi (Poacca), Ligustaum kcicm W.T Aton (Oleaceas), Rosa
aovigata Mich. Flosacead), Comus oficnals Sebodand Zuce.
(Comaceae), Prunela wigars L. (Lamiaceas), Scromition
aiffsum Wik R Wang (Rutiacoas), Curcuma phacocauls
Valeton @ngieraceas), Pseucostelara heterophyl (M) Pax
(Caryophylaceas)

‘Shen-Qi-WurLing:san (Polyporus umbelatus (Pers) Fies
(Poyporacea), Alsma plntago-aquatca subsp. orentale
(Sam) Sam. (Aismataceas), Atractyodes macroosphala Koz
(Composias), Poria cocos (Schw) Woll(Polpporaceae).
Ginamomum cassi (L) . Pres (Lauraceas)

Shen-Yan-Yi-Hao formua (Astagais monghofus Bunge
(Leguminasae), Leonuus japonicus Houtt. (Lamiaceze),
'Dooscorea oppositiofa L Dioscoreaceao), Angelca sinensis
(Ofv) Dies (Apaceae), Codonopsis piosua (Franch) Nenat.
(Campandiaceas)

Ginger-separated Moxbusion aloy Guishend decoction
(Retmania gutinosa (Gaertn,) DC. (Plantaginaceae), Doscorea
oppostfola L. Dioscoreaceae), Cormus offcinals Sebold &
2uce. (Comacea), Alsma plantago-aquatica subsp. Orentle
(Sam) Sam, (Aismataceas), Poia cocos (Sehw) Woll
(Poyporaceas), Paconia sufutcosa Anchews (Paconiaceae),
Chnamomum cassa (L) . Pres (Lawraceae) and Acontum
cammichaeii Debeau (Ranunculaceas)

Silun-2 decoction (Poria c0c0s (Schw) WO (Poyparacese).
Codonopsis piosua (Franch) Narn!, (Campanuiacess).
Atractyodes macroosphata Keidz. (Compostas), Ghcymhiza
ursenss Fisch. (Legumonosas) and Six-ngredient Renmania.
‘Gecociion (Aehmannia gltinosa (Gaer) OC. (Pantaginaceae),
Comus offonali Sebad and Zuce. (Comaceas), Doscorea
oppositfola L. Dioscoreaceae), Poria cocos (Schw) Wol
(Poyporaceas), Paconia sufutcosa Anckaws (Paconiaceas),
Alsma plantago-aquatica subsp. orental (Sam) Sam.
(Asmatacese)

ii8an decocton (Scrophuaia ningooensis Homs,
(Scrophulariaceas), Asparagus cochinchinensis (Lour) Mer:
(Asparagaceae), Loonurus jgporicus Hout. (Lamiaceae),
Chrysanthomum mortolum Ramat. (Composiae, Astagates
monghoicus Bunge (Legumingsae) sats tinciora L
(Brassicaceas) Kochia scopara (1) A. . Scolt (maranthacess),
‘Soutelaia barbata D. Don (Lamiaceae), Ghoyiza waensis
Fisch. (Legumonosae), Patrnia scabiosiofa nk (Caprolaceas),
Taraxacum mongalium Hand. Mazz. (Compostae), Panax
cuinauefoius L. (Araaceae)

-8an decoction (Lobefa chinens’s Lour. (Campanuacess),
Lonioera japonica Thun (Caprioiaceae), Forsytha suspensa
(Mo Vani (Olaces), Loonurus aponicus Houtt. (Lamiaceas),
Astragalus monghoicus Bunge (Leguminosae), Scrophukra
ningooenss Hems. (Scrophuiriaceas), Codonapsss pibsus
(Franch) Nann. Campanuacoe), Soutelaria barbata D. Don
(Lamiacese), Ophiopogon japonicus (Thunb) Ker Ga
(Asparagaceae), Kochia scopari (L) A J. Soott
(Amaranthaceas), Patycodon grandifors Jaca) ADC,
(Campandiacea, Gheymhiza uralenss Fisch. (Legumoncsae)

8u:Zhong:Y1-Qi decoction Astragalss monghoicus Bunge
(Loguminosae), Ghcyrhiza uraensis Fisch. (Laguemonosao),
‘Codonopsis plosula (Franch) Nane. Campaniaceas), Angelca
‘sinonsis (Oi) Dics Apiacoae), Atactlodos macrocophala
Koidz (Compostas), Doscorea opposiofalL. Dioscoreaceas),
Poria cocos (Schw) Woll (Poyporaceae), Actaea heraciedola
(Kom) J Compton (Ranuncucede), Bupleurum chinense DC.
(Apiaceae), s retcuata Banco (Rutaceas)

JnKuk-shen-Or-Wn (Rehmannia ghtosa (Gaotn) OC.
(Pantaginaceae), Comus offcinals Sebold and Zuce.
(Comaceae) Doscorea oppostiola L. (Doscoreaceas), Pacoria
suffuticosa Ancrews (Paconiaceas), Poria 00cos (Schw) Woll
(Poyporaceas), Cmamomum cassia () . Pres! (Lauaceas),
Acontum camichaes Debeau (Raruecuiacoae)

YouGui Pl (Aconium camichaeii Debeau (Rarunculaceat),
Conamomum cassia (U J. Pros (Lauaceas), Angelca sinonsis
(O Dis (Apiacese), Lycium barbarum L. (Solanaceae),
~Retmania gutnosa (Gaertn) DC. (Pantaginaceas), Doscorea
oppositola L. Dioscoreaceae), Comus offcinals Sebold and
Zuce. (Comacoas), Cuscuta chinensis Lam. (Convauiaceas),
Eucommia umoides Oiv. Eucommiaceas)

JanPLYi-i formua (Astragalus monghoicus Bunge
(Leguminasae), Atracylodes macrocephala Koz
(Gomposias), Diascorea oppostiofa L. (Dioscoreacoae),
Cstanche desertol Y. C. Ma (Orobanchaceae), Amomum
cavanh Pirre ex Gagnep. Zngiberaceae), Saiva mitiorhiza
Bunge. (Lamiacoas), Aneum paimatum L. (Polygonaceae),
Gheyhiza gabra L. (Loguminosae))

Traditional preparations of the formuations.

Water oxact
To make 300 mi Yu:Shen recipe, boi the foloving dried herbs
proporton shown below) ogether in viater

20 g Astiagaus mongholus Bunge (Loguminosa) roct

15 g Atactodes macrocephala Koidz. (Composiae)

15g Refmania gutinosa (Gasrin) DC. (Planaginaceas)

16 9 Apina oxyphyta M. Zingberacoae) it

159 Solanum americanum il Solanaceae)

15 g Doscorea npponica Makino Dioscoreaceae) root

15 g Smiax glabra Roxb. (Smiacaceae) root

15 gColxlacyma-fbiva. ma-yuen (Rom.Ca) Stapl (Posceae)
sood

15 g Uiustrum lucidm W.T Aton (Oleaceas) st

20 g Rosa laevgata Mch. (Rosaceae)

20 g Comus offciats Sibod & Zuce. (Cormacsas) .

20 Pruneta vugars L. (Lamiacea) fui custer

20 Scleromitrion dfusum (Wi) R.JWang (Rubiaceac)

10 g Curcuma phaeocauls Valeton @Zngiberaceas) oot pre-
oed i ice viregar

12 g Poeudostelaria heterophyla (M) Pax (Caryophylaceae)

Water extact
o make 600 ml SherGi-WorLing:san, simmer the olowing
v herbs (propertion shown bolow) togathar n water

10 g Polyporus umbelatus (Pers) Fries (Polporaceae)

10 Alsma plantago-aqualica subsp, orentle (Sam) Sam.
(Assmataceas) oot

12 g Atractyoes macrocephala Kodz. (Compositas) oot
20 Puria cocos (Scw) Woll Polyporaceas) sorotium

10 Cinnamomum cassia (L) J. Pres (Lauraceas) g

Water oxract
To make 150 ml Shon-Yan-Y+Hao formua, b the folowing
v herbs wih 300 mi water untl 150 m i s et

30 g Astagaus mongholus Bunge (Leguminosae) oot

30 g Leonurus japonicus Houtt. (Lamacea) (sse the porton
above the ground)

12 g Discorea oppositida L. (Dioscoreaceas) uber

6 g Angeica sinensis (O Diels (Apiaceae) root

15 Codonopss piosula (Franch) Nanni. (Campandacoae)
oot

Water oxtract
To make he decoction, bo the folowing died herbs n 900 mi
water

30 Refmannia gutinosa (Gaerin) OC. Piantagnaces) root
15 g Dioscorea oppasifola L. (Doscoreacese) root

15 9 Cormus ofiinals Sebold & Zucc. (Comaceae) it

15 g Alsma plantago-aqatca subsp. Orientale (Sam) Sam.
(Aismataceas) oot

159 Poa cocos (Schw) Woll (Poyporaceas) sckerotim

10 Paconi suffucosa Anckews (Pacoriaceas) corex

15g Cinnamomum cassia (1) J. Pres! (Lauraosae) twig

16 9 Aconitum carmichask Debeau (Ranuculacoad) oot
Both are ater oxract

Tomabe Si-Jun Zidecoction, bolihe olowing ded herbs e
8 tmes water (wA) for 2 h per tm, and colkct the
supernatant

20 g Codonopsisplosula (Franch) Nannf (Campanaceas) rot,
20 g Atactyodes macrocephata Koicz. (Compostas) o0t 20 g
Pora cocos (Schw) Wolf Poyporaceas)

10 0 Gyeyrhiza uraensis Fiseh. (Logumonosae) oot

To make Sixingredient Rehmannia decocton bol he folowng
rid herbs twice in 8 tmes water (wi) or 2 h e tme, and
colect the supematant.

15 g Astmana giinosa (Gaern) OC. Plantagiacese) ol
129 Comus ofiinals Sebold and Zuce. (Comacea) fu,

12 g Dioscorea opposiioia L. (Doscoreaceae) root,

10g Poria cocos (Schw) Wol (Polyporacea),

10 g Alsma plantago-aquatca subsp. Orentale (Sam) Sam.
(Aismataceas) ool 10 g Paconi suffuticosa Anckons,
(Paconiaceas) cortex

Water oxact
To make Yi-Ban decocton, mix the olowing dried herbs
‘acoording 0 the massratio of1:1:1:1:1:1:1:1:22:83,and bolin
water:

Isats tictoria L. (Bassicaceae) et

Kochia scopari (L) A. J. Scot (Amaranthacess)
Tarasacum mongoicum Hand-Mazz. (Composiae), Patrna
scabiosfola Ik (Capriofaceao),

‘Scutetaria bartata D. Don (Lamiaceas)

‘Scrophutai ningpoensis Hems. (Scrophulaiacese) oot
Asparagus cochinchinenss (Lour M. (Asparagacee) root,
Looruus japonicus Houtt. (Lamiaceae)

Chrysanthemum morfofm Ramal, Compositas) fower,
Gheyntiza ualonsis Fisch. (Logumonosas) 00,

Astragakus mongholicus Bungo (Loguminosae) oot

Panax quinquelous L. (aiaceae) oot

Water extact
To make Er-Ban decoction, mix th folowing cied herbs.
acoording (0 the massratio of1:1:1:1:1:1:1:1:1:2:83,and bolin
water

Lonicera japorica Thunb (Caprioraceas) fover
Patycodon grandionss (Jaca) ADC, (Campanuaceas) stem
and root

Koonia scapari () A . Scott (Amaranthaceas) it
Optiopogon japonicus (Thunb) Kor Ga. (Asparagaceae) root
‘Scutelaria barteta D. Don (Lamiaceae)

Lobala chinensis Lou. Campanuiaceae)

Forsyiia suspensa (Thur) Vah! (Okacese) st

Leorurus jponicus Hout. (Lamiaceae)

‘Scrophulara ningpoensis Hems. (Scrophariacea) root
Ghoymtiza ualensis Fisch. (Logumonosae) 00t and stem
Astragalus mongholus Bunge (Leguminosas) 001
Codonopsis s (Franch) Nann. Campanuiaceae) oot
Wator oxact

To make 200 ml Bu-Zhong-Yi-Gi decoction, boi the fofowing
rid herbs in vater

15 gAstragausmongholass Bunge(Loguminosao) rootandstam
6 9 Gyeymhza ualensis Fisch. (Logumonosae) pre-processed
using honey (1o make 100 g of i, fy the root of Ghcyrhza
uralnsis Fisch. (Legumonosae) n 25 g honey t o il
romain)

6.9 Codonopsis piosula (Franch) Nanni. (Campanuaceas) root
6.9 Angaica sinensis (Oiv) Dies (Apiaceae) root

6 g Atractyoces macrocephala Koz, (Composias) 0ot

6 g Dioscorea oppasticia L. (Doscareacoae) root

6.9 Poria cocas (Schw) WolfPolyporaceae)

6 g/Actacaheracistoia (Kom) J.Complon Ranunculaceas) root
6.9 Bupleurum chinense DC. (Apiaceae) 100t

6 g i pericarp of Cius refiulata Bianco (Rutaceae)

il mad wih honey and dried herb powder
Each pil weighs 9.9

To make thep, thefolowing died herbs shoudbemixed i he
rao of 2:23:3:3:36 and gind ino powder fst
Cimamomun cassia (1) Pres (Laraceao) i,

Paconia suffuticosa Anckews (Paccniaceae) bark,

"Dioscorea pposiiola L. Dioscoreaceae) root,

~Refmannia gutnosa (Gaerin) OC. (Pantaginacea) root,
Pora cocos (Schw) Woll Polyporaosae), Aconitum camichaei
Debeaux (Ranunculaceae) root,

‘Comus offcinais Sieboid and Zuce. (Comaceas) it

“Thenfor 100g powcr ack 60-80 ghorey andsimmertinearsokd

il madio wih honey and dried herb powder
Each pil weighs 9.9

To make thepil, hefoloning driec herbs shouldbe mixed n he
12t of 2:2:33:4:4:4:4:8 and grnd nto powder frst

Aconitum camichasl Debeaux (Ranuncuiaceas) oot
Cinamomun cassa (L) J. Presl (Lauraceae) bark

‘Comus oficinais Sieboid and Zuce. (Comaceae) it
Angeica sinensis (Ofv) Dids (Apiaceas) oot

"Dioscores opposiiofa L. (Dioscoreacea) oot

Lyctum barbarum L. (Soanacee) it

Cuscuta chinensis La. (Convotwiaceas) it

‘Eucommia umoides O (Eucommiaceas) bark

~Retmannia gutnosa (Gaerin) OC. (Pantaginacsae) root
“Tnen,for 100 g powder, add 60-80 g honey and simmer lnear
soid

Water extact
Boithefolving i erbs (roportion shonn beovi) twicsin 8
mes wator () for 1 h pe tme, and colct the supormatant
30 g Astagas mongholicus Bunge (Loguminosad) oot

10 g Atractylodes macrocephala Koz. (Composias) oot
30 g Doscarea oppositola L. (Doscoreaceas) ool

10 g Cistancho doserticola Y. C. Ma (Orobanchaceas)

10 g Amormun avanh Pere ox Gagnep. @ngiberacess) it
15.g Sava mitonhiza Bunge. (Lamiaceae) oot

10g Abeum pamatum L. (Polygonacoae) root

& e St Bt Foo

Potential pharmacological targets relevant to CKD.

Reduoe 24 h-Uinary ttal proten (UTP) and delay the
progression of kichey disease. (A andomized cinical il of 76
pationts wih chvonic nephvit of Oy deficency and dommp-
el syncirome aged approximaldly 40 yoars showod tha 24 h-
TP, uinary enythvooyte and TOM synckome score incuing
fatigue and lac ofsirength, mp aching umbus and knees,elc)
were signifcanty cecreased upon the traiment of Yu-Shen
recipe. The effcts showed no gender diflronce)

Redoa UTP andlowe serum creatining and urea itrogen|ovels.
(In a andomized cinical tial, 30 patients wih CKD of yang
defiency were Gvided nlo tho reatment group and the coniol
roup aged approxemately 36 years. The resut showed that
24 1UTP, serum creatinne and rea nirogen levels were
Sipifcanty decreased i the group vith reaiment of Shen-Qi-
Wor-Ling:San. nsigiicant associaion of sex and ob types
etwesn two groups were demonstated)

Reduce protenuria and delay the progression of CKD (A
randomized ircal ialof 100 patients with CKD dhided 10 the
reament group and e conrol goup with insigniicant g0 and

‘gender diflreos showed hat proteinusia was decreased upon
thoreatment of Shen-Yan-Y-Hao formula. Anotherciica il of

58 patints o showed that 24 h urneproten cuaniiatve the
reatment group decreased moro sgnficanty than that i the
contol group)

Reverse abnomal changes nwhit bood oo and red bloodcel
count and educe 24 h-UTP. i a rancmize cnica tal, atr
matcing by sex an g, boh reaiment goup and conicl

roup weroconsting o130 patnts with CKD ofyang detcency
aged approxmatay 46 year. The iernce of sex and age

betveentwo groups was nsignicant. T group with reaiment
of Gingr-soparated Modbusion loy Guishenc decocton had
Siicantcincal ffcacy nrecking 24 h-Upeo, WBCand ABC)

Floduce leves of serum creatiine, aspartale aminotransiorase,
‘alarine aminotranslerase, nd popolysacchaide (Arandomized
cinical tial of 58 patiots with chronc nops of Gy
efiency aged approxemalely 53 years showed hat the group
Wit treatment of S-un-Zi decoction had signicanty reduoccd
levels of senum creatnine, aspartate amnotansierase, alarine.
aminolransterase and lpopolysaccharide)

Roduce 24 hUTP, rnary rod bood collcount,urnary abumin
creatining rato, serum creatiine, and uea nitrogen el (A
randomized cirical tia of 136 patents with chroni nephts of
Qiyin deficency with an average of 42 years old shovied that
24 1-UTP, urinary RBC, uinary albumin creatinine ato, serum
creatinne and urea irogen evels were recuced sigfcanty
1he group wit treatment of Y-Ban decoction. Insignifcant
‘assocition of sex and age betveen two groups were
demonsirated)

Rediuce 24 h-UTP, uinasy aloumi creatinne rao, serum
creatinne, and wea irogen vols, andimprovo el ofpasa
albumin, (A randomized cirica il of 50 patnts wih chvonic
nephis of Qiin deficiency and damp-heat syncome aged
approxmatey 39 years showed thal & weeks of reament of -
8an Decoraton had signifcant cinical efficacy 1 ekminatig free
raccal, protectng renalcels, educing proteinura, diatng renal
blood vessels and improving renal microccuiation. The effects
Showe no gender and age Giference)

Eiminato oo acicals, protectrenal cols, and oduco protonura.
Diatorenal blood vessols and mprove renal microcirculaton (A
randomized ciical valof SO pants with hvonic nephis o -
i deficioncy and damp-heat synckoma aged approxatdly
38 yoars showed that 6 woeks of reaiment of Bu-Zhong-Yi.Qi
decocton had cinica effacy i reducing 24 h-UTP, reducing
RBC and improving renal fnction)

Normalze creatine eve, reckce prolenuria and deay the
progression o kchey cisease. (A randomized cinical il of 35
patints with chvonic rena alure aged approsimately 36 years
presenied tha afer 3 months ofreatmont of JrKukShen-Oi-
Wan, croatnine lovel was nomalzed, protenusia was reduced
and the progression ofkidney discase was delayed n the
reatment group)

Lower serum creatiing levels,reduce proteinura, and improve
‘gomeruar fivaton. (A randomized cirical il showed that the
reatment of You-Gu Pl in stage 2-3 CKD patents aged
approumatay 60 for 12 weeks ndcated marked improvement
in Giical features, ncucing recuced serum creatiine, reduced
proteinusia and improved gomeruiar firaton compared to the
contol group)

Roduce sorum creatnine levels, ower urea nirogen, and wiasy
protein excreton. (Anarimal experimentvith 37 nephectomized
o rats showed that admistration of Jan-P1-Yi.G formuafor
6 wesks couldimprove renal fncion by reducng srum
creatnne lvel, urea nrogen and urinary total protein levels)

Sun and Zhao
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Targets

Reactive oxygen species

Mitochondrial biogenesis

Mitochondrial fusion

litochondrial fission

Mitochondrial DNA

Herbs

Berberine

Betulinic acid
Celastrol
Curcumin
Leonurine

N. angustifolia
Polydatin

Resveratrol

Berberine
Hyperoside
Leonurine
Resveratrol
Saldroside
Hyperoside
Resveratrol
Hyperoside
Polydatin
Resveratrol
Hyperoside

Detection indicator

1ROS,SOD, 1GSH
1ROS

150D

1ROS
1ROS,1SOD
1ROS

IROS ,1SOD,1GSH
1ROS
1ROS,1SOD1
1ROS
1S0D1,1S0D2
1PGC1-a
1PGC1-a
1PGC1-a
1PGC1-a
1PGC1-a
Mt

M2, TOPA1
1Dmpt,

1D, |p-Drpt
1Drpt

TmIDNA

In vivo

In db/db mice

In diabetic rats

In STZtreated rats

In ADR-treated mice

In diabetic rats

In STZ-treated mice

In 5/6 nephrectomized rats
In aged mice

In db/db mice

In ADR-treated mice

In ADR-treated mice

In aged mice

In STZ-treated mice

In ADR-treated mice

In 5/6 nephrectomized rats
In ADR-treated mice

In KAy mice

In 5/6 nephrectomized rats
In ADR-treated mice

In vitro

In HG-treated NRK-52E and HK2 cells
In PA-treated mouse podocytes

In HG-treated MPC5 cells

In HG-treated MPC5 cells

In ADR-treated podocytes

In HyO,-treated HBZY-1 cells

In HG treated MPC5 cells

In HG treated GMCs

In TGF-p1-treated mouse mesangial cells
In H,O,-treated HK2 cells

In PA-treated mouse podocytes

In ADR-treated podocytes

In ADR-treated podocytes

In ADR-treated podocytes
In TGF-1-treated mouse mesangial cells
In ADR-treated podocytes
In HG-treated MPC5 cells
In TGF-1-treated mouse mesangial cells
In ADR-treated podocytes

References
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Zhan et al. (2018)
Sun et al. (2016)
Liu et al. (2018)
Huang et al. (2020)
Zheng et dl. (2017)
Gong et al,, 2017)
Hui et al. (2017)
Kim et al. (2018)
Qin et al. (2020)
Chen et al. (2017)
Liu et al. (2018)
Kim et al. (2018)
Xue et al. (2019)
Chen et al. (2017)
Weikang et al. (2017)
Chen et al. (2017)
Lin et al. (2017)
Hui et al. (2017)
Chen et al. (2017)
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Herbal medicines

Triptolide
Curcumin

Ginkgolide B
Steviol

Ganoderic acid-A
Celastrol

Saikosaponin-d

Sparganum stoloniferum Buch.-Ham
Cordyceps sinensis

Major composition

diterpene triepoxide
polyphenol diferuioyimethane

terpene lactone
aglycone

trterpenoid
pentacyclic triterpene
trterpenoid

burreed rhizome
FTY720 (fingolimod)

Key mechanism

PC2 agonist;
Activation of caspase-3
Suppression of Ras/B-Raf/MEK/ERK pathway

Suppression of Ras/MAPK pathway
Inhibition of CFTR;

Inhibition of MTOR pathway
Suppression of Ras/MAPK pathway
Downreguiation of NF-<B

Inhibition of SERCA

Inhibition of phosphorytation of EGFR
Inhibition of S1PR

Effects

Induction of cell apoptosis;
Regulation of cell cycle

Inhibition of cell proliferation;
Promotion of cell differentiation
Inhibition of cel prolferation
Restraining of cyst fluid secretion;
Inhibition of cell proliferation;
Inhibition of cell proliferation
Inhibition of inflammation
Activation of autophagy

Inhibition of cell proliferation
Inhibition of inflammation
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Name

Rno-miR-192-5p
Rno-miR-194-5p
Rno-miR-802-5p
Rno-miR-143-3p
Us

Primer sequence

CTGACCTATGAATTGACAGCC
GGTGTAACAGCAACTCCATG
CAGTAACAAAGATTCATC
TGAGATGAAGCACTGTAGCTCA
GGAACGATACAGAGAAGATTAG
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Parameters/Treatment Control CKD

Iniial bodyweight (g) 265.67 + 4.59 265.67 + 7.06
Final bodyweight (g) 291.17 + 2.40 222,83 £ 4.96
Change in bodyweight (%) 971+ 143 ~16.02° £ 1.46
Relative kidney weight (%) 070 £ 002 1.96° £ 0.03
Water intake (mL) 18.75 £ 085 4120° £ 0.97
Urine flow (uL/min) 463 +0.43 2431° £ 031
Food intake (g) 14.02 £ 126 10.36° + 095
Feces output (g) 497 £ 047 476 £ 034

The values presented are means + SEM (1 = 6).
“Significant difference (p < 0.05) of the Control group vs. CKD, GA, and CKD-GA groups.
bSignificant difference (o < 0.05) of the CKD vs. GA and CKD-GA groups.

GA

266.83 + 6.36
291.33+7.63
9.60 + 1.26
0.72 + 0.03
2150 +2.18
5.69 + 0.56
9.56" + 0.57
852 + 0.69

CKD-GA

26583 + 8.10
249.50°° + 8.04
-6.15%°+ 0.85
1.06° + 0.06
32.80°° + 151
18.19%° + 1.09
9.46° + 059
7.58%° + 0,60
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Group WKY SHR sB sJ SB +SJ CAP

Acetate (umol/g) 8365+421 62.00+387"*" 7065+1.82" 71.18+1.00° 80.78+291" 7850 +3.91*
Propionate (pmol/g) ~ 5.23 + 0.22 3.31 + 017" 4.07 +0.19" 4.08 + 0.1 4.33+0.1 460+ 0177
Butyrate (umol/g) 3.37 £ 0.21 1.44 + 0.06"* 265 +0.217 247 £0.16" 3.10+ 0.36 278+ 0.16"

##4. D < 0.007 vs. WKY. *** p < 0.007 vs. SHR. **. p < 0.01 vs. SHR. *, p < 0.05 vs. SHR. && p < 0.07 vs. SB + SJ.

ABS

48.76 + 2.49
3.36 + 0.20
127 £0.34

SB + SJ + ABS

7337 + 32475
3.97 02175
2,01 +0.37%
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Group WKY SHR SB sJ SB +SJ CAP ABS SB + SJ + ABS

Cr (umolA) 33.18 £ 5.35 73.33 + 3.34** 63.28 + 4.34 61.38 + 5.22 49.93 + 7.05" 4339 + 4917 68.04 + 2.68 59.23 + 3.017%
BUN (hmoll)  7.89+047 1318+ 196" 1043156 1082+ 075 846+ 147 837+036°  1448+139 1079+ 1.15%
mALB (mg/L) 11.70 £ 1.71 64.48 + 4.89"* 50.76 + 4.62 49.65 + 2.95 42,01 515" 36.34 + 5.09" 60.55 + 3.50 49.41 £ 2.717%

##4. D < 0.007 vs. WKY. ## D < 0.07 vs. WKY. **p < 0.007 vs. SHR. **. p < 0.07 vs. SHR. *, p < 0.05 vs. SHR. &8, p < 0.07 vs. SB + SJ. & p < 0.05 vs. SB + SJ.
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Group WKY SHR SB SJ

Body 3529 +92 317.2+£90 329.0 £ 151 3306 + 123
weight(g)

SBP (mmHg)  120.54 + 3.42 189.35 + 2.68"* 165.03+3.04" 163.75+3.76"
DBP (mmHg) 103.77 + 1.38  144.06 + 2.08"** 133.38 + 0.78"" 130.40 + 0.77""

##4. D < 0.007 vs. WKY. *** p < 0.007 vs. SHR. && p < 0.0 vs. SB + SU.

SB +SJ

3269 + 103

153.91 + 2.35"
124.27 +1.257

CAP

336.3 £ 139

137.81 + 2.0
114.46 + 0.98

ABS

3322 £ 251

190.78 + 3.16
146.24 + 1.12

SB +J + ABS

3338+ 16.3

16212 + 3.007
129.07 + 23175





OPS/images/fphar-11-587663/fphar-11-587663-g004.gif
G o o oS e
) P e T Y Ly
S





OPS/images/fphar-11-575294/fphar-11-575294-t001.jpg
Number

3

20

21

22

23

24

25

26

27

28

29

30

31

Name

rutin

wogonoside

kaempferol-3-0-
rutinoside

baicalin

viscidulin |

quercetin

skullcapfiavone Il

dihydrobaicalein

dihydrobaicalin

baicalein

norwogonin

genistein

kaempferol

isorhamnetin

wogonin

viscidulin Il

chrysin

soyasaponin Bb

sophora saponin i

2567
tetrahydroxyflavanonol

eriodictyol

2,6,2' 4"tetrahydroxy-
6'-methoxychalcone

dianbaicalin

skullcapflavone

skullcapflavone |

viscidulin Il

7.2'6'-trihydroxy-5-
methoxydihydroflavone

palmitic acid

dinydrooroxyin A

2'6'5,7-tetrahydroxy-
flavan-one

stearic acid

Formula Chemical Adduct
structural

C27H30016

C22H20011

C27H30015

C21H18011

Ol o

H
C15H1007 OH H
0. OH

OH |

HO

(o] OH

C15H1007

C19H1808

C15H1205

C21H20011

C15H1005

C15H1005

C15H1005

C15H1006

C16H1207

C16H1205

C17H1408

C15H1004

C48H78018

C48H78017

C15H1206

C15H1206

C16H1406

C16H1406

C18H1607

C17H1406

C17H1407

C16H1006

-
o
o

C16H3202

C16H1405

C15H1405

HO ¢}

HO'

C18H3602 /\/\/\/\/\/\/\/Y“" -H

Found
mass

609.14554

459.0929

593.15135

44507721

301.03594

301.03561

373.09321

447.09306

447.09285

269.04625

269.04645

269.04572

285.04143

315.05144

283.06211

345.0619

253.05177

941.51236

925.51736

287.05655

287.05642

301.07208

301.07202

343.08273

313.07233

329.06696

297.04059

25523417

285.07707

273.07699

283.26477

Error

-0.9

-0.8

03

-1

19

08

09

-0.5

-1

06

13

32

09

4.5

09

08

15

1

&

09

12

18

08

0.4

4.8

08

18

RT

8.02

1278

892

10.74

1244

853

18.37

11.39

9.34

156.05

14.6

10.73

1457

14.9

18.03

11.06

1823

17.33

17.93

11.58

11.04

10.32

1341

19.14

18.62

16.29

10.73

30.14

18.7

10.32

3217

Intensity

5,385,074

3,402,314

3,320,524

3,002,573

2,938,836

409,268

2,277,916

2,203,825

486,989

2,045,658

654,213

287,514

1,890,390

1,888,633

1,493,108

957,624

777,102

751,492

736,891

637,926

119,568

594,919

81,306

433,251

336,718

287,740

104,578

77,965

41,174

15,940

6,222
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Body weight (g)

Control 26.5+06
Tac 245+10
Tac + AS-IV 10 25108
Tac +AS-IV 20 271 +07
Tac + AS-IV 40 268 +06

Urine volume (ml/d)

0.92 + 0.09
1.09 +0.17
0.98 + 0.15
1.01 + 0.10
1.02+0.15

Abbreviations: Scr, serum creatinine; BUN, blood urea nitrogen; Tac, tacrolimus; AS-IV, Astragaloside IV

The values are presented as means + SD. **p < 0.01 vs. the Control group;

I < 0,01 ve. the Tac group.

Ser (umol/L)

37559
649+ 119"
55.4+122
442 +61"
411 £73"

BUN (mmol/L)

85410
145+ 38"
12039
90+ 15"
87+ 18"





OPS/images/fphar-11-610102/fphar-11-610102-g007.gif





OPS/images/fphar-12-638422/fphar-12-638422-g003.gif
i
;g 4
il

EEE;






OPS/images/fphar-11-610102/fphar-11-610102-g006.gif





OPS/images/fphar-12-638422/fphar-12-638422-g002.gif
s
RS
>
%
T

£ LS





OPS/images/fphar-11-610102/fphar-11-610102-g005.gif
1 ;?
fir i
2, 31,

s /,w /,f/





OPS/images/fphar-12-638422/fphar-12-638422-g001.gif





OPS/images/fphar-11-610102/fphar-11-610102-g004.gif





OPS/images/fphar-12-638422/crossmark.jpg
©

2

i

|





OPS/images/fphar-11-610102/fphar-11-610102-g003.gif
L Huﬂ HIJ]D






OPS/images/fphar-12-633566/fphar-12-633566-t001.jpg
Metabolite

12,20-Dioxo-leukotriene B4
Leukotriene E3

PGF2a ethanolamide
Prostaglandin H3*
11,12-Epoxyeicosatrienoic acid
20-Hydroxy-leukotriene E4
15-HETE

Prostaglandin D3

DHLC4*

PGD2 ethanolamide
Prostaglandin E3
Prostaglandin G2

5-HEPE

Heptadecanoyl canitine
9-Decenoylcamitine
Arachidonoylcarnitine
Myristoleoylcarnitine
Pentadecanoyicariine
3-Hydroxydecanoyl carniine*
3-Hydroxydodecanoyl camitine*
3-Hydroxyhexadecadienoylcarnitine*
O-arachidonoyl ethanolamine
Undecanoylcarnitine*

PET

Paimitin acid

Ricinoleic acid
Heptadecanoic acid
Palmitelaidic acid

Sciadonic acid
Docosahexaenoic acid*
13-0x0-9,11-tridecadiencic acid
3-Hydroxypentadecanoic acid"
Eicosapentaenoic acid’
Hypogeic acid’

Leukotriene A4

Arachidonic acid
8.9-Epoxyeicosatrienoic acid
Docosapentaenoic acid (22n-3)"
Linoleoyl ethanolamide
Tricosanoylglycine
Anandamide

Leukotriene B4 ethanolamide
N-Arachidonoyiglycine
Olearnide

Linoleamide

Arachidonoy! serinol
2-Hydroxylinolenic acid
Stearidonic acid

Linoleum acid

LysoPA (20:4)

PA (32:2)

LysoPC(14:0)

LysoPC(6:0)

LysoPC(20:1)

LysoPC(24:0)

LysoPC(10:0)

LysoPC(22:4)

LysoPE (16:1)

LysoPE (18:3)

LysoPE (18:1)

LysoPE (14:1)

PE (28:1)

PE (P-16:0/15:0)
Phytosphingosine
3-Oxocholc acid

“p-values from one-way ANOVA
"p-values from Mann-Whitney U-test.
FDR value was obtained from the adjusted p-value of FDR correction by Benjamini-Hochberg method.
“FC was obtained by comparing those lpid species in CRF rats with controlrats; FC with a value >1 indicated a relatively higher intensity present in CRF rats, whereas a value <1 indicateda
relatively lower intensity compared with control rats. Asterisks indicated 12 differential lioid species in kidney tissues based on CCr correlation coefficient R > 0.800.

P

1.436-05
1.02E-03
9.13E-04
5.08E-04
4.09E-03
3.32E-04
1.14E-03
1.69E-03
6.73E-03
2.71E-03
7.56E-03
2.39E-02
1.02E-02
3.19E-04
2.59E-04
1.20E-03
5.02E-04
3.51E-04
6.47E-04
3.72E-03
2.79E-04
2.36E-04
1.27E-03
8.08E-05
1.58E-03
2.60E-03
5.03E-03
6.40E-04
1.34E-03
1.08E-02
8.36E-03
3.01E-03
1.42E-04
7.72E-03
2.79E-02
6.64E-03
2.88E-02
2.90E-02
1.09E-03
2.01E-02
4.28E-03
1.31E-02
2.64E-03
1.42E-05
2.71E-03
2.69E-04
1.05E-03
2.44E-02
6.38E-03
1.026-02
3.42E-03
6.33E-05
4.50E-04
8.39E-04
4.14E-03
5.17E-04
6.77E-03
3.91E-05
2.19E-03
1.36E-03
9.66E-04
4.08E-03
7.70E-03
4.07E-03
5.27E-04

P

1.55E-04
3.11E-04
1.09E-03
1.09E-03
1.86E-03
2.95E-03
4.66E-03
4.66E-03
1.04E-02
1.04E-02
1.48E-02
2.07E-02
3.79E-02
3.11E-04
1.86E-03
2.95E-03
6.99E-03
6.99E-03
1.04E-02
1.04E-02
1.04E-02
1.04E-02
1.04E-02
1.65E-04
1.09E-03
1.86E-03
4.66E-03
4.66E-03
6.99E-03
1.00E-02
1.04E-02
1.04E-02
1.04E-02
1.04E-02
1.04E-02
1.48E-02
2.07E-02
2.07E-02
1.86E-03
1.09€-03
4.66E-03
1.04E-02
1.04E-02
3.11E-04
2.95E-03
1.04E-02
2.95E-03
2.81E-02
3.79E-02
1.04E-02
1.04E-02
1.09E-08
1.86E-03
2.95E-03
6.99E-03
1.04E-02
2.81E-02
1.65E-04
3.11E-04
1.86E-03
6.99E-03
6.99E-03
1.48E-02
1.04E-02
1.04E-02

AuCc

1.00 E+00
9.84E-01
9.53E-01
9.63E-01
9.30E-01
9.14E-01
9.06E-01
8.98E-01
8.75E-01
8.75E-01
8.69E-01
8.44E-01
8.05E-01
9.84E-01
9.30E-01
9.14E-01
8.91E-01
8.83E-01
8.75E-01
8.75E-01
8.75E-01
8.75E-01
8.75E-01
1.00 E+00
9.53E-01
9.30E-01
8.98E-01
9.06E-01
8.83E-01
7.94E-01
8.67E-01
8.75E-01
8.75E-01
8.75E-01
8.75E-01
8.52E-01
8.44E-01
8.36E-01
9.38E-01
9.63E-01
8.98E-01
8.75E-01
8.67E-01
9.84E-01
9.14E-01
8.75E-01
9.14E-01
8.20E-01
8.13E-01
8.67E-01
8.75E-01
9.63E-01
9.30E-01
9.14E-01
8.91E-01
8.75E-01
8.28E-01
1.00 E+00
9.84E-01
9.38E-01
8.83E-01
8.83E-01
8.52E-01
8.75E-01
8.75E-01

FDR®

1.01E-02
4.04E-03
7.07E-03
6.43E-03
9.32E-03
1.01E-02
1.26E-02
1.08E-02
1.88E-02
1.28E-02
1.65E-02
2.20E-02
3.85E-02
5.05E-03
8.66E-03
9.14E-03
1.47E-02
1.38E-02
1.78E-02
1.74E-02
1.69E-02
1.33E-02
1.23E-02
5.05E-03
7.86E-03
6.73E-03
1.17E-02
1.12E-02
1.34E-02
1.86E-02
1.83E-02
1.65E-02
1.54E-02
1.50E-02
1.47E-02
1.71E-02
2.28E-02
2.24E-02
8.08E-03
5.89E-03
1.21E-02
1.44E-02
1.35E-02
2.89E-03
8.72E-03
1.67E-02
9.60E-03
2.90E-02
3.79E-02
1.41E-02
1.30E-02
8.84E-03
7.58E-03
8.34E-03
1.67E-02
1.38E-02
2.95E-02
3.37E-03
3.37E-03
7.13E-03
1.52E-02
1.42E-02
1.68E-02
1.25E-02
1.61E-02

Fc!

0.09
027
0.25
0.26
0.06
0.08
0.25
021
0.48
031
0.29
0.08
322
0.12
0.01
0.12
0.29
0.20
0.31
0.43
021
0.16
0.35
0.18
0.48
0.02
0.32
0.09
0.25
053
0.33
0.39
0.20
0.42
027
021
0.23
0.47
0.42
0.20
022
047
0.31
0.22
0.20
0.18
0.15
0.33
0.00
032
0.33
0.23
0.05
o1
0.08
0.18
12.86
021
0.18
0.33
0.18
0.31
0.29
0.38
0.38

Class

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls

Fatty acyls
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Phospholipid
Steroids
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Parameters  Unit Rhein/Curcumin Rhein + Curcumin

Rhein AUC o pg/L'h  18,964.3 £ 22620 27,497.7 + 12,207.1
al Unkg 4914094 41215
2 kg 442272 280+188
Crii pgl  48155:6099 82547 +2,438.3
Tz H 69+54 4418
Tmax H 049 +0.15 060 +0.18
Curcumin  AUC oy pg/L'h 192+ 108 88.0+28.7
al Unhkg 46945+2977.3 10152+ 557.7
Vg Lkg 317152+242329 9,520.0 + 7,430.4
Crnax [ue/n 66+ 42 27.7 £187
Tie H 6.7 +57 109+ 143
Tz H 1409 11£07

AUC, Area under the curve; CI, Clearance; Cpmax. Maximal plasma concentration; Tiz,
Elimination half-Iife; Tpay, Time to reach maximal plasma concentration; V., Volume of
distribution.
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Group

Sham

Uuo 7th

UUO 14th

UUO 21st

UUO + rhein 7th

UUO + rhein 14th

UUO + rhein 21st

UUO + curcumin 7th

UUO + curcumin 14th

UUO + curcumin 21st

UUO + coadministration 7th
UUO + coadministration 14th
UUO + coadministration 21st

“The comparison between sham-operated group and other groups.

Scr

15.16 + 2.93
55.96 + 7.24°
62.37 + 6.35

6250 + 11.112
42,53+ 5.01°
56.74 + 5.26°
57.68 + 6.41°
5501+ 4.7%
59.87 + 7.30*
61.41 + 6.26°
62.87 + 8.90°
52,99+ 9.79°
53.27 + 5.26°

BUN

562 +0.32
9.10 +0.09°
1121 +0.76°
11.67 +0.38%
6.16 +0.12*
8.14 +0.46% °
7.36 +0.20™ ©
9.35 + 1.06* °
1058 + 0.83°
10.81 + 1.70°
752 +0.32%
803 +0.44%
7.43 £0.07*°

bThe comparison between treatment groups and UUO at the corresponding days.
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Cluster

Name

Ji-sheng-shen-qi-wan

Astragalus mongholicus bunge (or Astragalus
membranaceus (fisch) bge.)

Rheum palmatum L. (or Rheum tanguticum (maxim
Ex rege) balf. Or Rheum officinale baill)

Plantago asiatica L. (or Plantago depressa wil.)
Salvia mittiorrhiza bunge

Prevalence
(%)

292

172

197

123
139

Degree
centrality
29

10

15

o

Possible mechanisms

Preventing or delaying the onset of diabetes melitus (Hirotani et al.,
2013), and ameliorate insulin resistance via nitric oxide pathway (Hu
etal, 2010)

Ameliorates renal interstitial fiorosis (Wang et l., 2015b; Shan et al.,
2016; Zhou et al., 2017)

Autophagy, including anti-oxidation, anti-inflammation and
anticancer (Shan et al,, 2019)

Induce cell apoptosis and cel cycle arrest (Tay et al., 2019)
Repair function by activating the Nrf2-Keap1 signaling pathway and
inhibiting inflammation (Han et al., 2019)

Attenuate autophagy and renl fibrosis (Tu et al., 2017)
Anti-inflammatory, antitumor, antioxidant, antifibrosis and
nephroprotective activities via MAPK and P13 K-AKT pathway (Sun
etal, 2016)

Controling blood glucose and renal protective effects (Hamzeh et al.,
2014)

Not known

Inhibit high glucose induced renal tubular epithelial cell fibrosis (Wang
etal., 2015a; Jiang et al., 2016a; Jiang et al., 2016b; Xu et al., 2016;
Cao et al., 2017; Nie and Li, 2018)

Induce cel cycle arrestin renal cell carcinoma (Wei et al., 2012; Chen
etal, 2017)
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HR (95% CI)

Different covariates matching/weighting methods

1:1 PSM (0 = 1,744) 059 (0.50-0.69)
Inverse probabilty of treatment weights 069 (0.59-0.80)
Models with different populationss with overlap weighting
Model with 180-ays landmrk analysis (1 = 6,392) 032 (0.28-0.37)

Model with finally analyzed sublects (1 = 6,648), combined with patients died in 90 days after recogrition of  0.29 (0.25-0.33)
pre-dialysis status and patients used CHM less than 30 days (1 = 7,101)
Model with finally analyzed subjects, combined with users with other TCM modalities (1 = 16,625) 057 (0.54-0.59)

Abbreviations: aHR, adjusted hazard ratio: CHM, Chinese herbal medicine: Cl, confidence interval: HR, hazard ratio: PSM, propensity score matching.

p-value

<0.001
<0.001

<0.001
<0.001

<0.001

aHR (95% ClI)

055 (0.47-0.65)
063 (0.54-0.73)

046 (0.40-0.54)
044 (0.38-0.51)

071 (0.67-0.74)

p-value

<0.001
<0.001

<0.001
<0.001

<0.001
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Without overlap weighting

With overlap weighting

HR p-value aHR p-value
(95%Cl) (95%Cl)
All CHM users 0.43 (0.38-0.49) <0001 0.53 (0.47-0.60) <0.001
Use of CHM by accumulated duration (days)
0(n=5771) 1 (References) 1 (References)
1-60(n=651)  0.47 (0.41-0.54) <0001 058 (0.51-0.67) <0.001
61- (1 = 226) 0.33 (0.25-0.43) <0001 0.39 (0.30-0.50) <0.001

Abbreviations: aHR, adiusted hazard ratio: CHM, Chinese herbal medicine; Cl. confidence interval: HR,

HR
(95%Cl)

030 (0.25-0.34)

1 (References)
0.33 (0.28-0.39)
0.7 (0.12-0.25)

. hazard ratio.

p-value

<0.001

<0.001
<0.001

aHR p-value
(95%Cl)
0.42 (0.36-0.49) <0.001
1 (References)
0.47 (0.40-0.56) <0.001
0.25 (0.18-0.36) <0.001
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Gender
Female
Male

Age
<70
70

Co-morbidities
Hypertension
Hyperiipidemia
Heart failure
CAD
oo
Hyperuricenmia
Cancer

Medications
Insulin analogs
OHAs
Statin/Fibrate
ACE/ARB
Other anti-hypertensive agents
NSAIDs
COX-2 inhibitors
Acetaminophen
Aspirin

Insured level (NTD/month)
0-20,000
20,001-40,000
40,001-

Place of residence
More rural
More urban

Al patients (n = 6,648)

3,099
3,549

3,937
2,711

5,667
2,041
1,657
1844
964
1,009
823

1,799
3,796
2614
4,183
6,172
1,213
177
1,400
2,267

5,850
529
269

2,830
3818

(46.6%)
(63.4%)

(59.2%)
(40.8%)

(85.2%)
(30.7%)
(24.9%)
(27.7%)
(14.4%)
(15.2%)
(12.4%)

(27.1%)
(57.1%)
(39.3%)
(62.9%)
(92.8%)
(18.2%)
@.7%)
21.1%)
(34.1%)

(88.0%)
(8.0%)
(4.0%)

(42.6%)
(57.4%)

CHM nonusers

2,618
3,153

3,314
2,457

4,994
1,787
1,543
1,663
886
892
719

1,663
3416
2,320
3,689
5,430
1,047
153
1,198
2,045

5,138
412
221

2,469
3,302

(n=5771)

(45.4%)
(54.6%)

(67.4%)
(42.6%)

(86.5%)
(31.0%)
(26.7%)
(28.8%)
(15.4%)
(15.5%)
(12.5%)

(28.8%)
(59.2%)
(40.2%)
(63.9%)
(94.1%)
(18.1%)
7%
(20.8%)
(35.4%)

(89.0%)
(7.1%)
(3.8%)

(42.8%)
(57.2%)

CHM users (n = 877)

481
396

623
254

673
254
14
181
68
17
104

136
380
294
494
742
166
24

202
222

712
17
48

361
516

(54.8%)
(45.29%)

(71.0%)
(29.0%)

(76.7%)
(29.0%)
(18.0%)
(20.6%)

7.8%)
(13.3%)
(11.9%)

(15.5%)
(43.3%)
(33.5%)
(66.3%)
(84.6%)
(18.9%)

@.7%)
(23.0%)
(25.3%)

(81.2%)
(13.3%)
(6.5%)

(41.2%)
(58.8%)

p-value

<0.001

<0.001

<0.001
0.23
<0.001
<0.001
<0.001
0.10
0.62

<0.001
<0.001
<0.001
<0.001
<0.001
0.57
0.88
0.12
<0.001

<0.001

0.37

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin If receptor blocker; GOX-2, cyclooxygenase-2; CAD, coronary artery disease; GVD, Cerebrovascular
dicease; OHAs, oral hypogiveemic agents: NSAID, noneteroidal anti-inflammatory drug: NTD, new Taiwan dollar.
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Location and family Group

lleum Control CKD GA CKD-GA
Bifidobacteriaceae 0.00 0.90 0.23 1.89*°
Enterobacteriaceae 788 63.66° 16.71 20.68°
Enterococcaceae 522 063 0.10 oM
Lactobacilaceae 6183 9.94° 31.21° 27.34*
Paenibacilaceae 191 006 119 7.69%0
Peptostreptococcaceae 11.14 11.37 14.46 202
Pranococcaceae 7.1 045 30.73 2519
Pseudomonadaceae 009 8.25% 051 14.18°
Staphylococcaceae 008 332° 004 0.04°
Turicibacteraceae 447 021° 4.39 0.14*

Cecum
Aerococcaceae 000 5.10° 0.01 0.09
Bacteroidaceae 004 004 003 5.35%°
Bifidobacteriaceae 0.00 6.23% 4.91% 077°
Clostridiaceae 024 2.40° 052 0.28°
Coriobacteriaceae 012 2.48° 045 0.36°
Enterobacteriaceae 005 8.47° 093 306
Erysipelotrichaceae 002 488 0.60 079
F16 107 2.19 393 196
Helicobacteraceae 002 002 002 422
Lachnospiraceae 088 0.46 119 3.15%°
Lactobacilaceae 90.24 14.40* 41.98° 55.41°
Peptostreptococcaceae 054 4.18° 16.01° 0.84°
Pseudomonadaceae 401 30.38° 24.89° AT57
Ruminococcaceae 192 405 1.7 336
8247 0.26 2.14° 0.08 1.78%
Turicibacteraceae 005 247° 271° 031°
Verrucomicrobiaceae 036 985° 0.00 0.06°

Colon
Aerococcaceae 000 7.12° 001 0.06°
Bacteroidaceae 015 007 0.18 394
Bifidobacteriaceae 001 6.66° 590° 259
Clostriciaceae 038 531° 105 092
Coriobacteriaceae 015 231° 061 083
Enterobacteriaceae 001 11.65° 002 671°
Erysipelotrichaceae 004 468° 065 225°
F16 074 286 339 314
Lachnospiraceae 334 069 126 5.58%°
Lactobacilaceae 86.22 20.08° 50.21% 52.23*°
Peptostreptococcaceae 034 6.33* 26.95° 1.10
Planococcaceae 000 0.00 0.00 321
Pseudomonadaceae 001 4.06* 002 0.12°
Ruminococcaceae 419 462 378 10.09°
s24-7 254 397 104 556
Turicibacteraceae 007 3.65° 486" 0.83°
Verrucomicrobiaceae 104 15.70% 0.00 0.14°

The values presented are means (n = 6). Families that constituted more than 1% of the microbiome in at least one group of animals were analyzed statistically and are
presented.

The values presented are means + SEM (1 = 6).

“Significant difference (p < 0.08) of the Control vs. CKD, GA, and CKD-GA groups.

bSignificant difference (o < 0.05) of the CKD vs. GA and CKD-GA groups.
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Parameter/Group Control
Plasma creatinine (umol/L) 16,12 £ 0.48
Plasma urea (mmol/L) 466 £ 039
Creatinine clearance (mL/min) 1.43 £ 0.11
Urinary NAG (miU/mL) 45.38 + 284
Urine albumin (mg/L) 7.07 £ 034
Urine creatinine (umol/L) 5,138.80 + 380.94

The values presented are means + SEM (1 = 6.
“Significant difference (p < 0.05) of the Control vs. CKD, GA, and CKD-GA groups.
bSignificant difference (o < 0.05) of the CKD vs. GA and CKD-GA groups.

CKD

80.16% + 5.83
42.70° + 392
0.13% £ 0.01
95.21% +1.27
43.07° + 388
426.80° + 33.86

GA

16.76 + 0.62
4.44 +0.36
1.99 +0.11
50.47 +2.27
7.77 + 0.62
5,594.40 + 311.98

CKD-GA

58.36% + 3.76
29.02% + 2.87
0.28 + 0.02
71.18% + 4.63
2084+ 223
887.60° + 62.41
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kidney index (/) = kidney weight (g)/body weight (g) x 100
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No

Genes

Snail

E-cadherin

Vimentin

Fibroblast-specific protein 1 (FSP-1)

CD68

TLR4

MCP-1

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
Transforming growth factor- § (TGF-p)

Collagen-1

IPMIMIMIMITMIMINIDIMDMID T

Sequences

5'-CTGCTTCGAGCCATAGAACTAAAG-3'
5'-GAGGGGAACTATTGCATAGTCTGT-3
5'-CAGCCTTCTTTTCGGAAGACT-3'
5'-GGTAGACAGCTCCCTATGACTG-3"
5'-CGGAAAGTGGAATCCTTGCA-3'
5'-CACATCGATCTGGACATGCTG-3'
5'-GATGAGCAACTTGGACAGCA-3'
5'-ATGTGCGAAGAAGCCAGAGT-3"
5'-CATCAGAGCCCGAGTACAGTCTACC-3'
5'-AATTCTGCGCCATGAATGTCC-3'
5'-GGGCCTAAACCCAGTCTGTTTG-3
5'-GCCCGGTAAGGTCCATGCTA-3'
5'-CTACAGACAACCACCTCAAGCACTTCTGTAG-3'
5'-GGCATCACAGTCCGAGTCACAC-3'
5'-TCAACAGCAACTCCCACTCTTCCA-3'
5'-ACCCTGTTGCTGTAGCCGTATTCA-3'
TTCCGCTGCTACTGCAAGTCA
GGGTAGCGATCGAGTGTCCA
ATGCCGCGACCTCAAGATG
TGAGGCACAGACGGCTGAGTA

Annealing temperature (C)

51
58
58
53
60
57
60
57
60

60
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Parameters

TV (mm°)

BV (mm®)

BV/TV

To.Th (mm)

To.Sp (mm)

To.N (mm)

Average CT value (HU)

The Sham group

79.92 + 491
34.13 + 6.04
0.43 + 0.06
0.52 + 0.06
0.54 + 0.04
1.21+0.13
2990.6 + 75.83

The CKD-MBD group

64.90 £ 3.2%
17.54 £ 2.78%
0.27 +0.06"
0.4 £0.03%
1.00 + 0.14%
1.01 + 008"
2506.67 + 50.48*

The FPS group

76.07 + 475"
2891 £ 327"
0.38 +0.05"
05+ 003"
072 +0.16"
1.46 £0.11°9
2784.66 + 71.71%¢

The data are expressed as mean + S.D. *p < 0.05, *%p < 0.01 vs. the Sham group; *p < 0.05, ®®p < 0.01 vs. the CKD-MBD group.

The CTR group

76.49 + 7.14"
27.47 £ 377"
035+ 0.06
0.48 + 0.03"
0.68 + 0.14"
1.24 £ 0.19"
2688.5 + 101.09"
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BW ()

KW (g)

KHI (g/kg)

Serum
UA (umol/L)
Sor (umolL)
BUN (mmol/L)
Ga?* (mmolA)
P* (mmolL)
ALP (L)
VD; (ng/m)
FGF23 (ng/L)
iPTH (pg/m)

Urine
Ca?* (mmoliL)
P** (mmol)
Pro (g/24 h)
TBBMD (g/cm?)
FBBMD (g/em?)

The sham-operated rats

417 + 7.61
163 +0.29
387 +0.72

73 +25.24
2267 £ 252
853 £ 0.12
345+0.18
232+ 0.17
131.17 + 6.69
28.78 + 1.75
909.30 + 75.25
961 + 0.62

0.76 + 0.01
1841 + 0.44
313+0.39
0.17 £ 0.01
0.19 + 0.01

The data are expressed as mean + S.0.
0 < 0,05, **p < 0.01 vs. the sham-operated rats.

The CKD-MBD model rats

343 + 2.00"
3.55 + 0.67*
10.86 + 2.08"

227 + 110.49"
175 + 400"
38.6 + 0.79"
223 + 0.06™
3.62 + 0.14™
257.70 + 9.13*
16.64 + 2.45*
1210.00 + 82.38"
19.23 £ 1.7

214 + 0.08"
16.26 + 0.06"
18.60 + 2.34"
0.15 + 0.01*
0.16 + 0.01*
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Latin name

Astragalus membranaceus (Fisch,) Bge. var. mongholicus (Bge)
Hsiao

Atractylodes macrocephala Koidz.

Dioscorea opposita Thunb.

Cistanche deserticola Y. C. Ma

Amomum kravanh Pierre ex Gagnep.
Salvia mittiorrhiza Bunge

Rheum palmatum L.
Glycyrrhiza uralensis Fisch.

English name

Astragal Radlx

Atractylodis Macrocephalae Rhizoma
Dioscoreae Rhizoma
Cistanches Herba

Amomi Fructus Rotundus
Salviae Mitiorrhizae Radix et Rhizoma

Rhei Radix et Rhizoma

Glycyrrhizae Radix et Rhizoma Praeparata cum
Melle

Chinese name

Huang-Gi

Bai-Zhu
Shan-Yao
Rou-Cong-
Rong
Dou-Kou
Dan-Shen

Da-Huang
Zhi-Gan-Cao

Palace of
origin

Gansu, China

Zhejiang, China
Henan, China
Xinjiang, China

Guangxi, China
Shandong,
China

Gansu, China
Neimengu,
China

Quantities
(9

30
10

30
10

10
15
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Scientific name

Aconitum camichaeli Debeaux
Poria cocos (Schw) Wolt
Atractylodes macrocephala Koidz
Pagonia lactifora Pall

Zingiber officinale Roscoe

Chinese name

Fuzi
Fuing
Baizhu
Baishao
Shengjiang

Ratio

(RSN
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