[image: image1]Yishen Qingli Heluo Granule Ameliorates Renal Dysfunction in 5/6 Nephrectomized Rats by Targeting Gut Microbiota and Intestinal Barrier Integrity

		ORIGINAL RESEARCH
published: 22 June 2022
doi: 10.3389/fphar.2022.858881


[image: image2]
Yishen Qingli Heluo Granule Ameliorates Renal Dysfunction in 5/6 Nephrectomized Rats by Targeting Gut Microbiota and Intestinal Barrier Integrity
Xian Sun1†, Jie Chen1,2†, Yiting Huang1†, Sha Zhu1, Shuaishuai Wang3, Zijing Xu3, Junfeng Zhang3* and Wei Sun4*
1The First Clinical Medical College, Nanjing University of Chinese Medicine, Nanjing, China
2Hanlin College, Nanjing University of Chinese Medicine, Nanjing, China
3School of Medicine and Holistic Integrative Medicine, Nanjing University of Chinese Medicine, Nanjing, China
4Department of Nephrology, Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, China
Edited by:
Ricard Farre, KU Leuven, Belgium
Reviewed by:
Jinghong Zhao, Xinqiao Hospital, China
Yongbo Kang, Shanxi Medical University, China
* Correspondence: Junfeng Zhang, zhangjunfeng419@njucm.edu.cn; Wei Sun, yfy0074@njucm.edu.cn
†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: 20 January 2022
Accepted: 07 June 2022
Published: 22 June 2022
Citation: Sun X, Chen J, Huang Y, Zhu S, Wang S, Xu Z, Zhang J and Sun W (2022) Yishen Qingli Heluo Granule Ameliorates Renal Dysfunction in 5/6 Nephrectomized Rats by Targeting Gut Microbiota and Intestinal Barrier Integrity. Front. Pharmacol. 13:858881. doi: 10.3389/fphar.2022.858881

Chronic kidney disease (CKD) is often accompanied with imbalanced gut microbiota and impaired intestinal barrier. Hence, efforts to ameliorate renal dysfunction by manipulating gut microbial ecosystem are underway. Yishen Qingli Heluo granule (YQHG) is a representative traditional Chinese medicine (TCM) prescription for clinical treatment of CKD. However, its underlying mechanism has not been well elucidated. This study aimed to explore effects of YQHG on renal dysfunction in 5/6 nephrectomized rats by targeting gut microbiota and intestinal barrier. Here, we found that YQHG provided significant renal protection in 5/6 nephrectomized rats by reducing renal fibrosis and inflammation, reestablishing bacterial communities, and improving intestinal barrier. Our analysis showed that YQHG altered the bacterial community of 5/6 nephrectomized rats. In particular, the prescription significantly increased the relative abundance of SCFA-producing bacteria (i.e., Lactobacillaceae, Lactobacillus and Lactobacillus_gasseri), which was contributed to the improved SCFA concentration (i.e., total SCFA, acetic acid, butyric acid) and intestinal barrier (i.e., the improved permeability and microbial translocation). More critically, microbiota-transfer study showed that the protective effect of YQHG was partly attributed to the mediation of the gut microbiota, especially the SCFA-producing bacteria. Our current findings propose a microbiota-targeted intervention and indicate that YQHG may become a novel promising treatment for CKD.
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INTRODUCTION
Chronic kidney disease (CKD) is defined as the sustained presence of abnormalities of kidney structure or function. It is a major public health burden, affecting more than 8% of the population worldwide (GBD Chronic Kidney Disease Collaboration, 2020). At present, the number of people receiving renal replacement therapy has exceeded 2.6 million and is expected to double to 5.4 million worldwide by 2030 (Liyanage et al., 2015). Once CKD progresses to ESRD, it will not only bring economic burden to patients, but also affect their quality of life to a great extent. However, the risk factors and disease pathways that lead to compromised renal function are diverse and poorly clarification. Consequently, few strategies are available to delay the progression of CKD, with most current treatment strategies centred around reducing proteinuria, lowering blood pressure and uric acid (Abboud and Henrich, 2010). Clearly, additional therapeutic avenues are needed to manage, control and ultimately alleviate CKD.
Advances in the metagenomic studies and the novel computational tools, combined with the mechanistic studies in disease models, are accelerating our understanding of the importance of gut microbiota in health and disease (Erny et al., 2021; Wilkinson et al., 2021). Of note, research in recent years has linked the alteration of gut microbiota, a condition termed dysbiosis, with chronic disease outside the digestive system such as CKD (Vaziri et al., 2013a; Jiang et al., 2017). Gut microbiota dysbiosis and impaired intestinal barrier are the most important causative factors of crosstalk between the gut microbial ecosystem and CKD. In short, CKD-related changes in the gut microbiota led to the impaired intestinal barrier and the microbial translocation. Consequently, the influx of bacterial components into the kidney via the systemic circulation contributes to renal inflammation (Anders et al., 2013; Andersen et al., 2017). Therefore, correcting this dysbiosis or conducting the specific microbiota-targeted interventions may become potential strategies for the prevention and management of CKD (Ramezani and Raj, 2014). Short-chain fatty acids (SCFAs) are a group of gut-microbiota-derived lipid metabolites, which play an important regulatory role in maintaining the integrity of the intestinal barrier (Liu et al., 2021). Compared with healthy controls, a decrease in the abundance of the SCFA-producing bacteria was observed in CKD patients, which in turn led to a lack of SCFAs (Wong et al., 2014). An emerging evidence indicated that the concentrations of SCFAs, especially acetic acid and butyric acid, were almost completely suppressed in humans and animal models with CKD (Jiang et al., 2016; Mishima et al., 2017). In addition, an increasing body of evidence demonstrated the reduction of SCFAs could compromise the renal function (Steenbeke et al., 2021). Conversely, supplementation of SCFAs, particularly butyric acid, could promote barrier function and control microbial translocation, and ultimately protect the kidney from injury (Wang et al., 2019). In summary, targeting the gut microbiota, especially the SCFA-producing bacteria, may provide a promising treatment for CKD.
Yishen Qingli Heluo granule (YQHG) was independently developed by Jiangsu Province Hospital of Chinese Medicine as a TCM prescription for the clinical treatment of CKD. The clinical studies had demonstrated that YQHG could improve the clinical symptoms and reduce the level of serum creatinine (Scr). Moreover, the progression of CKD3 to CKD4 could also be delayed by YQHG (Zhao et al., 2017). In addition, previous studies had shown that some TCM herbs or their active components in YQHG could increase the SCFA concentrations and promote intestinal barrier function. For instance, a new type of polysaccharide (AERP) extracted from Astragalus membranaceus improved the butyric acid concentration and the gut microbiota dysbiosis (Liu et al., 2019). Moreover, the latest study found that Rhubarb could alleviate the progress of CKD by remodeling the gut microbiota and repairing the intestinal barrier (Ji et al., 2020). In summary, YQHG has a therapeutic effect on CKD, and part of its mechanism may be attributed to the improved gut microbiota dysbiosis and intestinal barrier impairment. Therefore, based on the gut microbial ecosystem, our study explored the mechanism of YQHG alleviating renal dysfunction in 5/6 nephrectomized rats by targeting SCFA-producing bacteria and the intestinal barrier.
MATERIALS AND METHODS
Preparation and Testing of Experimental Drugs
YQHG (batch number 20051031) was composed of 10 single TCM granules: Angelicae Sinensis Radix (Danggui, DG), Achyranthis Bidentatae Radix (Niuxi, NX), Centella Asiatica (L.) Urban (Jixuecao, JXC), Polygonati Rhizoma (Huangjing, HJ), Smilacis Glabrae Rhixoma (Tufuling, TFL), Radix Rhei Et Rhizome (Dahuang, DH), Pyrrosiae Folium (Shiwei, SW), Hedysarum Multijugum Maxim (Huangqi, HQ), Serissa Japonica (Thunb.) Thunb (Liuyuexue, LYX), Polygoni Cuspidati Rhizoma Et Radix (Huzhang, HZ), which was manufactured by Jiangyin Tianjiang Pharmaceutical Co., Ltd. (Wuxi, Jiangsu, China). The ratios of the single TCM granule to the corresponding crude drug were listed in Table 1. The 10 TCM granules of YQHG were authenticated by Professor Wei Sun (Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China). Their voucher specimens were deposited at Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine. The weight-based drug dosing format (per kg) was used in this study to calculate the YQHG doses in rats (Sharkey et al., 2001). Calculated with an adult body weight of 70 kg, the clinical equivalent dose converted into rats was 2.8 g/kg. Based on previous studies, the appropriate oral gavage dose in our study was twice the clinical equivalent dose of YQHG, which was 5.6 g/kg per day. UHPLC-MS was conducted to confirm the stability and quality of YQHG extract.
TABLE 1 | Details of YQHG.
[image: Table 1]5/6 Nephrectomy and Drug Intervention Regimen
Male Sprague Dawley (SD) rats (no. 20210324Aazz0619000891, 6–8 weeks old, 200–230 g) were provided by Vital River Experimental Animal Co., Ltd. (Zhejiang, China). Rats were housed in a specific pathogen-free experimental animal center of Nanjing Agricultural University. Specifically, rats were housed in plastic cages and were freely provided with sufficient standard food and water. The environmental conditions of the room where the rats were raised included temperature (22 ± 2°C), humidity (50% ± 10%), and 12/12 h light/dark cycle. All animal experiments were performed according to the protocol approved by Animal Care and Use Committee of Nanjing Agricultural University (permission number PZW20200013). All surgeries were performed under appropriate anesthesia, and every efforts were made to minimize animal suffering.
CKD was induced by a two-step 5/6 nephrectomy as previously described (Zhang H.-F. et al., 2019). The procedure of the two-step operation was shown in Figures 1A,B. The operation process followed the principle of sterility. Notably, the abdominal cavity was flushed with 0.9% sterile saline to avoid postoperative abdominal adhesion after two surgical operations. Moreover, induction and maintenance of anesthesia (consumption of Isoflurane was 6 ml/h and 3 ml/h, respectively) during the operation were carried out with the Rodent Gas Anesthesia Machine (Yuyan-ABS). The sham-operated rats were stripped of fat sac without nephrectomy, while the surgical anesthesia and two operation time nodes were consistent with the 5/6 nephrectomized rats. In this experiment, rats underwent sham operation were used as sham group. The rats with 5/6 nephrectomy were randomly divided into model group and YQHG group. The daily doses of gavage substances were as follows: 1) sham group (sterile water); 2) model group (sterile water); 3) YQHG group (5.6 g/kg YQHG) (Figures 1C,D). Detailed grouping and drug intervention regimen will be further elaborated. During the experiment, all rats were weighed twice a week, and the drug doses were adjusted accordingly. At the end of the experiment, urine and fecal samples were collected from rats before sacrificed. Blood samples, renal and colon tissues were collected for further studies.
[image: Figure 1]FIGURE 1 | The 5/6 nephrectomy and drug intervention regimen. (A) Pattern diagram of 5/6 nephrectomy. (B) Surgical diagram of 5/6 nephrectomy. Step1: ablated 2/3 of the left kidney. Ⅰ Exposed the left kidney. Ⅱ Removed 2/3 of the left kidney and compressed the wound with gelatin sponge to stop bleeding. Ⅲ Confirmed that there was no bleeding on the cut surface, and then put the residual kidney into the abdominal cavity. Ⅳ Sutured the muscle layer and skin layer by layer, and applied iodophor for disinfection. Step2: nephrectomy of the right kidney. Ⅰ Exposed the right kidney. Ⅱ Ligation of renal pedicle with a sterile 3–0 suture. Ⅲ Removal of the right kidney. Ⅳ Sutured the muscle layer and skin layer by layer, and applied iodophor for disinfection. (C) Ten single granules of YQHG. (D) Time axis of model construction and drug intervention.
Co-Housing and Fecal Microbiota Transplantation Regimen
Recent works suggested that gut microbiota would be transferred between rodents in a shared living environment (i.e., co-housing). Specifically, the co-housing strategy is based on the fecal-eating characteristics of rodents. Co-housing of rodents with different microbiota would generate hybrid-microbiota (intermediate phenotype), which indicated that was a two-way microbial transfer (Surana and Kasper, 2017; Ralston et al., 2021). Co-housing and fecal microbiota transplantation (FMT) were the preferred strategies to achieve microbial transfer, which were widely used in the studies of causal relationship between gut microbiota and disease (Wu et al., 2019; Cai et al., 2021; Zhao et al., 2021). Based on the pre-experiment of microbiota transfer, in order to achieve the best effect of microbiota transfer, we chose co-housing combined with FMT in this study. Based on previous studies (Ji et al., 2019; Hong et al., 2021), the time for co-housing and FMT was set to 3 weeks in our study to achieve the microbial transfer, and to maximize the control of changes (such as physiological, gut microbiota) caused by time factors. The specific co-housing implementation regimen would be further illustrated through the flow chart in combination with the experimental grouping.
FMT was performed based on an established protocol (Ma et al., 2021; Sun et al., 2021). Briefly, fresh feces from the rats with YQHG treatment were collected under sterile conditions. Every 100 mg mixed feces were re-suspended in 1 ml of sterile saline. The solution was vigorously vortexed for 10 s before centrifugation at 1000 g (4°C) for 3 min. The suspension was collected and used as transplant material. Fresh transplant material was prepared within 10 min before oral gavage on the day of transplantation to prevent changes in the composition of the gut microbiota. The recipient rats were fed with fresh transplant material (1 ml for each rat daily) by oral gavage for 3 weeks.
Scr, BUN, and 24 h Urinary Protein Assay
Scr, BUN and 24 h urinary protein levels were measured using Scr, BUN and urinary protein quantification assay kits (C011-2-1, C013-2-1, C035-2-1; Nanjing Jiancheng Biotech Co., Ltd.) according to the manufacturer’s instruction. Among them, urinary protein quantification was undertook by 24 h urine collection with metabolic cages on the day before the rats were sacrificed. The formula is as follows: Urinary protein (mg/24 h) = urinary protein concentration (mg/L) × 24 h urine volume (L).
Histopathologic Evaluation and Fluorescence in Situ Hybridization
Tissue samples (kidney and colon) of rats were rinsed with precooled PBS (Biosharp) and then fixed in 4% paraformaldehyde (biosharp). Sections (4 μm) were cut from paraffin-embedded tissues and stained with H&E or Masson’s trichrome (Masson) (Solarbio). Histological images were captured using a Digital Slide Scanner (Type specification: Pannoramic DESK, P-MIDI, P250; Company: 3D HISTECH; Country: Hungary; Scanning software: Pannoramic Scanner). The steps for calculating the area of glomerular and tubulointerstitial fibrosis were as follows: First of all, CaseViewer2.4 software was used to select the glomerular (tubulointerstital) area for 40 × imaging. Try to fill the entire field of view with the tissue, and ensure that the background light of each image was consistent. Secondly, Image-Pro Plus 6.0 software (Media Cybernetics, Inc., United States) performed image analysis, set pixel as the standard unit, and two fields of view were selected for each slice. Finally, the fibrosis area was evaluated, that was, the percentage of fibrosis area (%) = glomerular (tubulointerstital) fibrosis area/glomerular (tubulointerstital) area × 100%.
Fluorescence in situ hybridization (FISH) is an effective approach for locating the spatial distribution of bacteria in tissue samples (Wang et al., 2020). In our study, FISH analysis was performed on renal tissues of rats, using Digoxin (DIG)-labeled universal probes targeting bacterial 16 S rRNA gene (Lim and Lim, 2017). FISH staining was performed as previously described (Moter and Göbel, 2000). The fluorescence signals were observed and detected by fluorescence microscope. The images were captured at × 200 magnification and processed by Image-Pro Plus 6.0 software.
Gut Microbiota Analysis
Feces of all rats were collected for gut microbiota analyses. The four main steps involved in the sequencing of gut microbiota were as follows: 1) Extraction of genome DNA: The total DNA of feces were extracted by E.Z.N.A.® Soil DNA Kit (Omega Bio-tek) according to manufacturer’s protocols. DNA concentration and purity were monitored on 1% agarose gel. 2) PCR amplification: The V3-V4 region of 16 S rRNA gene was amplified using specific primer (338F_806R) with the barcode. The PCR amplification was carried out using TransStart Fastpfu DNA polymerase kit. 3) PCR products quantification, mixing and purification: Refer to the preliminary quantification results of electrophoresis, QuantiFluor™ -ST Assay Kit (Promega) was used to detect and quantify the PCR products, and then mix the corresponding proportions according to the sequencing requirements of each sample. Then, the mixture of PCR products was purified with GeneJET Gel Extraction Kit (Thermo Fisher Scientific). 4) Library preparation and sequencing: The profiling was carried out on the MiSeq platform (Illumina, Inc., San Diego, CA, United States). The 16 S rRNA sequencing data were quality filtered using Fast Length Adjustment of Short reads (FLASH, Version 1.2.11). Operational taxonomic units (OTUs) were picked at a 97% similarity cut-off, and the purified amplicons were sequenced on an Illumina MiSeq platform at Majorbio Biopharm Technology Co., Ltd. (Shanghai, China) according to the standard protocols.
Fecal Short-Chain Fatty Acid Concentration Determination
50 μl of 15% phosphoric acid, 100 μl internal standard (isohexanoic acid, 125 μg/ml) solution, 400 μl of ether were added in an appropriate amount of fecal sample from rats; The Sample was homogenized for 60 s at 60 Hz (Repeated 2 times), and centrifuged at 12,000 rpm (4°C) for 10 min. The supernatant was collected and stored at −20°C until further processing. Concentrations of SCFAs were quantified by Gas Chromatography-Mass Spectrometry (GC-MS) (GC: Thermo, TRACE 1310; MS: Thermo, ISQ LT) detection method according to established protocols (Hsu et al., 2019; Zhang S. et al., 2019).
Intestinal Permeability Determination
FITC-dextran (FD-4, 4kDa, Sigma-Aldrich Corp., United States) was used to confirm gut leakiness in vivo. FITC-dextran was dissolved in PBS at a concentration of 100 mg/ml and administered to each rat (44 mg/100 g body weight) by oral gavage. A gap of 30 min between each rat was recommended for the FITC-dextran oral gavage (Gupta and Nebreda, 2014). After 4 h, the blood was collected. The blood was mixed by inverting the vacuum SST tube 3–4 times, and stored at 4°C in the dark. SST tubes were processed to separate the serum after blood had been collected from all the rats. Diluted the serum with an equal volume of PBS and added 100 μl of diluted serum to a 96-well microplate in duplicate. The concentration of FITC-dextran in serum was determined by spectrophotofluorometry with an excitation wavelength of 485 nm (20 nm band width) and an emission wavelength of 528 nm (20 nm band width). The serially diluted FITC-dextran (0, 125, 250, 500, 1,000, 2,000, 4,000, 6,000, 8,000 ng/ml) was used for the subsequent standard curve drawing. Serum from rat not administered with FITC-dextran was used to determine the background.
ELISA
PBS was added to the renal tissue (1 ml/0.1 g), and electro-homogenized sample was centrifuged to collect the supernatant. Subsequently, the rat IL-6 ELISA kit (bsk00042, Nanjing Jinyibai Biotech Co., Ltd.) was used to detect the expression of IL-6 according to the manufacture’s instructions.
Statistical Analysis
All data were expressed as means ± SEM. GraphPad Prism 9.0 software (GraphPad, CA, United States) was used for statistical analysis and image construction. We combined QQ plots with the Shapiro-Wilk test to assess data normality. For normally distributed data, one-way ANOVA followed by Tukey’s test was used. For non-normally distributed data, Kruskal-Wallis test followed by non-parametric Wilcoxon rank-sum test was used. p < 0.05 was considered statistically significant.
RESULTS
Standardization of YQHG
Before drug treatment, YQHG was chemically standardized. An UHPLC-MS approach was established to reveal the stability and qualification of YQHG (Supplementary Figure S1). The analytical conditions and sample preparation were as follows:
1) Analytical conditions: ①LC-MS/MS analysis was performed on a Agilent ultra-high performance liquid chromatography 1290 UPLC system with a Waters UPLC BEH C18 column (1.7 μm 2.1*100 mm). The flow rate was set at 0.4 ml/min and the sample injection volume was set at 5 μl. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The multi-step linear elution gradient program was as follows: 0–3.5 min, 95%–85% A; 3.5–6 min, 85%–70% A; 6–6 5 min, 70%–70% A; 6.5–12 min, 70%–30% A; 12–12.5 min, 30%–30% A; 12.5–18 min, 30%–0% A; 18–25 min, 0%–0 % A; 25–26 min, 0%–95% A; 26–30 min, 95%–95% A. ②An Q Exactive Focus mass spectrometer coupled with an Xcalibur software was employed to obtain the MS and MS/MS data based on the IDA acquisition mode. During each acquisition cycle, the mass range was from 100 to 1,500, and the top three of every cycle were screened and the corresponding MS/MS data were further acquired. 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) or -3.6 kV (negative).
2) Sample preparation: the samples were thawed on ice. After 30 s vortex, the samples were centrifuged at 12,000 rpm (RCF = 13,800 (×g), R = 8.6 cm) for 15 min at 4°C. 300 μl of supernatant was transferred to a fresh tube and 1,000 μl of extracted solution containing 10 μg/ml of internal standard was added, then the samples were sonicated for 5 min in ice-water bath.After placing 1 h in −40°C, the samples were centrifuged at 12,000 rpm (RCF = 13,800 (×g), R = 8.6 cm) for 15 min at 4°C. The supernatant was carefully filtered through a 0.22 μm microporous membrane, then take 100 μl from each sample and pooling as QC samples. Store at −80°C until the UHPLC- MS analysis.
YQHG is a representative traditional Chinese medicine (TCM) remedy for clinical treatment of CKD. However, its underlying mechanism has not been well elucidated. Our preliminary research conducted the disease target prediction of YQHG through network pharmacology. We found that these six components (Quercetin, Kaempferol, Isorhamnetin, Formononetin, Luteolin, Emodin) could be matched to therapeutic targets and were the main therapeutic components in YQHG. In addition, TCM mainly treats diseases at the system level. Whether other components also have the therapeutic effect needs to be further explored, which is also the direction of our later research. Non-target metabolomics method was used in this study, which detected relative abundance (peak area) of individual components. Relative abundance (peak area) of the six components were shown in Supplementary Table S1.
The peak positions of Quercetin, Kaempferol on the total ion chromatogram were shown in Supplementary Figure S1. Because the total ion chromatogram reflects the ionic strength information of all metabolites in the sample, and the retention times of the two components are close, what we see from this graph is overlapping. Therefore, we extracted and amplified the peak graph for the two components to make it easier to distinguish the two. In addition, we also supplemented the secondary mass spectrometry information of the two components to prove the difference between the two (Supplementary Figure S2).
In summary, YQHG could be used as qualified sample for the following animal study.
YQHG Improved Renal Function and Fibrosis in 5/6 Nephrectomized Rats
A comprehensive assessment of renal appearance (colour, capsule, border, weight), related parameters (Scr, BUN, urinary protein, glomerular fibrosis area, tubulointerstitial fibrosis area), and renal tissue histopathology (H&E, Masson) were conducted to explore the potential therapeutic value of YQHG on CKD. To this end, the experimental design was established (Figure 2A). In this part, there were three groups in total, namely the sham group, the model group, and the YQHG group (n = 6 for each group). As expected, the model group exhibited weight loss, pale kidneys, uneven borders, and hard-to-peel capsules. Remarkably, YQHG treatment impeded disease progression, which was shown by increased weight of rats (Figure 2B), recovery of reddish-brown kidneys, integrity of borders, and smoothness of the capsules (Figure 2C). Scr, BUN, and urinary protein are the key markers indicating the renal dysfunction. Our results showed that compared with the model group, the levels of the three parameters were significantly decreased in the YQHG group (Figures 2D–F). Histopathological analysis clearly showed inflammatory infiltration, mesangial expansion, tubular atrophy and dilation, glomerular sclerosis, and interstitial fibrosis in 5/6 nephrectomized rats, all of which were dramatically ameliorated by YQHG treatment (Figure 2G). Moreover, the areas of glomerular and tubulointerstitial fibrosis were significantly reduced in the YQHG group (Figures 2H,I). Taken together, these data indicated that YQHG had a profound protective effect on 5/6 nephrectomized rats, which was characterized by alleviating tissue damage, improving renal function and reducing renal fibrosis.
[image: Figure 2]FIGURE 2 | YQHG improves renal function and fibrosis in 5/6 nephrectomized rats. (A) Experimental design. (B) The body weight of the rats was measured. (C) The kidney of the rats was photographed. (D–F) Effects of YQHG treatment on levels of Scr, BUN, and urinary protein in 5/6 nephrectomized rats. (G) Representative images of H&E (40 × Magnification, Scale bar 20 μm) staining and Masson (40 × Magnification, scale bar 20 μm) staining of renal tissues. (H–I) Quantitative analysis of glomerular fibrosis area and tubulointerstital fibrosis area based on Masson staining. All data are expressed as means ± SEM. For normally distributed data (body weight, Scr, BUN, urinary protein, glomerular fibrosis area, tubulointerstital fibrosis area), one-way ANOVA followed by Tukey’s test was used. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05, ##p < 0.01 vs. the model group.
YQHG Altered Bacterial Communities and Increased the Abundance of SCFA-Producing Bacteria in 5/6 Nephrectomized Rats
Given that the restoration of the gut microbiota played a key role in alleviating diseases (Ren et al., 2020; Zhu et al., 2021), we subsequently examined the effects of YQHG on gut microbiota in 5/6 nephrectomized rats. PCoA based on Bray-Curtis distance revealed that the gut microbial composition of the YQHG group was close to that of the sham group and distinct from that of the model group (Figure 3A). The community analysis at the phylum level showed that compared with the sham group and the YQHG group (Figure 3B), the gut microbial composition of the model group changed in certain bacteria, such as Firmicutes and Bacteroidetes (Figure 3C). In our study, 5/6 nephrectomy reduced the relative abundance of Firmicutes, while YQHG treatment increased its level to be close to that of sham-operated rats. Because Firmicutes constitutes the major SCFA-producing bacteria, our results might indicate an increase in SCFA production in YQHG-treated rats. Three families (e.g., Lachnospiraceae, Ruminococcaceae and Lactobacillaceae) are the major SCFA-producing taxa within Firmicutes phylum. Little is known about the functional capacity of these families individually; However, bacteria within these families had been found to be positively correlated with SCFA-related improvements in intestinal barrier integrity and function. The relative abundance of genera within Ruminococcaceae and Lachnospiraceae were not statistically different among the groups (Figure 3D). Within the Lactobacillaceae family, an increase in Lactobacillus was observed in the YQHG group (Figure 3E). To further understand the impact of YQHG on the Lactobacillus, we then conducted a detailed analysis of species within it. Among the species, Lactobacillus_gasseri was increased in abundance as a result of YQHG treatment (Figure 3E). Notably, the SCFA-producing bacteria improved by YQHG treatment were the dominant bacteria in the three groups, which were shown in Figure 3F.
[image: Figure 3]FIGURE 3 | YQHG treatment modulates the gut microbiota in 5/6 nephrectomized rats. (A) PCoA based on Bray-Curtis distance in bacterial communities on four levels (phylum, family, genus, species). (B) Relative abundance of gut microbiota on phylum level. (C) Relative abundance of Firmicutes and Bacteroidetes on phylum level. (D) Relative abundance of genera within the Ruminococcaceae family and Lachnospiraceae family. (E) Relative abundance of genera and species within the Lactobacillaceae family. (F) Circos diagram of species-sample relationship on three levels (family, genus, species). The small semicircle (top half circle) indicates the composition of the gut microbiota in each group, the color of the outer ribbon represents which group it comes from, the color of the inner ribbon represents the gut microbiota, and the length represents the relative abundance of gut microbiota in the corresponding group; the large semicircle (bottom half circle) indicates the distribution ratio of gut microbiota in different groups on the taxa level. The outer color band represents the gut microbiota, the inner color band represents different groups, and the length represents the distribution ratio of the group in a certain gut microbiota. All data are expressed as means ± SEM. For normally distributed data (Firmicutes, Bacteroidetes, genera within the Ruminococcaceae family and Lachnospiraceae family, Lactobacillus_gasseri, Lactobacillus_murinus, Lactobacillus_reuteri), one-way ANOVA followed by Tukey’s test was used. For non-normally distributed data (Lactobacillus), Kruskal-Wallis test followed by non-parametric Wilcoxon rank-sum test was used. *p < 0.05, **p < 0.01 vs. the sham group; ##p < 0.01 vs. the model group.
The restoration of SCFAs played a key role in improving the intestinal barrier to alleviate CKD (Knauf et al., 2019), we then considered whether YQHG affected SCFA concentrations in 5/6 nephrectomized rats. Our results showed that YQHG treatment significantly increased the concentrations of fecal SCFAs, especially the acetic acid and butyric acid (Figure 4). Taken together, these results demonstrated that YQHG treatment effectively reshaped the gut microbiota and increased the abundance of SCFA-producing bacteria, leading to increased fecal acetic acid and butyric acid concentrations in 5/6 nephrectomized rats.
[image: Figure 4]FIGURE 4 | YQHG treatment regulates the concentrations of fecal SCFAs in 5/6 nephrectomized rats. All data are expressed as means ± SEM. For normally distributed data (Total, Acetic acid), one-way ANOVA followed by Tukey’s test was used. For non-normally distributed data (Butyric acid, Propionic acid, Isobutyric acid, Isovaleric acid, Valeric acid, Caproic acid), Kruskal-Wallis test followed by non-parametric Wilcoxon rank-sum test was used. *p < 0.05 vs the sham group; #p < 0.05, ##p < 0.01 vs. the model group.
YQHG Improved Intestinal Barrier Integrity in 5/6 Nephrectomized Rats
The colon tissue of 5/6 nephrectomized rats was damaged as shown by HE staining, including obvious edema of the mucosa and submucosa, and distortion of the crypts. Specifically, widened openings and clubbed finger-like changes appeared in the crypts. However, these damage signs were attenuated by YQHG treatment (Figure 5A). In addition, the concentration of FITC-dextran in the model group was significantly higher than that in the sham group and the YQHG group. In contrast, with YQHG treatment, the permeability of intestinal barrier was significantly improved, characterized by decreased FITC-dextran concentration (Figures 5B,C). FISH is an efficient approach to localize the spatial distribution of bacteria in tissue samples. Compared with the sham group and YQHG group, the renal tissue of the model group had stronger bacterial signals (Figure 5D). Our previous study found that the key active compound quercetin in YQHG possessed a perfect binding conformation with IL-6 (Supplementary Figure S2). Moreover, researches have found that the expression of IL-6 is closely related to renal inflammation and fibrosis (Feigerlová and Battaglia-Hsu, 2017; Rops et al., 2018; Rocha et al., 2021). Thus, in this study, IL-6 was selected by us as a potential marker to evaluate renal inflammation. As expected, a marked decrease in IL-6 expression was observed in the YQHG group (Figure 5E). Taken together, our findings suggested that YQHG significantly improved intestinal barrier integrity and microbial translocation, ultimately contributing to reduced renal inflammation.
[image: Figure 5]FIGURE 5 | YQHG improves intestinal barrier integrity in 5/6 nephrectomized rats. (A) Representative images of H&E (2.0 × Magnification, Scale bar 500 μm) staining of colon tissues. (B) Details of the gut barrier permeability assay. (C) The concentration of FITC-dextran in serum was determined. (D) Representative images of FISH analysis (20 × Magnification, Scale bar 50 μm; 40 × Magnification, Scale bar 20 μm) in renal tissues. The red and blue fluorescent signals represent the probe and the nucleus, respectively. White arrows represent glomerulus, and gray arrows represent tubulointerstitium (20 × Magnification, Scale bar 50 μm). (E) The expression of IL-6 in renal tissues was determined. All data are expressed as means ± SEM. For non-normally distributed data (FITC-Dextran, IL-6), Kruskal-Wallis test followed by non-parametric Wilcoxon rank-sum test was used. **p < 0.01 vs. the sham group; ##p < 0.01 vs. the model group.
Receiving Gut Microbiota From YQHG-Treated Rats Improved Renal Function and Fibrosis
In order to determine whether the therapeutic effects of YQHG on CKD were causally related to its regulation of the gut microbiota, we subsequently conducted a microbiota-transfer study (co-housing and FMT).
A total of five groups were included in this part of the experiment, namely the sham group, the model group, the CoHo-model group, the CoHo-YQHG group, and the YQHG group (n = 6 for each group) (Figure 7A). Specifically, the 5/6 nephrectomized rats treated with YQHG for 8 weeks were randomly divided into YQHG group and CoHo-YQHG group. At the same time, the 5/6 nephrectomized rats treated with sterile water for 8 weeks was randomly divided into model group and CoHo-model group. Among them, the CoHo-model group and the CoHo-YQHG group mean that model rats co-housed with YQHG rats. Based on the fecal-eating characteristics of rodents, model rats could receive gut microbiota from YQHG rats. The cages were divided as follows:
1) For the co-housing groups: a total of six cages with two rats per cage (CoHo-model group × 1, CoHo-YQHG group × 1). During the co-housing period (3 weeks), FMT was performed on the CoHo-model group (Figure 6). Based on the microbiota-transfer strategy (Co-housing and FMT), the CoHo-model group received gut microbiota from the YQHG-treated rats.
2) For non-co-housing groups: ① Sham group (a total of two cages with three rats per cage). ② model group (a total of two cages with three rats per cage). ③ YQHG group (a total of two cages with three rats per cage).
[image: Figure 6]FIGURE 6 | Design of microbiota-transfer study (Co-housing and FMT).
After the microbiota-transfer study, rat samples (urine, feces, serum, plasma, renal and colon tissues) were collected for evaluation of disease manifestations and clinical parameters. As expected, YQHG treatment significantly delayed the progression of CKD in rats compared with the model group. Notably, compared with the model group, the rats in the CoHo-model group showed increased body weight and improved renal appearance (colour, capsule, border) (Figures 7B,C information of Quercetin). In addition, the Scr, BUN and urinary protein1 levels of the CoHo-model group were significantly lower than than those of the model group (Figures 7D–F). Histopathological analysis showed that the inflammatory infiltration, mesangial expansion, tubular atrophy and dilation, glomerular sclerosis, and interstitial fibrosis in the model group were significantly ameliorated in the CoHo-model group (Figure 7G). Quantitative analysis based on Masson staining showed that the area of glomerular fibrosis in the CoHo-model group was significantly lower than that in the model group (Figure 7H). In addition, although compared with the model group, the area of tubulointerstital fibrosis in the CoHo-model group was not significantly decreased, but there was a trend of improvement (Figure 7I).
[image: Figure 7]FIGURE 7 | Receiving gut microbiota from YQHG-treated rats improves renal function and fibrosis. (A) Experimental design. (B) The body weight of the rats was measured. (C) The kidney of the rats was photographed. (D–F) Effects of fecal transfer (transplant) from YQHG-treated rats on Scr, BUN, and urinary protein levels. (G) Representative images of H&E (40 × Magnification, Scale bar 20 μm) staining and Masson (40 × Magnification, scale bar 20 μm) staining of renal tissues. (H,I) Quantitative analysis of glomerular fibrosis area and tubulointerstital fibrosis area based on Masson staining. All data are expressed as means ± SEM. For normally distributed data (body weight, Scr, BUN, urinary protein, glomerular fibrosis area, tubulointerstital fibrosis area), one-way ANOVA followed by Tukey’s test was used. *p < 0.05, **p < 0.01 vs. the sham group; #p < 0.05, ##p < 0.01 vs. the model group.
Receiving Gut Microbiota From YQHG-Treated Rats Altered Bacterial Communities and Increased SCFA Concentrations
In order to study the causal relationship between the gut microbiota and disease progression, we first realized the alteration of gut microbiota in co-housed rats based on the microbiota-transfer experiment. The sham group was used as the baseline, PCoA revealed that the gut microbial composition of the CoHo-model group was close to that of the sham group and distinct from that of the model group (Figure 8A). The different bacteria taxa between the model group and the CoHo-model group were shown in Figure 8B, Which were mainly distributed in three families (Lactobacillaceae, Bacteroidaceae, Prevotellaceae). Notably, 1/4 of these different bacteria belonged to the major SCFA-produding family (Lactobacillaceae). Our results showed that rats in the CoHo-model group had achieved gut microbiota transfer and remodeling. We further investigated the impact of microbiota-transfer study on the SCFA-producing bacteria and SCFA concentrations. PCoA revealed a distinct shift of bacteria communities in the model group compared with the other four groups (Figure 8C). Compared with the model group, the CoHo-model group demonstrated an increase in the relative abundance of SCFA-producing bacteria (Lactobacillaceae, Lactobacillus and Lactobacillus_gasseri) (Figures 8D–F). Notably, the SCFA-producing bacteria reversed by the CoHo-model group were the dominant bacteria in the five groups, as showen in Figure 8H.
[image: Figure 8]FIGURE 8 | The alteration of gut microbiota and SCFA concentrations in co-housed rats. (A,B) Fecal transfer (transplant) from YQHG-treated rats modulates gut microbiota composition. PCoA based on Bray-Curtis distance in bacterial communities on four levels (phylum, family, genus, species) (A). Differences in bacterial taxa between the model group and the CoHo-model group (B). (C–J) The alteration of gut microbiota and SCFA concentrations in five groups. PCoA based on Bray-Curtis distance in bacterial communities on four levels (phylum, family, genus, species) (C). Relative abundances of fecal Lactobacillaceae (D), Lactobacillus (E), Lactobacillus_gasseri (F), and Lactobacillus_murinus (G). Circos diagram of species-sample relationship on three levels (family, genus, species) (H). The concentrations of fecal acetic acid (I) and butyric acid (J). All data are expressed as means ± SEM. For normally distributed data (Lactobacillus_gasseri, Acetic acid), one-way ANOVA followed by Tukey’s test was used. For non-normally distributed data (Lactobacillaceae, Lactobacillus, Lactobacillus_murinus, Butyric acid), Kruskal-Wallis test followed by non-parametric Wilcoxon rank-sum test was used. *p < 0.05, **p < 0.001 vs. the sham group; #p < 0.05, ##p < 0.01 vs. the model group.
In light of the discovery that receiving gut microbiota from YQHG-treated rats could remarkably increase the relative abundance of SCFA-producing bacteria, we subsequently evaluated the effect of microbiota-transfer (transplant) on fecal SCFA concentrations. Indeed, our results showed that the fecal acetic acid and butyric acid concentrations of the CoHo-model group were significantly higher than those of the model group (Figures 8I,J).
Receiving Gut Microbiota From YQHG-Treated Rats Improved Intestinal Barrier Integrity
To gain further insight into the mechanisms by which co-housing provides protection to the kidneys, we subsequently analyzed the alteration of gut barrier integrity in co-housed rats. HE staining of the colon tissue showed that mucosal and submucosa edema, and crypt distortion were significantly improved in the CoHo-model group compared with the model group (Figure 9A). Furthermore, the decreased permeability of intestinal barrier and controlled microbial translocation were observed in the CoHo-model group (Figures 9B–D). Finally, compared with the model group, renal inflammation was alleviated in the CoHo-model group, which was characterized by decreased IL-6 expression (Figure 9E). Thus, our results suggested that intestinal barrier protection provided by co-housing was causally related to the mediating effects of gut microbiota, especially SCFA-producing bacteria.
[image: Figure 9]FIGURE 9 | Receiving gut microbiota from YQHG-treated rats improves intestinal barrier integrity. (A) Representative images of H&E (2.0 × Magnification, Scale bar 500 μm) staining of colon tissues. (B) The concentration of FITC-dextran in serum was determined. (C) Representative images of FISH analysis (20 × Magnification, Scale bar 50 μm; 40 × Magnification, Scale bar 20 μm) in renal tissues. The red and blue fluorescent signals represent the probe and the nucleus, respectively. White arrows represent glomerulus, and gray arrows represent tubulointerstitium (20 × Magnification, Scale bar 50 μm). (D) The expression of IL-6 in renal tissue was determined. All data are expressed as means ± SEM. For non-normally distributed data (FITC-Dextran, IL-6), Kruskal-Wallis test followed by non-parametric Wilcoxon rank-sum test was used. **p < 0.01 vs. the sham group; #p < 0.05, ##p < 0.01 vs. the model group.
DISCUSSION
YQHG is a prescription based on the pathogenesis of renal disease in TCM, and it has been used in clinical practice for a long time. Our previous study showed that YQHG could ameliorate renal dysfunction by regulating autophagy, apoptosis and inflammatory response (Liu et al., 2016). However, the potential mechanism of YQHG in treating CKD based on the gut microbial ecosystem has never been explored. Our present study clearly indicated that YQHG treatment significantly prevented the progression of CKD, which was characterized by the increased body weight, improved renal appearance and function, reduced tissue damage in 5/6 nephrectomized rats. Regardless of the cause, renal fibrosis is a common result of most progressive renal diseases and is closely related to worsening renal function. Importantly, we demonstrated that 5/6 nephrectomized rats treated with YQHG showed a significant improvement in renal fibrosis, as evidenced by the reduction in the area of glomerular and tubulointerstitial fibrosis. Of note, we found that YQHG played an important role in regulating bacterial communities, especially increasing the relative abundance of SCFA-producing bacteria, which in turn led to the improved SCFA concentrations and intestinal barrier integrity. Ultimately, controlled microbial translocation contributed to the alleviation of renal inflammation. Our microbiota-transfer study (co-housing and FMT) further supported that the protective effects of YQHG against CKD depended on its modulation of gut microbiota. Therefore, the present study not only provides a new perspective on the pathogenesis of CKD, but also confirms that YQHG has a potential therapeutic value for CKD by targeting the gut microbiota.
CKD is characterized by increased morbidity and mortality. Although the underlying mechanism of CKD is still elusive, evidence has suggested that part of its pathogenesis is attributed to the imbalance of the gut microbial ecosystem (Meijers et al., 2019). In this study, a CKD rat model was constructed by 5/6 nephrectomy. Removal of 5/6 renal parenchyma effectively reduces the number of nephrons, which in turn leads to the elevated perfusion, filtration and pressure of the remaining nephrons. Persistent overload leads to 1/6 remnant renal parenchyma unable to maintain homeostasis, which ultimately contributes to the gradual loss of renal function (Kujal and Vernerová, 2008). At present, the 5/6 nephrectomy model has been recognized as the classical model most similar to human CKD. It has been widely used to study the therapeutic effect of drugs on CKD (Mizukami et al., 2019; López-Baltanás et al., 2021; Zhou et al., 2021). Moreover, the 5/6 nephrectomy model also show significant gut microbiota dysbiosis (Liu et al., 2018; Feng et al., 2019), and this model may be suitable in this study. Our current study showed that significant changes in the bacterial community were observed in 5/6 nephrectomized rats, which was consistent with previous studies (Nishiyama et al., 2019; Ji et al., 2021). Of note, YQHG treatment conferred a profound protection of gut microbiota, preventing the imbalance of bacterial community and the impairment of SCFA-producing bacteria in 5/6 nephrectomized rats. Specifically, bacteria that contain SCFA-producing taxa (e.g., members of the Lactobacillaceae) were reduced in relative abundance as a result of rats with 5/6 nephrectomy. These results implied that the reduced SCFA-producing bacteria constituted part of the pathogenesis of CKD, and it may become a promising therapeutic target for the drugs against CKD. To support this notion, our study demonstrated that within the Lactobacillaceae family, the relative abundance of Lactobacillus and Lactobacillus_gasseri was significantly restored by YQHG treatment. In concert with the observation of increased SCFA-producing taxa, we found that prominent SCFAs in feces, including acetic acid and butyric acid were markedly higher in rats with YQHG treatment.
An accumulating body of evidence now suggests that impaired intestinal barrier contributes to many intestinal or extra-intestinal diseases, including inflammatory bowel diseases (IBDs) (Cheng et al., 2021), systemic lupus erythematosus (SLE) (Pan et al., 2021), obesity, etc (Kang et al., 2021). The latest study has found that the impaired intestinal barrier is also existed in CKD, which is known as leaky gut. It is characterized by increased permeability of intestinal barrier (Meijers et al., 2018). The underlying mechanisms of intestinal barrier damage related to gut microbiota imbalance in CKD are as follows: ①The blood urea concentration in CKD patients is significantly increased, which promotes the proliferation of urease-producing bacteria after dispersing into the intestinal lumen. Urea is hydrolyzed by urease to produce ammonia, which results in increased ammonia production in the intestinal lumen due to urease imbalance. As a result, it causes increased intestinal pH, mucosal damage, and structural damage to the intestinal wall, ultimately leading to the increased permeability of intestinal barrier (Vaziri et al., 2013b). ②The imbalance of SCFA-producing bacteria leads to a decrease in the SCFAs concentrations, which greatly reduces the nutrition and energy sources of colon tissue. In theory, it can aggravate intestinal barrier damage (Vos et al., 2022). ③Intestinal barrier damage stimulates leukocyte infiltration, resulting in local inflammation and related pro-inflammatory cytokines that can induce tight junction protein endocytosis, further leading to increased permeability of intestinal barrier (Al-Sadi et al., 2009).
Increased intestinal permeability may lead to the translocation of bacterial components from the intestinal lumen to systemic circulation, ultimately contributing to aggravated renal inflammation (Lau et al., 2015). These results suggest that effective improvement of intestinal barrier may be the key to alleviating the progression of CKD. The values of SCFAs in maintaining intestinal homeostasis had been widely explored (Felizardo et al., 2019). Higher concentrations of SCFAs decrease luminal PH, which brings perfect environment for the production of acetic acid, propionic acid and butyric acid (Morrison and Preston, 2016). Acetic acid, which is the most abundant SCFA, is a vital co-factor for bacteria growth (Duncan et al., 2004). Moreover, propionic acid and butyric acid are energy sources for colonocytes, and these SCFAs may enhance intestinal health by reducing the permeability of the intestinal barrier (Pace et al., 2021; Tang et al., 2022). Evidence showed that the concentrations of SCFAs, especially acetic acid and butyric acid, were significantly reduced in CKD. However, improved intestinal barrier and renal function were observed through the supplementation of SCFAs, especially butyric acid (Deng et al., 2021). Previous studies indicated that the alleviation of renal dysfunction was related to the improved SCFA concentrations and intestinal barrier.
Our subsequent research further supported this notion. First, it was consistent with the fact that the reduced total SCFA concentrations were observed in 5/6 nephrectomized rats. However, it was worth noting that YQHG treatment significantly restored the concentrations of fecal total SCFAs, especially acetic acid and butyric acid. Furthermore, FD-4 experiment suggested that the intestinal permeability of rats with YQHG treatment was significantly improved. Moreover, by FISH analysis, we found that the bacterial signals in the renal tissue of 5/6 nephrectomized rats was significantly higher than that of rats with YQHG treatment. This result indirectly supported the view that YQHG could improve the intestinal barrier and control the influx of bacterial components into the kidney via the systemic circulation. Our previous study found that the key active compound quercetin in YQHG possessed a good binding conformation with IL-6. In addition, researches reported that the reduction of IL-6 expression may contribute to alleviate tissue inflammation and fibrosis in CKD rats (Bian et al., 2019). Therefore, in the end, we explored the improvement of renal inflammation by targeting IL-6. Our current study found that YQHG treatment decreased the expression of IL-6 in renal tissue, which was consistent with previous results.
To further confirm the importance of gut microbiota for YQHG in the treatment of CKD, microbiota-transfer study (co-housing and FMT) was used to reshape the bacterial community of co-housed animals. Impressively, the kidneys of the rats in the CoHo-model group was deeply protected after the microbial transfer, which was characterized by the alleviated renal inflammation, fibrosis and dysfunction. The results showed that the protective effect of YQHG was partly attributed to the mediation of the gut microbiota, especially the SCFA-producing bacteria. Future research may be needed to investigate how YQHG supports the survival or expansion of SCFA-producing bacteria.
In summary, our data identified YQHG as an important exogenous regulator of crosstalk between the gut microbial ecosystem and CKD. Specifically, the improved SCFA-producing bacteria and intestinal barrier were critically involved in the therapeutic effect of YQHG on CKD. Our current findings propose a microbiota-targeted intervention and indicate that YQHG may become a novel promising treatment for CKD.
LIMITATION

1) In addition to constructing a surgical-induced model, a second non-surgical experimental model of CKD (such as the adenine-induced CKD rat model) should be included to rule out model-specific in subsequent experiments. (2) Given known variability in surgically induced CKD, it is necessary to check for kidney function measures prior to initiation of the intervention in our subsequent experiments. (3) The gut-derived uremic toxins (e.g., IS, pCS). are closely associated with CKD. In the context of CKD, the increased synthesis of IS and pCS (the shift in the metabolic pattern of gut microbiota leads to the increase of precursors) and the decreased excretion (high protein affinity and decreased renal tubular secretory function) further promote the progression of CKD (Yang et al., 2018; Huang et al., 2020). The detection of those uremic toxins should be included in our follow-up studies.
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Supplementary Figure S1 | Fingerprint of YQHG based on UHPLC-MS approach.
Supplementary Figure S2 | The information of Quercetin and Kaemferol. (A) Extracted and amplified the peak graph for the two components. (B) The secondary mass spectrometry information of the two components.
Supplementary Figure S3 | The binding mode of IL-6 protein with Quercetin. (A) The 3D structure of complex. (B) The surface of active site. (C) The detail binding mode of complex. The backbone of protein is rendered in tube and colored in green. Compound is rendering by yellow. Yellow dash represents hydrogen bond distance or π-stacking.
REFERENCES
 Abboud, H., and Henrich, W. L. (2010). Clinical Practice. Stage IV Chronic Kidney Disease. N. Engl. J. Med. 362 (1), 56–65. doi:10.1056/NEJMcp0906797
 Al-Sadi, R., Boivin, M., and Ma, T. (2009). Mechanism of Cytokine Modulation of Epithelial Tight Junction Barrier. Front. Biosci. (Landmark Ed.) 14 (7), 2765–2778. doi:10.2741/3413
 Anders, H. J., Andersen, K., and Stecher, B. (2013). The Intestinal Microbiota, a Leaky Gut, and Abnormal Immunity in Kidney Disease. Kidney. Int. 83 (6), 1010–1016. doi:10.1038/ki.2012.440
 Andersen, K., Kesper, M. S., Marschner, J. A., Konrad, L., Ryu, M., Kumar Vr, S., et al. (2017). Intestinal Dysbiosis, Barrier Dysfunction, and Bacterial Translocation Account for CKD-Related Systemic Inflammation. J. Am. Soc. Nephrol. 28 (1), 76–83. doi:10.1681/ASN.2015111285
 Bian, X., Bai, Y., Su, X., Zhao, G., Sun, G., and Li, D. (2019). Knockdown of Periostin Attenuates 5/6 Nephrectomy-Induced Intrarenal Renin-Angiotensin System Activation, Fibrosis, and Inflammation in Rats. J. Cell. Physiol. 234 (12), 22857–22873. doi:10.1002/jcp.28849
 Cai, S., Paudel, S., Jin, L., Ghimire, L., Taylor, C. M., Wakamatsu, N., et al. (2021). NLRP6 Modulates Neutrophil Homeostasis in Bacterial Pneumonia-Derived Sepsis. Mucosal. Immunol. 14 (3), 574–584. doi:10.1038/s41385-020-00357-4
 Cheng, Y., Hall, T. R., Xu, X., Yung, I., Souza, D., Zheng, J., et al. (2021). Targeting uPA-uPAR Interaction to Improve Intestinal Epithelial Barrier Integrity in Inflammatory Bowel Disease. EBioMedicine 75, 103758. doi:10.1016/j.ebiom.2021.103758
 Deng, M., Li, X., Li, W., Gong, J., Zhang, X., Ge, S., et al. (2021). Short-Chain Fatty Acids Alleviate Hepatocyte Apoptosis Induced by Gut-Derived Protein-Bound Uremic Toxins. Front. Nutr. 8, 756730. doi:10.3389/fnut.2021.756730
 Duncan, S. H., Holtrop, G., Lobley, G. E., Calder, A. G., Stewart, C. S., and Flint, H. J. (2004). Contribution of Acetate to Butyrate Formation by Human Faecal Bacteria. Br. J. Nutr. 91 (6), 915–923. doi:10.1079/BJN20041150
 Erny, D., Dokalis, N., Mezö, C., Castoldi, A., Mossad, O., Staszewski, O., et al. (2021). Microbiota-Derived Acetate Enables the Metabolic Fitness of the Brain Innate Immune System during Health and Disease. Cell. Metab. 33 (11), 2260–2276. doi:10.1016/j.cmet.2021.10.010
 Feigerlová, E., and Battaglia-Hsu, S. F. (2017). IL-6 Signaling in Diabetic Nephropathy: From Pathophysiology to Therapeutic Perspectives. Cytokine. Growth. Factor. Rev. 37, 57–65. doi:10.1016/j.cytogfr.2017.03.003
 Felizardo, R. J. F., Watanabe, I. K. M., Dardi, P., Rossoni, L. V., and Câmara, N. O. S. (2019). The Interplay Among Gut Microbiota, Hypertension and Kidney Diseases: The Role of Short-Chain Fatty Acids. Pharmacol. Res. 141, 366–377. doi:10.1016/j.phrs.2019.01.019
 Feng, Y. L., Cao, G., Chen, D. Q., Vaziri, N. D., Chen, L., Zhang, J., et al. (2019). Microbiome-Metabolomics Reveals Gut Microbiota Associated with Glycine-Conjugated Metabolites and Polyamine Metabolism in Chronic Kidney Disease. Cell. Mol. Life. Sci. 76 (24), 4961–4978. doi:10.1007/s00018-019-03155-9
 GBD Chronic Kidney Disease Collaboration (2020). Global, Regional, and National Burden of Chronic Kidney Disease, 1990-2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet 395 (10225), 709–733. doi:10.1016/S0140-6736(20)30045-3
 Gupta, J., and Nebreda, A. (2014). Analysis of Intestinal Permeability in Mice. Bio. Protoc. 4 (22), e1289. doi:10.21769/BioProtoc.1289
 Hong, Y., Sheng, L., Zhong, J., Tao, X., Zhu, W., Ma, J., et al. (2021). Desulfovibrio Vulgaris, a Potent Acetic Acid-Producing Bacterium, Attenuates Nonalcoholic Fatty Liver Disease in Mice. Gut. Microbes. 13 (1), 1–20. doi:10.1080/19490976.2021.1930874
 Hsu, Y. L., Chen, C. C., Lin, Y. T., Wu, W. K., Chang, L. C., Lai, C. H., et al. (2019). Evaluation and Optimization of Sample Handling Methods for Quantification of Short-Chain Fatty Acids in Human Fecal Samples by GC-MS. J. Proteome. Res. 18 (5), 1948–1957. doi:10.1021/acs.jproteome.8b00536
 Huang, Y., Zhou, J., Wang, S., Xiong, J., Chen, Y., Liu, Y., et al. (2020). Indoxyl Sulfate Induces Intestinal Barrier Injury through IRF1-DRP1 Axis-Mediated Mitophagy Impairment. Theranostics 10 (16), 7384–7400. doi:10.7150/thno.45455
 Ji, C., Deng, Y., Yang, A., Lu, Z., Chen, Y., Liu, X., et al. (2020). Rhubarb Enema Improved Colon Mucosal Barrier Injury in 5/6 Nephrectomy Rats May Associate with Gut Microbiota Modification. Front. Pharmacol. 11, 1092. doi:10.3389/fphar.2020.01092
 Ji, C., Li, Y., Mo, Y., Lu, Z., Lu, F., Lin, Q., et al. (2021). Rhubarb Enema Decreases Circulating Trimethylamine N-Oxide Level and Improves Renal Fibrosis Accompanied with Gut Microbiota Change in Chronic Kidney Disease Rats. Front. Pharmacol. 12, 780924. doi:10.3389/fphar.2021.780924
 Ji, J., Ge, X., Chen, Y., Zhu, B., Wu, Q., Zhang, J., et al. (2019). Daphnetin Ameliorates Experimental Colitis by Modulating Microbiota Composition and Treg/Th17 Balance. FASEB. J. 33 (8), 9308–9322. doi:10.1096/fj.201802659RR
 Jiang, S., Xie, S., Lv, D., Wang, P., He, H., Zhang, T., et al. (2017). Alteration of the Gut Microbiota in Chinese Population with Chronic Kidney Disease. Sci. Rep. 7 (1), 2870–2880. doi:10.1038/s41598-017-02989-2
 Jiang, S., Xie, S., Lv, D., Zhang, Y., Deng, J., Zeng, L., et al. (2016). A Reduction in the Butyrate Producing Species Roseburia Spp. And Faecalibacterium Prausnitzii is Associated with Chronic Kidney Disease Progression. Ant. Van. Leeuwenhoek. 109 (10), 1389–1396. doi:10.1007/s10482-016-0737-y
 Kang, Y., Kang, X., Yang, H., Liu, H., Yang, X., Liu, Q., et al. (2021). Lactobacillus Acidophilus Ameliorates Obesity in Mice through Modulation of Gut Microbiota Dysbiosis and Intestinal Permeability. Pharmacol. Res. 175, 106020. doi:10.1016/j.phrs.2021.106020
 Knauf, F., Brewer, J. R., and Flavell, R. A. (2019). Immunity, Microbiota and Kidney Disease. Nat. Rev. Nephrol. 15 (5), 263–274. doi:10.1038/s41581-019-0118-7
 Kujal, P., and Vernerová, Z. (2008). 5/6 Nephrectomy as an Experimental Model of Chronic Renal Failure and Adaptation to Reduced Nephron Number. Cesk. Fysiol. 57 (4), 104–109. PMID: 19526664.
 Lau, W., Kalantar-Zadeh, K., and Vaziri, N. D. (2015). The Gut as a Source of Inflammation in Chronic Kidney Disease. Nephron 130 (2), 92–98. doi:10.1159/000381990
 Lim, A. S., and Lim, T. H. (2017). Fluorescence In Situ Hybridization on Tissue Sections. Methods. Mol. Biol. 1541, 119–125. doi:10.1007/978-1-4939-6703-2_11
 Liu, H., Gu, L. B., Tu, Y., Hu, H., Huang, Y. R., and Sun, W. (2016). Emodin Ameliorates Cisplatin-Induced Apoptosis of Rat Renal Tubular Cells In Vitro by Activating Autophagy. Acta. Pharmacol. Sin. 37 (2), 235–245. doi:10.1038/aps.2015.114
 Liu, P., Wang, Y., Yang, G., Zhang, Q., Meng, L., Xin, Y., et al. (2021). The Role of Short-Chain Fatty Acids in Intestinal Barrier Function, Inflammation, Oxidative Stress, and Colonic Carcinogenesis. Pharmacol. Res. 165, 105420. doi:10.1016/j.phrs.2021.105420
 Liu, Y., Li, J., Yu, J., Wang, Y., Lu, J., Shang, E. X., et al. (2018). Disorder of Gut Amino Acids Metabolism during CKD Progression Is Related with Gut Microbiota Dysbiosis and Metagenome Change. J. Pharm. Biomed. Anal. 149, 425–435. doi:10.1016/j.jpba.2017.11.040
 Liu, Y., Liu, W., Li, J., Tang, S., Wang, M., Huang, W., et al. (2019). A Polysaccharide Extracted from Astragalus Membranaceus Residue Improves Cognitive Dysfunction by Altering Gut Microbiota in Diabetic Mice. Carbohydr. Polym. 205, 500–512. doi:10.1016/j.carbpol.2018.10.041
 Liyanage, T., Ninomiya, T., Jha, V., Neal, B., Patrice, H. M., Okpechi, I., et al. (2015). Worldwide Access to Treatment for End-Stage Kidney Disease: A Systematic Review. Lancet 385 (9981), 1975–1982. doi:10.1016/S0140-6736(14)61601-9
 López-Baltanás, R., Encarnación Rodríguez‐Ortiz, M., Canalejo, A., Díaz‐Tocados, J. M., Herencia, C., Leiva‐Cepas, F., et al. (2021). Magnesium Supplementation Reduces Inflammation in Rats with Induced Chronic Kidney Disease. Eur. J. Clin. Invest. 51 (8), e13561. doi:10.1111/eci.13561
 Ma, S., Wang, N., Zhang, P., Wu, W., and Fu, L. (2021). Fecal Microbiota Transplantation Mitigates Bone Loss by Improving Gut Microbiome Composition and Gut Barrier Function in Aged Rats. PeerJ 9, e12293. doi:10.7717/peerj.12293
 Meijers, B., Evenepoel, P., and Anders, H. J. (2019). Intestinal Microbiome and Fitness in Kidney Disease. Nat. Rev. Nephrol. 15 (9), 531–545. doi:10.1038/s41581-019-0172-1
 Meijers, B., Farré, R., Dejongh, S., Vicario, M., and Evenepoel, P. (2018). Intestinal Barrier Function in Chronic Kidney Disease. Toxins (Basel) 10 (7), 298. doi:10.3390/toxins10070298
 Mishima, E., Fukuda, S., Mukawa, C., Yuri, A., Kanemitsu, Y., Matsumoto, Y., et al. (2017). Evaluation of the Impact of Gut Microbiota on Uremic Solute Accumulation by a CE-TOFMS-Based Metabolomics Approach. Kidney Int. 92 (3), 634–645. doi:10.1016/j.kint.2017.02.011
 Mizukami, K., Yoshida, H., Nozawa, E., Wada, K., and Ugawa, T. (2019). Renoprotective Effects of the Novel Prostaglandin EP4 Receptor-Selective Antagonist ASP7657 in 5/6 Nephrectomized Chronic Kidney Disease Rats. Naunyn. Schmiedeb. Arch. Pharmacol. 392 (4), 451–459. doi:10.1007/s00210-018-01600-3
 Morrison, D. J., and Preston, T. (2016). Formation of Short Chain Fatty Acids by the Gut Microbiota and Their Impact on Human Metabolism. Gut. Microbes. 7 (3), 189–200. doi:10.1080/19490976.2015.1134082
 Moter, A., and Göbel, U. B. (2000). Fluorescence In Situ Hybridization (FISH) for Direct Visualization of Microorganisms. J. Microbiol. Methods. 41 (2), 85–112. doi:10.1016/s0167-7012(00)00152-4
 Nishiyama, K., Aono, K., Fujimoto, Y., Kuwamura, M., Okada, T., Tokumoto, H., et al. (2019). Chronic Kidney Disease after 5/6 Nephrectomy Disturbs the Intestinal Microbiota and Alters Intestinal Motility. J. Cell. Physiol. 234 (5), 6667–6678. doi:10.1002/jcp.27408
 Pace, F., Rudolph, S. E., Chen, Y., Bao, B., Kaplan, D. L., and Watnick, P. I. (2021). The Short-Chain Fatty Acids Propionate and Butyrate Augment Adherent-Invasive Escherichia C Virulence but Repress Inflammation in a Human Intestinal Enteroid Model of Infection. Microbiol. Spectr. 9 (2), e0136921. doi:10.1128/Spectrum.01369-21
 Pan, Q., Guo, F., Huang, Y., Li, A., Chen, S., Chen, J., et al. (2021). Gut Microbiota Dysbiosis in Systemic Lupus Erythematosus: Novel Insights into Mechanisms and Promising Therapeutic Strategies. Front. Immunol. 12, 799788. doi:10.3389/fimmu.2021.799788
 Ralston, J. C., Mitchelson, K. A. J., Lynch, G. M., Tran, T. T. T., Wang, H., Strain, C. R., et al. (2021). Microbiome Transfer Partly Overrides Lack of IL‐1RI Signaling to Alter Hepatic but Not Adipose Tissue Phenotype and Lipid Handling Following a High‐Fat Diet Challenge. Mol. Nutr. Food Res. 65 (1), e2000202. doi:10.1002/mnfr.202000202
 Ramezani, A., and Raj, D. S. (2014). The Gut Microbiome, Kidney Disease, and Targeted Interventions. J. Am. Soc. Nephrol. 25 (4), 657–670. doi:10.1681/ASN.2013080905
 Ren, Z., Fan, Y., Li, A., Shen, Q., Wu, J., Ren, L., et al. (2020). Alterations of the Human Gut Microbiome in Chronic Kidney Disease. Adv. Sci. (Weinh) 7 (20), 2001936. doi:10.1002/advs.202001936
 Rocha, S., Valente, M. J., Coimbra, S., Catarino, C., Rocha-Pereira, P., Oliveira, J. G., et al. (2021). Interleukin 6 (Rs1800795) and Pentraxin 3 (Rs2305619) Polymorphisms-Association with Inflammation and All-Cause Mortality in End-Stage-Renal Disease Patients on Dialysis. Sci. Rep. 11 (1), 14768. doi:10.1038/s41598-021-94075-x
 Rops, A. L. W. M. M., Jansen, E., van der Schaaf, A., Pieterse, E., Rother, N., Hofstra, J., et al. (2018). Interleukin-6 Is Essential for Glomerular Immunoglobulin A Deposition and the Development of Renal Pathology in Cd37-Deficient Mice. Kidney. Int. 93 (6), 1356–1366. doi:10.1016/j.kint.2018.01.005
 Sharkey, I., Boddy, A. V., Wallace, H., Mycroft, J., Hollis, R., and Picton, S. (2001). Body Surface Area Estimation in Children Using Weight Alone: Application in Paediatric Oncology. Br. J. Cancer. 85 (1), 23–28. doi:10.1054/bjoc.2001.1859
 Steenbeke, M., Valkenburg, S., Gryp, T., Van Biesen, W., Delanghe, J. R., Speeckaert, M. M., et al. (2021). Gut Microbiota and Their Derived Metabolites, a Search for Potential Targets to Limit Accumulation of Protein-Bound Uremic Toxins in Chronic Kidney Disease. Toxins (Basel) 13 (11), 809. doi:10.3390/toxins13110809
 Sun, W.-L., Li, X.-Y., Dou, H.-Y., Wang, X.-D., Li, J.-D., Shen, L., et al. (2021). Myricetin Supplementation Decreases Hepatic Lipid Synthesis and Inflammation by Modulating Gut Microbiota. Cell Rep. 36 (9), 109641. doi:10.1016/j.celrep.2021.109641
 Surana, N. K., and Kasper, D. L. (2017). Moving Beyond Microbiome-Wide Associations to Causal Microbe Identification. Nature 552 (7684), 244–247. doi:10.1038/nature25019
 Tang, G., Du, Y., Guan, H., Jia, J., Zhu, N., Shi, Y., et al. (2022). Butyrate Ameliorates Skeletal Muscle Atrophy in Diabetic Nephropathy by Enhancing Gut Barrier Function and FFA2-Mediated PI3K/Akt/mTOR Signals. Br. J. Pharmacol. 179 (1), 159–178. doi:10.1111/bph.15693
 Vaziri, N. D., Wong, J., Pahl, M., Piceno, Y. M., Yuan, J., DeSantis, T. Z., et al. (2013). Chronic Kidney Disease Alters Intestinal Microbial Flora. Kidney. Int. 83 (2), 308–315. doi:10.1038/ki.2012.345
 Vaziri, N. D., Yuan, J., and Norris, K. (2013). Role of Urea in Intestinal Barrier Dysfunction and Disruption of Epithelial Tight Junction in Chronic Kidney Disease. Am. J. Nephrol. 37 (1), 1–6. doi:10.1159/000345969
 Vos, W. M., Tilg, H., Hul, M. V., and Cani, P. D. (2022). Gut Microbiome and Health: Mechanistic Insights. Gut 71 (5), 1020–1032. doi:10.1136/gutjnl-2021-326789
 Wang, S., Lv, D., Jiang, S., Jiang, J., Liang, M., Hou, F., et al. (2019). Quantitative Reduction in Short-Chain Fatty Acids, Especially Butyrate, Contributes to the Progression of Chronic Kidney Disease. Clin. Sci. (Lond) 133 (17), 1857–1870. doi:10.1042/CS20190171
 Wang, X., Zhao, Z., Tang, N., Zhao, Y., Xu, J., Li, L., et al. (2020). Microbial Community Analysis of Saliva and Biopsies in Patients with Oral Lichen Planus. Front. Microbiol. 11, 629. doi:10.3389/fmicb.2020.00629
 Wilkinson, J. E., Franzosa, E. A., Everett, C., Li, C., Hu, F. B., Wirth, D. F., et al. (2021). A Framework for Microbiome Science in Public Health. Nat. Med. 27 (5), 766–774. doi:10.1038/s41591-021-01258-0
 Wong, J., Piceno, Y. M., DeSantis, T. Z., Pahl, M., Andersen, G. L., and Vaziri, N. D. (2014). Expansion of Urease- and Uricase-Containing, Indole- and P-Cresol-Forming and Contraction of Short-Chain Fatty Acid-Producing Intestinal Microbiota in ESRD. Am. J. Nephrol. 39 (3), 230–237. doi:10.1159/000360010
 Wu, M., Li, P., An, Y., Ren, J., Yan, D., Cui, J., et al. (2019). Phloretin Ameliorates Dextran Sulfate Sodium-Induced Ulcerative Colitis in Mice by Regulating the Gut Microbiota. Pharmacol. Res. 150, 104489. doi:10.1016/j.phrs.2019.104489
 Yang, T., Richards, E. M., Pepine, C. J., and Raizada, M. K. (2018). The Gut Microbiota and the Brain-Gut-Kidney Axis in Hypertension and Chronic Kidney Disease. Nat. Rev. Nephrol. 14 (7), 442–456. doi:10.1038/s41581-018-0018-2
 Zhang, H.-F., Wang, J.-H., Wang, Y.-L., Gao, C., Gu, Y.-T., Huang, J., et al. (2019). Salvianolic Acid A Protects the Kidney against Oxidative Stress by Activating the Akt/GSK-3β/Nrf2 Signaling Pathway and Inhibiting the NF-κB Signaling Pathway in 5/6 Nephrectomized Rats. Oxid. Med. Cell. Longev. 2019, 2853534. doi:10.1155/2019/2853534
 Zhang, S., Wang, H., and Zhu, M. J. (2019). A Sensitive GC/MS Detection Method for Analyzing Microbial Metabolites Short Chain Fatty Acids in Fecal and Serum Samples. Talanta 196, 249–254. doi:10.1016/j.talanta.2018.12.049
 Zhao, J., Chen, J., Hou, Y., Sun, W., and Jiang, M. (2017). Clinical Effect of Yishen Qingli Heluo Granule on Urinary Protein, Serum Creatinine and eGFR in Patients with CKD3 Patients. J. Chin. Pharma. 40 (11), 2701–2705. doi:10.13863/j.issn1001-4454.2017.11.046
 Zhao, Z., Ning, J., Bao, X. Q., Shang, M., Ma, J., Li, G., et al. (2021). Fecal Microbiota Transplantation Protects Rotenone-Induced Parkinson's Disease Mice via Suppressing Inflammation Mediated by the Lipopolysaccharide-TLR4 Signaling Pathway through the Microbiota-Gut-Brain Axis. Microbiome 9 (1), 226. doi:10.1186/s40168-021-01107-9
 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
 Zhu, R., Lang, T., Yan, W., Zhu, X., Huang, X., Yin, Q., et al. (2021). Gut Microbiota: Influence on Carcinogenesis and Modulation Strategies by Drug Delivery Systems to Improve Cancer Therapy. Adv. Sci. (Weinh) 8 (10), 2003542. doi:10.1002/advs.202003542
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Sun, Chen, Huang, Zhu, Wang, Xu, Zhang and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-858881-g005.gif





OPS/images/fphar-13-858881-g006.gif
Z_., =) L LJ






OPS/images/fphar-13-858881-g003.gif





OPS/images/fphar-13-858881-g004.gif





OPS/images/fphar-13-858881-g009.gif





OPS/images/fphar-13-858881-g007.gif





OPS/images/fphar-13-858881-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Yishen Qingli Heluo Granule Ameliorates Renal Dysfunction in 5/6 Nephrectomized Rats by Targeting Gut Microbiota and Intestinal Barrier Integrity		Introduction

		Materials and Methods		Preparation and Testing of Experimental Drugs

		5/6 Nephrectomy and Drug Intervention Regimen

		Co-Housing and Fecal Microbiota Transplantation Regimen

		Scr, BUN, and 24 h Urinary Protein Assay

		Histopathologic Evaluation and Fluorescence in Situ Hybridization

		Gut Microbiota Analysis

		Fecal Short-Chain Fatty Acid Concentration Determination

		Intestinal Permeability Determination

		ELISA

		Statistical Analysis





		Results		Standardization of YQHG

		YQHG Improved Renal Function and Fibrosis in 5/6 Nephrectomized Rats

		YQHG Altered Bacterial Communities and Increased the Abundance of SCFA-Producing Bacteria in 5/6 Nephrectomized Rats

		YQHG Improved Intestinal Barrier Integrity in 5/6 Nephrectomized Rats

		Receiving Gut Microbiota From YQHG-Treated Rats Improved Renal Function and Fibrosis

		Receiving Gut Microbiota From YQHG-Treated Rats Altered Bacterial Communities and Increased SCFA Concentrations

		Receiving Gut Microbiota From YQHG-Treated Rats Improved Intestinal Barrier Integrity





		Discussion

		Limitation

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









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

Yishen Qingli Heluo Granule
Ameliorates Renal Dysfunction in
5/6 Nephrectomized Rats by
Targeting Gut Microbiota and
Intestinal Barrier Integrity





OPS/images/fphar-13-858881-g001.gif





OPS/images/fphar-13-858881-g002.gif





OPS/images/fphar-13-858881-t001.jpg
Chinese name

Danggui
Niuxi
Jixuecao
Huangjing
Tufuling
Dahuang
Shiwei
Huanga
Liuyuexue
Huzhang

Latin name

Angelicae sinensis racix
Achyranthis bidentatae racix
Centella asiatica (L.) urban
Polygonati rhizoma

smilacis glabrae Rhixoma

Radix rhei et rhizome

Pyrrosiae folium

Hedysarum multjugum Maxim
Serissa japonica (Thunb.) thunb
Polygoni cuspida rhizoma et radix

Phylum

Angiospermae
Angiospermae
Angiospermae
Angiospermae
Angiospermae
Angiospermae
Pteridophyta

Angiospermae
Angiospermae
Angiospermae

Family

Umbeliferae
Amaranthaceae
Umbeliferae
Lilaceae Juss.
Lilaceae
Polygonaceae
Polypodiaceae

Leguminosae sp.

Rubiaceae Juss.
Polygonaceae

Genus

Anggica L.
Achyranthes L.
Centella L.
Polygonatum Mil.
Smilax L.

Rheum L.
Pyrrosia Mirbel.
Astragalus Linn.

Serissa Comm. ex Juss.

Reynoutria Houtt

Partsused  Amount used (g)

Root
Root
Herba
Rhizome
Rhizome
Rhizome
Leave
Root 45
Whole plant
Rhizome, Root 1

[SESESEC AR

Ratio

25
3:10
1:10

2:5
115

13
1:10
3:20
1:30
1:15









OPS/images/crossmark.jpg
©

|





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





