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Sex Differences in Fecal Microbiota Correlation With Physiological and Biochemical Indices Associated With End-Stage Renal Disease Caused by Immunoglobulin a Nephropathy or Diabetes
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This study investigated the sex-specific differences in the correlation between intestinal microbiota and end-stage renal disease. Here, we compared the differences in the gut microbiota of male and female healthy controls (HC) and patients with end-stage renal disease (ESRD) caused by immunoglobulin A (IgA) nephropathy (ESRD-IgAN) or type-2 diabetes mellitus (ESRD-T2DM) using high-throughput sequencing of the 16S rRNA gene. We also analyzed the correlation between gut microbiota and clinical immune indicators. We assigned 8, 10, 5, 7, 11, and 20 volunteers to female HC, ESRD-IgAN, and ESRD-T2DM, and male HC, ESRD-IgAN, and ESRD-T2DM, respectively. The results showed sex-specific differences in both physiological and biochemical indices and intestinal microbiota composition, as well as the correlation between them. The correlations between physiological and biochemical indices in men were significantly lower than those in women, especially for indices related to immunity, blood glucose, and cardiac color sonography. Urine output, lymphocyte ratio, serum albumin, blood calcium, dialysis status, serum urea nitrogen, urine protein, and diabetes significantly correlated with male fecal microbiota composition, whereas only creatinine and 2-h post-prandial blood glucose significantly correlated with female fecal microbiota composition. The top 50 dominant operational taxonomic units showed a stronger correlation with physiological and biochemical indices in samples obtained from females than from males. These differences highlight sex-specific differences in the effectiveness of ESRD prevention and treatments via regulating intestinal microbiota.
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INTRODUCTION

Chronic kidney disease (CKD) is a global public health problem that affects 10–16% of the adult population worldwide (Meguid El Nahas and Bello, 2005; Barsoum, 2006; Hallan et al., 2006; Coresh et al., 2007; Wen et al., 2008; Stevens et al., 2010; GBD Chronic Kidney Disease Collaboration, 2020). End-stage renal disease (ESRD) requires dialysis or kidney transplantation for survival, which significantly affect patient welfare (Hall, 2021). Moreover, ESRD increases the risk of other diseases, such as cardiovascular diseases (Blacher et al., 1999; London et al., 2003). Although the prevalence of CKD has been relatively stable over the last several years in America, the number of patients with incident ESRD in 2018 was 131,636, which represented an increase of 2.3% compared to 2017 (Johansen et al., 2021). Therefore, exploring the factors and mechanisms that lead to ESRD is of great practical significance for its prevention and clinical treatment.

Gut microbiota is crucial for metabolic, nutritional, physiological, and immunological processes (Bunker et al., 2017; Guldris et al., 2017). The gut microbiota maintains a symbiotic relationship with the host under normal conditions, and it has recently been associated with several diseases, such as inflammatory bowel disease (Caruso et al., 2020), diabetes (Patterson et al., 2016), colorectal cancer (Arthur et al., 2012), and liver cancer (Hartmann and Kronenberg, 2018; Ma et al., 2018). Dysbiosis of gut microbiota contributes to systemic inflammation and accumulation of uremic toxins, which significantly influence the pathophysiology of atherosclerosis and other complications associated with CKD (Guldris et al., 2017). Colon-derived solutes that are normally excreted in the urine accumulate in the plasma when the kidneys fail and may contribute to uremic toxicity (Meyer and Hostetter, 2012). Moreover, ESRD can significantly modify the composition of the gut microbiota in humans (Vaziri et al., 2013).

Diabetes is the leading cause of CKD in developed countries (US Renal Data System, 2011). Type-2 diabetes mellitus (T2DM) has shown a high prevalence rate in developed countries and is an important threat to human health (Bergman, 2007; Runge, 2007; Tönnies et al., 2019). Moreover, the proportion of renal failure attributed to T2DM mellitus is increasing. In the United States, T2DM is the leading cause of ESRD, accounting for 45.9% of the cases of kidney allograft failure from 2011 to 2015 (Alhamad et al., 2019). People with diabetes and CKD have a significantly increased risk of all-cause mortality, cardiovascular mortality, and kidney failure (Fox et al., 2012). Furthermore, the gut microbiota is closely correlated with diabetes (Qin et al., 2012; Patterson et al., 2016; Ni et al., 2021).

The analysis of gender differences in intestinal microbiota in patients with CKD and ESRD is great significance to determine whether gender influence needs to be considered in the treatment of CKD and ESRD, because CKD, ESRD, and intestinal microbiota are closely related to the host immune processes. However, although several studies have demonstrated that intestinal microbiota is associated with diabetes, CKD, and ESRD, it is still not clear whether there are gender differences between these effects. The correlation between intestinal microbiota and other diseases, such as hepatocellular carcinoma (Huang et al., 2018), shows gender differences. Therefore, we speculated that there may also be gender differences in the relationship between intestinal microbiota and ESRD. To test this hypothesis, we compared the differences in the gut microbiota of male and female patients with ESRD caused by IgA nephropathy (ESRD-IgAN) or type-2 diabetes mellitus (ESRD-T2DM) to those of healthy controls (HC) using high-throughput sequencing of the 16S rRNA gene. We also analyzed their correlations based on clinical immune indicators.



MATERIALS AND METHODS


Experimental Design and Sample Collection

The study protocol was approved by the Clinical Research and Application Ethics Committee of the Second Affiliated Hospital of Guangzhou Medical University (approval number: 2021-hs-14) and was performed in accordance with the Clinical Ethics Guidelines and the Declaration of Helsinki and Rules of Good Clinical Practice. Volunteers who agreed to participate in the research project were recruited from inpatients with ESRD and physical examination subjects in the Second Affiliated Hospital of Guangzhou Medical University from October 2020 to March 2021. The inclusion criteria for ESRD-IgAN patients were defined as glomerular filtration rate of less than 20 mL/min/1.73 m2 or required dialysis caused by primary IgA nephropathy according to the CKD Epidemiology Collaboration equations (Tent et al., 2010), with the absence of severe psychiatric or psychological disorders. IgA nephropathy was confirmed by biopsy and defined by the finding of dominant or codominant mesangial deposits of IgA. The inclusion criteria for ESRD-T2DM were defined as glomerular filtration rate of less than 20 mL/min/1.73 m2 or required dialysis, with absence of severe psychiatric or psychological disorders caused by T2DM. Age-matched volunteers without clinically diagnosable diseases were recruited as HC, and none of the participants received antibiotics or probiotics within 3 months prior to sampling. The ESRD samples were collected according to the time in which the patients who met the inclusion criteria agreed to participate in this research project. Since the patients agreed to participate in this research project was random, the sampling process is also random. The HC subjects were also collected according to the time that they agreed to participate in this research project, while age-unmatched HC subjects were eliminated.

Blood and urine samples were collected according to the clinical diagnostic criteria to determine the physicochemical and immunological indices (Wang et al., 2020). Fecal samples were collected by fecal collectors for microbiota composition analysis (Wang et al., 2020). The estimated glomerular filtration rate (eGFR) was estimated using the Modification of Diet in Renal Disease formula.



Physiological and Biochemical Indices

The clinical data of the patients were collected, and biochemical or cytological tests of blood and urine specimens were performed as previously described (Kobayashi et al., 2000; Bervoets et al., 2003). Following an overnight fast, venous blood samples were obtained from all subjects and analyzed using standard laboratory methods. A standardized oral glucose tolerance test was performed with 75 g of glucose in 300 ml of water. Hemoglobin A1C (HbA1c) levels were measured by high-performance liquid chromatography using an Adamts H-8160 (Menarini, Florence, Italy). Type 2 diabetes was classified as the use of diabetes medication, Hba1C ≥ 6.5%, oral glucose tolerance test > 11.1 mmol/L after 2 h, or fasting glucose > 7.0 mmol/L. The blood samples were centrifuged, and the obtained plasma was analyzed for creatinine, urea nitrogen, uric acid, albumin, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) using Beckman Coulter AU series instruments (Brea, CA). Cell phenotype was analyzed by staining with fluorochrome-conjugated monoclonal antibodies for the surface markers CD3+, CD4+, and CD8+ (BD Biosciences, Heidelberg, Germany) to determine the lymphocyte subpopulations. The β2-microglobulin, IgA, immunoglobulin G (IgG), and immunoglobulin M (IgM) analyses were performed on a Siemens BNII instrument (Siemens Healthcare Diagnostics, Tarrytown, NY, United States). C-peptide and insulin levels were measured using a Cobas e411 (Roche Diagnostics, Mannheim, Germany) and an AutoDELFIA (Perkin Elmer, Turku, Finland) instrument, respectively. Cardiac ultrasound was used to assess cardiac function and obtain ejection fraction (EF) and fractional shortening (FS) values. In all cases, the samples were blindly analyzed without access to any associated clinical data.



DNA Extraction and High-Throughput Sequencing of Fecal Microbiota

Microbial DNA was extracted from approximately 0.2 g of fresh fecal sample using a DNeasyPowerSoil Kit (QIAGEN, Germany). The V4–V5 hypervariable region of the 16S rRNA gene was amplified using the universal primers 515F and 909R, as previously described (Huang et al., 2018; Xiang et al., 2018; Ni et al., 2019). Polymerase chain reactions (PCR) were performed in duplicate, and the two PCR products were mixed after amplification, subjected to electrophoresis using 1.5% agarose gel and purified using an AxyPrep DNA gel extraction kit (Axygen, China). The purified DNA was quantified using a Nanodrop 2000 spectrophotometer (Thermo Scientific, United States), pooled together with an equal molar amount from each sample, and sequenced using an Illumina HiSeq system at Guangdong Meilikang Bio-Science Ltd., China.

Raw reads were merged using FLASH 1.2.8 (Magoc and Salzberg, 2011) and processed using quantitative insights into microbial ecology (QIIME) pipeline 1.9.0 (Caporaso et al., 2010) as previously described (Huang et al., 2018; Ni et al., 2019). All merged sequences were trimmed and assigned to each sample according to their barcode sequences. Low-quality and chimera sequences were removed before operational taxonomic unit (OTU) clustering. Then, the high-quality sequences were clustered into OTUs at 97% sequence identity using UPARSE (Edgar, 2013). Taxonomic assignments of each OTU were determined using a ribosomal database project (RDP) classifier (Wang et al., 2007) and the Greengenes gg_13_8_otus dataset.

All DNA datasets were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive database under the accession number PRJNA743980.



Data Analysis

Principal coordinate analysis (PCoA) was conducted using the QIIME pipeline (Caporaso et al., 2010). Permutational multivariate analysis of variance (PERMANOVA) (Anderson, 2001) was conducted using the vegan package (Dixon, 2003) of R 3.0.1 (R Core Team, 2013). Kruskal–Wallis H tests were conducted using the STAMP software (Parks et al., 2014) to screen the significantly different taxa in each gut microbiota sample. LEfSe analysis (Segata et al., 2011) was conducted to identify the differences in the dominant genera. Statistical significance was set at P < 0.05.




RESULTS


Physiological and Biochemical Indices of Male and Female Patients

The number of volunteers assigned to the female HC, ESRD-IgAN, and ESRD-T2DM groups, and the male HC, ESRD-IgAN, and ESRD-T2DM groups were 8, 10, 5, 7, 11, and 20, respectively. In the analysis by group, age, and body mass index (BMI) did not present significant differences, indicating that the study groups were homogeneous (Table 1). In general, the height and weight of male volunteers were significantly higher than those of female volunteers (Table 1). Male and female patients with ESRD-IgAN and ESRD-T2DM showed significant increases in urea nitrogen, neutrophil ratio, urine protein, and β2-microglobulin, and a decrease in the lymphocyte ratio (LR). However, there were still inconsistencies between multiple indicators of male and female patients with ESRD-IgAN and ESRD-T2DM. Compared to the control group, male patients with ESRD-IgAN and ESRD-T2DM presented significantly lower urine output, albumin, and aspartate transferase, but significantly higher creatinine levels. However, only those with ESRD-T2DM presented significantly higher glycosylated hemoglobin and fasting serum C-peptide levels, and significantly lower blood calcium (BCa), alanine aminotransferase, and IgM levels. In contrast, female patients showed no significant changes in these indicators (Table 1). Furthermore, female patients with ESRD-IgAN and ESRD-T2DM presented significantly lower hemoglobin levels, and significantly higher 1-h post-prandial blood glucose and 2-h post-prandial blood glucose, but no significant differences were detected for male patients (Table 1).


TABLE 1. General characteristics, and physiological and biochemical indices of blood and urine of volunteers.
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 To analyze the correlation between these physiological and biochemical indices in the male and female volunteers, we calculated the Pearson correlation coefficient of these indices. Based on P < 0.05, and Pearson correlation coefficient > 0.6, the physiological and biochemical indices with significant correlation were identified. Our results showed that the correlations between physiological and biochemical indices in men were significantly lower than those in women, especially for indices related to immunity, blood glucose, and cardiac color sonography (Figure 1). However, the significant correlations between physiological and biochemical indices for males and females were consistent. For example, there was a significant positive correlation between FS and EF in both men and women, but for men, these did not significantly positively correlate with fast serum C-peptide as for women. There were significant positive correlations between hemoglobin and red cell count, ALT and AST, and weight and BMI in men and women (Pearson correlation coefficient > 0.6, P < 0.05). However, natural killer cells were negatively correlated with CD3+, and the proportion of lobulated cells was negatively correlated with the LR (Pearson correlation coefficient < −0.6, P < 0.05; Figure 1).
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FIGURE 1. Co-occurrence networks of (A) male and (B) female physiological and biochemical indices. Nodes indicate the physiological and biochemical indices. Edge width indicates the Pearson correlation. Red and blue edges indicate significantly positive (Pearson correlation coefficient > 0.6 and P < 0.05) and significantly negative correlations (Pearson correlation index < −0.6 and P < 0.05). BMI, body mass index; NK, nature killer cell; C3, complement 3; IgA, immunoglobulin A; IgG, immunoglobulin G; EF, ejection fraction; FS, fractional shortening.




Fecal Microbiota Composition of Male and Female Patients

A total of 2,765,486 (41,275.91 ± 1,680.35) high-quality sequences were obtained from 61 samples. To exclude the influence of sequencing depth on subsequent analysis, 24,573 sequences were randomly selected from each sample for subsequent analysis. Based on 97% similarity, 5,274 OTUs were identified. The sequences (99.995 ± 0.001%) were classified into 18 phyla, in which Firmicutes (48.500 ± 2.533%), Bacteroidetes (31.976 ± 2.183%), Proteobacteria (15.365 ± 2.414%), Fusobacteria (2.946 ± 0.581%), Actinobacteria (0.811 ± 0.239%), Synergistetes (0.215 ± 0.184%), Tenericutes (0.120 ± 0.051%), and Verrucomicrobia (0.050 ± 0.031%) dominated the microbiota (Figure 2A). There was no significant difference in the relative abundance of these dominant phyla between the groups (Kruskal–Wallis rank sum test, P > 0.05; Supplementary Figure 1A). Although the alpha diversity in the gut microbiota of CKD patients is commonly significantly altered, our results showed that there was no significant difference in the obtained OTU number, Shannon index, Simpson index, and Chao1 index observed between the groups (Kruskal–Wallis rank sum test, p > 0.05; Supplementary Figure 1B). However, PCoA profiles and PERMANOVA indicated that there was a significant difference between the fecal microbiota of male and female patients, including ESRD-IgAN, ESRD-T2DM, and HC groups (PERMANOVA, F = 1.762, P < 0.001; Figures 2B,C).
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FIGURE 2. (A) Dominant phyla in the fecal microbiota of healthy controls and patients with end-stage renal disease caused by IgA nephropathy or type-2 diabetes mellitus. PCoA profiles based on (B) unweighted and (C) weighted UniFrac distances of OTU compositions showing changes in fecal microbiota. FHC, FESRD-IgAN, and FESRD-T2DM indicate female healthy control and patients with end-stage renal disease caused by IgA nephropathy (ESRD-IgAN) or type-2 diabetes mellitus (ESRD-T2DM), respectively. MHC, MESRD-IgAN, and MESRD-T2DM indicate male healthy control and patients with ESRD-IgAN, or ESRD-T2DM, respectively.


To determine which fecal bacteria were different between male and female patients with ESRD-IgAN, ESRD-T2DM, and HC, we used the Kruskal–Wallis H test and Welch’s post hoc test to select 53 significantly different OTUs from the 268 dominant OTUs. The obtained OTUs were concentrated in four phyla: Actinobacteria, Bacteroidetes, Firmicutes, and Fusobacteria (Figure 3A). The heatmap profile with cluster analysis also showed that the gender effect appeared weaker than the differences between healthy volunteers and patients with ESRD (Figure 3A). Compared with HC, Ruminococcus gnavus, Ruminococcus sp., Eubacterium dolichum, Bacteroides ovatus, and Phascolarctobacterium sp. in the fecal microbiota of male ESRD-IgAN or ESRD-T2DM patients were significantly enriched. In contrast, Megamonas sp., Roseburia sp., and Eubacterium biforme were significantly enriched in the fecal microbiota of male HC or significantly decreased in the fecal microbiota of male ESRD-IgAN or ESRD-T2DM patients (Figure 3B). R. gnavus, Clostridium sp., Ruminococcus sp., Dorea sp., and Oscillospira sp. were significantly enriched in the fecal microbiota of female patients with ESRD-IgAN or ESRD-T2DM, whereas B. ovatus, Prevotella copri, Roseburia faecis, R. gnavus, Lachnospiraceae sp., and Roseburia sp. were significantly enriched in the fecal microbiota of female HC or significantly decreased in the fecal microbiota of female patients with ESRD-IgAN or ESRD-T2DM (Figure 3C).
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FIGURE 3. (A) Heatmap and (B,C) ternary diagram profiles showing the dominant OTU differences in fecal microbiota of male and female healthy controls and patients with end-stage renal disease caused by IgA nephropathy (ESRD-IgAN) or type-2 diabetes mellitus (ESRD-T2DM). FHC, FESRD-IgAN, and FESRD-T2DM indicate female healthy control and patients with end-stage renal disease caused by IgA nephropathy (ESRD-IgAN) or type-2 diabetes mellitus (ESRD-T2DM), respectively. MHC, MESRD-IgAN, and MESRD-T2DM indicate male healthy control and patients with ESRD-IgAN, or ESRD-T2DM, respectively.




Correlation Between Fecal Microbiota and Physiological and Biochemical Indices

To explore the factors responsible for the changes in the fecal microbiota of male and female patients with ESRD-IgAN and ESRD-T2DM, we analyzed the correlation between physical, blood, and urine indices and the fecal microbiota OTU composition using transformation-based redundancy analysis (tb-RDA) and Pearson correlation analysis. The results showed that urine output (UO), LR, serum albumin, BCa, dialysis, urea nitrogen (UN), urine protein (UP), and diabetes were significantly correlated with the male fecal microbiota composition (Figure 4A), whereas only creatinine and Two-h post-prandial blood glucose (TPBG) were significantly correlated with the female fecal microbiota composition (Figure 4C).
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FIGURE 4. Correlation between physical, blood, and urine indices of volunteers and their fecal microbiota compositions. (A,C) Tb-RDA profile showing the correlation between physical, blood, and urine indices of male and female volunteers and their fecal microbiota OTU compositions. (B,D) Bubble charts showing the Pearson correlation between physical, blood, and urine indices of male and female volunteers and the top 50 dominant OTUs in their fecal microbiota. FBG, fasting blood glucose; OPBG, one-hour post-prandial blood glucose; TPBG, two hours post-prandial blood glucose; FSCP, fasting serum C-peptide; SCPO, serum C-peptide one hour after meal; SCPT, serum C-peptide two hours after meal; RBCC, red blood cell count. *, p < 0.05; **, p < 0.01; ***, p < 0.001.


In the male samples, Escherichia coli was significantly positively correlated with age, troponin, and IgG. Albumin, UO, BCa, and the top 50 dominant OTUs in the fecal samples presented similar trends, as they were significantly negatively correlated with R. gnavus, and significantly positively correlated with P. copri and Lachnospira sp. However, UO was also significantly negatively correlated with Dorea sp., and significantly positively correlated with Megamonas sp. (Figure 4B). Moreover, Ruminococcus sp. was positively correlated with weight, fasting blood glucose, glycosylated hemoglobin (GH), and urine leukocytes (UL). Klebsiella sp. showed a similar correlation with an unidentified Enterobacteriaceae OTU, which was positively correlated with red blood cell count, blood phosphorus, and ALT, but negatively correlated with creatinine (Figure 4B). Megamonas sp., P. copri, and Lachnospira sp. were negatively correlated with UN. Bacteroides fragilis was positively correlated with white blood cell (WBC), GH, proportion of lobulated cells, and CD3+, but negatively correlated with IgA, IgG, and IgM, whereas Bacteroides caccae, Bacteroides sp., and Megamonas sp. were significantly negatively correlated with WBC count. These results suggest that Bacteroides may have a complex function in human immune regulation. B. ovatus was positively correlated with UL, and R. faecis was positively correlated with complement 3 (C3). The correlation between EF and FS with the top 50 dominant OTUs showed similar trends, that is, they showed significant positive correlation with Fusobacterium sp., and significant negative correlation with R. gnavus and Blautia sp. (Figure 4B).

The top 50 dominant OTUs showed a stronger correlation with the physiological and biochemical indices in the female samples than in the male ones. Although the correlations between several physiological and biochemical indices were consistent for men and women (Figure 1), there were significant differences in the correlations between fecal flora and physiological and biochemical indices. For example, although the correlation between fecal microbiota and EF and FS was consistent for men and women, Parabacteroides distasonis and B. caccae correlated significantly and positively with EF and FS in female fecal microbiota, while P. copri and Faecalibacterium prausnitzii showed significant negative correlation (Figure 4D). Only a small number of species had a significant correlation with an index in both male and female samples simultaneously (Figures 4B,D). For women, P. copri positively correlated with UO; Dorea sp. positively correlated with fasting serum C-peptide; R. gnavus and P. copri positively correlated with LR, Coprococcus sp. positively correlated with troponin, Oscillospira sp. positively correlated with CD3+, and B. ovatus negatively correlated with albumin. The correlations between other indices and fecal bacteria were completely different (Figures 4B,D). In the top 50 dominant OTUs in female feces, Ruminococcus torques significantly positively correlated with age, FBG, and GH. The bacteria with significant positive correlations with SCP1AM and SCP2AM synchronously were Veillonella dispar and Phascolarctobacterium sp. Moreover, the correlations between female fecal microbiota and creatinine, UN, CD3+, and CD3 + CD4+ were similar, and Dorea sp. and Oscillospira sp. significantly positively correlated with these four indices (Figure 4D).




DISCUSSION

Gut inflammation is an important factor in CKD and renal failure, and dysbiosis of the gut microbiota is the main factor leading to intestinal inflammation (Huang et al., 2017). Gut microbes are believed to contribute to uremic syndrome by producing uremic toxins, and additional evidence suggests that the translocation of bacteria and endotoxins (lipopolysaccharides) from the gut to the blood occurs during kidney failure. Consequently, it is plausible to assume that the gut contributes to a chronic inflammatory state in dialysis patients (Kotanko et al., 2006). High serum lipopolysaccharide activity is associated with the development of diabetic nephropathy, obesity, and cardiovascular disease risk (Cani and Delzenne, 2007; Nymark et al., 2009). Moreover, colon-derived solutes that are normally excreted in the urine accumulate in the plasma when the kidneys fail and may also contribute to uremic toxicity (Meyer and Hostetter, 2012). Indoxyl sulfate, a colon-derived uremic solute, has been reported to injure renal tubular cells and may thereby contribute to the progression of renal insufficiency (Niwa, 2010). Therefore, clarifying the correlation between intestinal microbiota and ESRD can provide reference information for the prevention or improvement of ESRD based on the regulation of intestinal microbiota. Our results showed that there are significant differences in the fecal microbiota of male and female HC, ESRD-IgAN, and ESRD-T2DM patients. The dominant bacteria phyla included Actinobacteria, Bacteroidetes, Firmicutes, and Fusobacteria, and the relative abundances of these phyla were not significantly different between male and female HC, ESRD-IgAN, and ESRD-T2DM patients (Kruskal–Wallis rank sum test, P > 0.05). Furthermore, the observed bacteria mainly included Ruminococcus, Eubacterium, Bacteroides, Clostridium, Dorea, Roseburia, Lachnospiraceae, Phascolarctobacterium, and Megamonas, which are closely related to human metabolism and immunity, and demonstrate differences between the host sex (Figures 3B,C). Although these bacteria are closely related to human metabolism and immunity, their differences between the host sex seem to be caused by the metabolic differences between females and males. For instance, females have a higher percent body fat than males and females having lower glomerular filtration and activity of uridine diphosphate glucuronosyltransferase enzyme (Anderson, 2008). These differences may lead to differences in metabolism and response to abnormal renal function between females and males, such as creatinine, urea nitrogen, neutrophil ratio, hemoglobin, and aspartate transferase (Table 1), which indirectly resulted differences in gut microbiota, and the differences of gut microbiota in response to abnormal renal function.

Clinical markers related to renal function, including blood urea nitrogen (BUN), serum creatinine (SCr), and serum uric acid (SUA), are commonly used to discriminate between CKD and control cohorts (Ye et al., 2018). ESRD patients usually present with significantly increased plasma concentrations of creatinine and urea nitrogen (Vaziri et al., 2013). Our results showed that urea nitrogen, neutrophil ratio, and urine protein were significantly increased in male and female ESRD-IgAN and ESRD-T2DM patients, whereas the LR was significantly reduced (Table 1). Serum creatinine significantly increased in male ESRD-IgAN and ESRD-T2DM patients. In female ESRD-IgAN and ESRD-T2DM patients, despite the trend of increasing serum creatinine, no significant increase was detected because the intra-group differences were exceedingly large (Table 1). Considering that serum creatinine and urea nitrogen were significantly increased in ESRD patients, and many fecal microbial species significantly correlated with serum creatinine and urea nitrogen (Figure 4), these fecal microbial species may also be related to ESRD. Although their causal relationship and interactions were not clear, the results suggest that the manipulation of gut microbiota can be used as an auxiliary treatment for end-stage renal diseases.

Sexual dimorphisms in anatomical, physiological and behavioral traits are characteristics of many vertebrate species, including human (Ober et al., 2008). Gender differences in the intestinal microbiota also have been reported in many metabolic diseases and malignant tumors (Ba et al., 2017; Bridgewater et al., 2017; Huang et al., 2018; Razavi et al., 2019). Our results showed that there are gender differences in both physiological and biochemical indices and intestinal microbiota composition, especially in the correlation between intestinal microbiota and physiological and biochemical indices (Figure 4). For example, although serum urea nitrogen significantly increased in both male and female patients (Table 1), the bacteria significantly positively correlated with serum urea nitrogen in males was P. distasonis, whereas those significantly negatively correlated were Megamonas sp., Fusobacterium sp., and Lachnospira sp. In contrast, the bacteria significantly positively correlated with female serum urea nitrogen were Dorea sp., Ruminococcus sp., Phascolarctobacterium sp., P. distasonis, B. caccae, R. gnavus, Oscillospira sp., and Blautia sp., and the significantly negatively correlated bacteria were R. gnavus, F. prausnitzii, and an unidentified bacterium in Erysipelotrichaceae (Figure 4). In addition, the serum immunological indices significantly associated with the top 50 dominant OTUs in the fecal microbiota of men were significantly lower than those in women (Figure 4). These differences may lead to gender differences in the effect of ESRD prevention and treatment through the regulation of intestinal microbiota, which is a clinical issue worthy of consideration. Moreover, because the gut microbiota participates in or affects the metabolic process of drugs (Zimmermann et al., 2019), the impact of sex differences in gut microbiota on the drugs used to treat ESRD should also be paid attention.

Small sample sizes usually lead to a reduced detection efficiency of positive statistical results, especially in cases of clinical interference by a variety of influencing factors. This was a limitation of the present study. Another limitation was that we only analyzed the differences in intestinal microbiota in patients of different sexes with ESRD-IgAN and ESRD-T2DM and their correlation with physiological and biochemical indicators of patients, but we did not further verify this. Although it is relatively difficult to verify the results of our study in a clinic, the results can be verified by tracking the changes in physiological and biochemical indices and intestinal microbiota during long-term treatments. Moreover, accumulation of bacterial uremic retention solutes, such as indoxyl sulfate and p-cresyl sulfate, is associated with CKD (Schepers et al., 2007; Ellis et al., 2016; Chen et al., 2019). Analyzing the relationship between the gut microbiota alteration caused by different factors and the production of these bacterial uremic retention solutions, as well as the relationship between the accumulation of these bacterial uremic retention solutions and the development of CKD, well assist us to deeply understand the role of gut microbiota in the development of CKD, and may provide reference for the prevention of CKD by regulating gut microbiota. Unfortunately, we did not determine these bacterial uremic retention solutions in this study.

In conclusion, our results demonstrate the gender differences in both physiological and biochemical indices and intestinal microbiota composition, especially in the correlations between them. These differences may lead to gender differences in the effect of ESRD prevention and treatment through the regulation of intestinal microbiota, which is a clinical issue worthy of consideration.
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19.85 + 1.83

102.70 + 4.97%

3.38 +0.14
178.70 + 16.35
2.23 + 0.05%

1.80 £ 0.16

3.22 +1.80
37.53 + 1.45P
10.28 + 1.672°
10.97 + 1.31°
22.74 + 16.29
2.10 + 0.312
20.49 + 2.912
76.77 £2.27
42.36 + 2.38
29.67 + 2.33
11.14 £ 1.51
10.08 + 2.2220

0.81+0.07

0.19 + 0.01

215+ 0.20
11.02 +1.14P
0.88 + 0.102P
64.55 + 2.83
35.45 + 2.04

MESRD-T2DM

20
48.35 + 1.93
17056 +£1.172
71.41 + 2.54%¢
2450 + 0.73
374.9 + 96.8°
5.44 + 0.46
10.97 + 0.502
11.10 £ 0.75%
6.44 + 0.202
11.61 + 1.282
12.86 + 1.61
14.73 +£1.96
891.23 + 69.14°
25,39 + 2,122
445.95 + 27.59
7.45+0.38
67.50 + 1.652
20.56 + 1.48P
106.20 + 4.38%
3.63+0.15
210.45 + 13.00
2.20 + 0.03°
2.06+0.13
52.52 + 48.92
37.71 £ 0.93°
10.64 + 1.25°
13.91 +1.73°
226.92 + 155.21
2.40 + 0.272
24.96 + 1.47°
7851 + 1.54
4490 + 1.82
28.93 + 1.55
8.64 + 0.87
10.74 + 1.632
2.14 +1.30
0.24 + 0.01
2.18 +£0.24
11.19 + 0.65P
0.70 % 0.05°
60.95 + 2.24
33.05 + 1.46

Data are expressed as mean =+ standard error of mean (SEM).FHC, FESRD-IgAN, and FESRD-T2DM indicate female healthy control and patients with end-stage renal
disease caused by IgA nephropathy (ESRD-IgAN) or type-2 diabetes mellitus (ESRD-T2DM), respectively. MHC, MESRD-IgAN, and MESRD-T2DM indicate male healthy
control and patients with ESRD-IGAN, or ESRD-T2DM, respectively. BMI, body mass index; FBG, fasting blood glucose; OPBG, one-hour post-prandial blood glucose;
TPBG, two hours post-prandial blood glucose; FSCP, fasting serum C-peptide; SCPO, serum C-peptide one hour after meal; SCPT, serum C-peptide two hours after
meal; RBCC, red blood cell count. NK, nature killer cell; C3, complement 3; C4, complement 4; IgA, immunoglobulin A; 19G, immunoglobulin G; IgM, immunoglobulin M;
EF, gjection fraction; FS, fractional shortening. Different lowercases at the upper right of the mean =+ standard error showed the statistical significance (p < 0.05).

The bold values indicate the indices that showed significant changes in male and female volunteers.
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