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Objectives

Gut dysbiosis is associated with chronic kidney disease (CKD), and serum free immunoglobulin light chains (FLCs) are biomarkers for CKD. This study aims to assess the CKD gut microbiome and to determine its impact on serum FLC levels.



Methods

To control for confounders, 100 patients and sex- and age-matched healthy controls (HCs) were recruited. The gut microbiome was assessed by sequencing 16S rRNA gene V3-V4 hypervariable regions. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States was applied to infer functional metabolic pathways. When observing group differences in the microbiome and predicted metabolic pathways, demographic confounders were adjusted using binary logistic regression; when examining impacts of the gut microbiome and metabolic pathways on serum FLCs, factors influencing FLC levels were adjusted using multiple regression.



Results

Principal coordinate analysis revealed a significantly different bacterial community between the CKD and HC groups (P < 0.05). After adjusting for confounders, lower Chao 1, observed species and Shannon indices based on binary logistic regression predicted CKD prevalence. Actinobacteria, Alistipes, Bifidobacterium and Bifidobacterium longum enrichment, upregulation of metabolic pathways of bacterial toxin, chloroalkane and chloroalkene degradation, and Staphylococcus aureus infection also predicted CKD prevalence (P < 0.05). Furthermore, depletion of Actinobacteria and Bifidobacterium and reduced chloroalkane and chloroalkene degradation predicted high levels of FLC λ (P < 0.05).



Conclusions

Gut dysbiosis in CKD patients was confirmed by controlling for confounders in the present study. Additionally, the association between gut dysbiosis and FLC λ levels demonstrates the existence of crosstalk between the microbiome and immune response in CKD.
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Introduction

Chronic kidney disease (CKD) is considered a major global health problem and is characterized by gradually declining kidney function. Evidence indicates that the consequences of kidney injury may originate from alterations in the gut microbial population (1). For example, Vaziri et al. demonstrated extensive changes in the bacterial community and function of the gut microbiome in patients with end-stage renal disease (ESRD) on hemodialysis . The bacterial families of Actinobacteria, Firmicutes, and Proteobacteria were shown in one study to have the largest increases in patients with ESRD compared with healthy controls (1). Wang IK et al. found that patients on peritoneal dialysis compared with healthy subjects (2). Patients on peritoneal dialysis were less likely to have Bifidobacterium catenulatum, B. longum, B. bifidum, Lactobacillus plantarum, L. paracasei, and Klebsiella pneumoniae (2). Wong J et al. Demonstrated that ESRD patients maintained on hemodialysis exhibited significant expansion of bacterial families possessing urease, uricase, and indole and p-cresol forming enzymes, and contraction of families possessing butyrate-forming enzymes (3). As can be seen from the abovementioned studies, almost the previous studies were focused on patients who had undergone dialysis. However, Ren et al. characterized the gut microbiome in Chinese CKD population who had never been on dialysis and CKD-related drug therapy illustrated that the microbial community in the patient cohort was different from this in the healthy subjects. In addition, when the bacterial genus level was compared using Wilcoxon rank-sum test, LEfSe analysis and receiver operating characteristic curve, the authors also found significant difference between the two cohorts. For example, Klebsiella and Enterobacteriaceae increased, while Blautia and Roseburia decreased in patient cohort (4).

In addition, emerging studies have reported that gut dysbiosis contributes to the disruption in intestinal barrier function in CKD, allowing the translocation of gut-derived toxins, bacterial products, and intact bacteria into the circulation (5, 6). In other words, gut dysbiosis may contribute to the accumulation of uremic toxins in patients with CKD (7).

Uremic toxins, retention solutes that accumulate in the serum of patients with reduced kidney function, contribute to a variety of metabolic and functional disturbances, such as reduced immunological defense. Free immunoglobulin light chains (FLCs), including FLC κ and λ, are the small polypeptide subunits of an antibody. FLCs act as uremic toxins by interfering with the essential function of polymorphonuclear leukocytes (8). FLCs can inhibit neutrophil apoptosis; moreover, interfering with the resolution of inflammation may perpetuate a chronic inflammatory state, which has been shown to be associated with adverse outcomes in patients with CKD (8–10). Not only an elevation of FLCs is a significant predictor of worse overall survival in the general population (11), but also both serum and urinary FLCs can predict the CKD stage and the severity of albuminuria (12), and the ratio of FLC κ/creatinine and FLC λ/creatinine was negatively associated to patients’ eGFR and elevated with patients’ CKD stages (13).

FLCs activate mast cells, which may accelerate both atherosclerosis and myocardial fibrosis and can contribute to the development of interstitial fibrosis in the kidney (14). FLCs clearance is dependent on glomerular filtration, and serum FLCs increase as kidney function declines (14). Furthermore. FLCs are associated with the risk of end-stage renal disease and death in CKD patients (15). Thus, it is critical to investigate factors associated with the elevation of serum FLCs.

As pathogenic alterations in commensal microorganisms contribute to disease manifestations through effects on host immunity (16), we aimed to compare the microbial profile of patients with CKD and healthy controls (HC). In addition, we aimed to assess putative associations between the microbiome and FLCs levels, which might provide clues for the treatment of CKD.



Methods


Patient

The ethics committee of the Affiliated Wuxi Second Hospital of Nanjing Medical University approved this study (Ref. 2018051). Informed consent was provided by all subjects prior to sample collection. Based on the sample size calculation method for the case-control human microbiome study created by Mattiello et al. (https://fedematt.shinyapps.io/shinyMB/) (17), ninety-two subjects were required in each group to achieve a power of 0.80. Therefore, 100 adult CKD patients and 100 HCs were recruited in the present study from December 2018 to February 2020. Age and sex were matched to control for confounding variables (18). All participants, including the CKD patients and healthy subjects, were local residents.

CKD involves two clinical conditions: either of kidney damage or eGFR < 60 ml/min/1.73 m2 present for ≥ 3 months (18). Kidney damage refers to pathologic abnormalities or markers of damage, including abnormalities in blood or urine tests or imaging studies (19). The markers of kidney damage include albuminuria [(albumin excretion rate ≥ 30 mg/24 h; urinary albumin creatinine ratio (UACR) ≥ 30 mg/g], urine sediment abnormalities, electrolyte and other abnormalities due to tubular disorders, abnormalities detected by histology, and structural abnormalities detected by imaging (20). In clinical practice, this means that in order to diagnose CKD in an individual with normal eGFR or with eGFR ≥ 60 mL/min/1.73 m2 (21). Patients with CKD who had never undergone hemodialysis were recruited. Subjects with kidney damage (the markers of kidney damage as described above) or eGFR above 90 ml/min/1.73 m2, current illness, acute or chronic infections, elevated body temperature, white blood cell count or CRP were excluded from the HC group. In addition, participants with acute intercurrent disease and infections, diarrhea, kidney transplantation, pregnancy, and breastfeeding and those who used antibiotics, probiotic or immunosuppressive drugs within one month before enrollment were excluded from the present study.

An immunoturbidimetric test was used to assess serum levels of polyclonal FLC κ and λ on the day of sample collection by Freelite test (AU5421; Beckman Coulter, USA). FLC κ and λ test kits were purchased from Jingyuan Co., Ltd (Lot number: 20152400201; Shanghai, China). In our lab, the normal reference range of 2.0 to 4.4 g/L for serum FLC κ and 1.1 to 2.4 g/L for serum FLC λ was used, and Freelite result of 0.26-1.65 was the reference range for serum FLC κ/λ ratio (22). The normal reference range of 0-18.5 mg/L for urinary FLC κ and 0-50 mg/L for urinary FLC λ was used. Information on clinical manifestations was obtained by reviewing clinical records. In addition, concurrent diseases, such as diabetes, hypertension and hyperlipidemia, and current medication usage were assessed by reviewing clinical records, medical interviews and routine check-ups.



Sample Collection and DNA Isolation

Fresh fecal material was collected in a sterile container, and 30 mg was placed in another sterile container. All samples were immediately stored at −80°C until further processing. DNeasy PowerSoil Pro Kit was used to isolate microbial genomic DNA from fecal samples (QIAGEN, Germany), and the isolation procedures were performed according to the manufacturer’s instructions. The total DNA was eluted in 50 μl of elution buffer and stored at −80°C until used for PCR. PCR products were confirmed by 2% agarose gel electrophoresis. Throughout the DNA extraction process, ultrapure water, instead of a sample solution, was used as a negative control to exclude the possibility of false-positive PCR results. Polymerase chain reaction (PCR) amplification of the bacterial 16S rRNA genes V3-V4 region was performed using the universal primers 338F and 806R with 30 cycles. The PCR products were purified with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and quantified by Qubit (Invitrogen, Waltham, MA, USA). Amplicon pools were prepared for sequencing, and the size and quantity of the amplicon library were assessed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, MA, USA) and Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. The libraries were sequenced using the NovaSeq PE250 platform.



Bioinformatic Analysis

Paired-end reads were assigned to samples based on their unique barcodes and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged using FLASH. Quality filtering of the raw reads was performed under specific filtering conditions to obtain high-quality clean tags according to fqtrim (v. 0.94). Chimeric sequences were filtered using Vsearch software (v. 2.3.4). After dereplication using DADA 2, we obtained a feature table and feature sequence. Alpha diversity and beta diversity were calculated by normalization to the same sequences randomly using QIIME2 (23). Next, according to the SILVA (v. 132) classifier (24), feature abundance was normalized using the relative abundance of each sample. Alpha diversity was applied to analyze the complexity of amplicon sequence variant (ASV) for a sample through the Chao1, observed species, Shannon and Simpson indices. Beta diversity analysis was performed to evaluate differences in species complexity between samples. We applied permutational multivariate analysis of the variance method to Bray–Curtis distance data using 999 permutations to examine feature differences between patients with CKD and HCs; statistical significance was defined as P < 0.05 (R software vegan package). Blast was used for sequence alignment, and the feature sequences were annotated with the SILVA database. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) analysis was performed to identify Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathways potentially affected by groups of bacteria.

The sequencing data obtained in this study have been deposited in GenBank Sequence Read Archive under accession number SRP279052 (https://www.ncbi.nlm.nih.gov/sra?term=SRP279052&cmd=DetailsSearch).



Statistical Methods

Descriptive statistics for demographics and clinical characteristics of the CKD and HC groups are presented. To compare demographics and clinical characteristics between the CKD and HC groups, continuous variables were assessed using independent t-tests and categorical variables using chi-square or Fisher’s exact tests, when appropriate. One-way analysis of variance was employed to compare quantitative variables among CKD subgroups.

The Wilcoxon rank sum test was applied to compare bacterial diversity and the relative abundance of bacterial taxa and metabolic pathways between the CKD and HC groups, and a Benjamini Hochberg false discovery rate (FDR)-corrected P-value was calculated for comparative tests. A P-value < 0.05 was used as a cut-off for comparative statistical tests. To control for potential confounders, we performed binary logistic regression analysis with SPSS (v. 24.0) to adjust for covariates when they presented significant differences between the CKD and HC groups.

Consequently, we examined associations between the abundance of bacterial taxa and metabolic pathways that exhibited significant differences between the CKD and HC groups and levels of serum FLC κ and λ. In association analysis, we used multiple linear analysis with SPSS (v. 24.0), which can adjust for potential confounding factor(s) that impact the level of FLC κ or λ. A P-value < 0.05 was used as significance cut-off regression analysis and linear analysis.




Results


Demographics

As Table 1 shows, compared to the HC group, the CKD patients had significantly higher BMI, C-reactive protein (CRP), eGFR, serum urea, serum creatinine, FLC κ and λ and higher rates of positive urine protein, hypertension and hyperlipidemia (P < 0.05). Although the patient cohort had slightly higher level of serum FLC κ/λ ratio comparing to the HC cohort (P > 0.05), the alteration was in normal ranges (25). Interestingly, when the CKD patients were stratified as CKD stages, we noticed that only the levels of eGFR and serum uric acid differed among them (P < 0.05).


Table 1 | Characteristics of the participants.





Bacterial Community in Participants

In total, 15,345,951 raw reads were obtained (average raw reads were 79,102; ranging from 49,121 to 122,701); 12,926,322 reads were obtained after removing low-quality or ambiguous reads. Good coverage ranged from 99.42% to 100.00%.

PCoA revealed a significant difference in bacterial composition between the CKD and HC groups (Figure 1A; P = 0.001). However, when the patients were separated into subgroups based on CKD stage, no significant difference between the subgroups was observed (Figure S1; P > 0.05). The Venn diagram in Figure 1B illustrates 9,513 and 11,227 observed features in the CKD and HC samples, respectively, of which 3214 (18.34%) were shared.




Figure 1 | Bacterial community, diversity and profile. (A) Principal coordinates analysis (PCoA) revealed clustering of bacterial taxa in the CKD and HC groups based on Bray–Curtis distance, with each point corresponding to a subject and colored according to the sample type. Permutational multivariate analysis of variance showed that the separation of bacterial communities in the CKD and HC cohort was significant (P = 0.001). (B) Venn diagram showing the shared number of operational taxonomic units by CKD and HC subjects. (C) Bacterial richness and diversity between the CKD and HC cohorts. Binary regression analysis was used to adjust for confounders of BMI, hypertension and hyperlipidemia. The estimated ORs and their CIs are displayed as forest graphs. The blue dotted line represents the OR value = 1. Comparison of gut microbiome richness and diversity shows that lower Chao 1, observed species and Shannon indices can predict the prevalence of CKD (P < 0.05). (D) Bacterial profile in the CKD and HC groups. Red font represents the CKD group and the bacterial abundance in this group; black font represents the HC group and the bacterial abundance in this group.



As significant differences between the CKD and HC groups were found for the demographics of BMI, co-occurrence of hypertension and hyperlipidemia (Table 1), they were considered as potential confounders when comparing differences in bacterial diversity, taxa and metabolic pathways between the groups.

Based on Wilcoxon rank analysis, all of the bacterial richness and diversity indices were significantly decreased in the CKD group compared to the HC group (data not shown; P < 0.05). However, when adjusting for the abovementioned confounders, only Chao 1 [odds ratio (OR) = 0.994; 95% confidence interval (CI) 0.997, 0.999], observed species (OR = 0.994; 95% CI 0.996, 0.999) and Shannon (OR = 0.643; 95% CI 0.457, 0.905) index reductions were significantly associated with the CKD group (P < 0.05, Figure 1C).



Bacterial Profile in the CKD and HC Groups

As shown in Figure 1D, Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria were the most abundant bacterial phyla in the participants, accounting for 98.35% and 98.58% in the CKD and HC groups, respectively. Firmicutes taxa mainly involved Blautia (8.80% and 6.73% in CKD and HC, respectively), Faecalibacterium (4.11% and 5.07% in CKD and HC, respectively), Lactobacillus (4.20% and 2.01% in CKD and HC, respectively), Ruminococcus gnavus (2.41% and 1.90% in CKD and HC, respectively), and Ruminococcus torques (3.61% and 2.80%, respectively). For Bacteroidetes, Bacteroides (9.26% and 14.34% in CKD and HC, respectively) and Prevotella (1.03% and 2.83% in CKD and HC, respectively) were mainly detected. Escherichia, Shigella (8.49% and 8.20% in CKD and HC, respectively) and Klebsiella (1.91% and 3.49% in CKD and HC, respectively) mostly accounted for Proteobacteria and Bifidobacterium (7.45% and 4.30% in CKD and HC, respectively) for Actinobacteria.

The Wilcoxon rank test showed 6 bacterial phyla exhibiting significant differences between the CKD and HC groups (Figure S2A). Among them, Actinobacteria was significantly increased in the CKD group compared to the HC group, whereas Bacteroidetes was significantly reduced in the CKD group with respect to the HC group. Similar to the findings using the Wilcoxon rank test, after adjustment for the confounders BMI, hypertension and hyperlipidemia, the binary regression model showed that an increase in Actinobacteria predicted CKD prevalence (OR = 1.037; 95% CI 1.007, 1.068; Figure 2A). In addition, a decrease in Bacteroidetes predicted the prevalence of CKD (OR = 0.971; 95% CI 0.951, 0.991). However, the remaining five bacteria did not predict the prevalence of CKD when adjusting for confounders.




Figure 2 | Bacterial abundance showing a significant difference between the CKD and HC groups when adjusting for confounders (A–C). Binary regression analysis was used to adjust for confounders of BMI, hypertension and hyperlipidemia. The estimated ORs and their CIs are displayed as forest graphs. The blue dotted line represents the OR value = 1.



When the bacterial genera were compared using the Wilcoxon rank test, significant differences between the CKD and HC groups were found for 41 taxa. For example, Bifidobacterium, Enterococcus, and Streptococcus were significantly increased in the CKD group, whereas Alistipes, Bacteroides, and Prevotella were significantly decreased in the CKD group (Figure S2B). Interestingly, after adjusting for confounders, only the increase in Alistipes (OR = 1.037; 95% CI 1.007, 1.068) and Bifidobacterium (OR = 1.034; 95% CI 1.003, 1.065) was associated with CKD prevalence (Figure 2B). As depicted in Figure S2C, all bacterial species exhibiting significant differences were more abundant in the CKD group than in the HC group, such as Bifidobacterium longum, Faecalibacterium prausnitzii and Lactobacillus crispatus. However, when adjusting for confounders, only a higher abundance of Bifidobacterium longum predicted the prevalence of CKD (OR = 1.080; 95% CI 1.014, 1.151; Figure 2C).



Metabolic Pathway Differences Between the CKD and HC Groups

There were 61 metabolic pathways that exhibited significant differences between the CKD and HC groups when compared using the Wilcoxon rank test (Table S1; P < 0.05), though only 5 pathways were significantly associated with the prevalence of CKD after adjustment for the confounders BMI, co-occurrence of hypertension and hyperlipidemia (P < 0.05; Figures 3A–E). For example, increased bacterial toxins (OR = 2.520; 95% CI 1.345, 4.719), chloroalkane and chloroalkene degradation (OR = 14.907; 95% CI 3.315, 67.036) and Staphylococcus aureus infection (OR = 8.048; 95% CI 1.852, 34.947) predicted the prevalence of CKD. Downregulation of bacterial chemotaxis (OR = 0.408; 95% CI 0.217, 0.768) and lipopolysaccharide biosynthesis (OR = 0.158; 95% CI 0.052, 0.476) also predicted the prevalence of CKD (Figure 3).




Figure 3 | Comparison of functional pathways between the CKD and HC groups (A–E). Gene functions were predicted based on 16S rRNA gene-based microbial compositions using the PICRUSt algorithm and the Kyoto Encyclopedia of Genes and Genomes database. Binary regression analysis was used to adjust for confounders of BMI, hypertension and hyperlipidemia. The estimated ORs and their CIs are displayed as forest graphs. The blue dotted line represents the OR value = 1.





Gut Microbiome Predicted Serum FLC Levels

When the CKD patients were stratified by sex, age, BMI, stage of CKD, concurrent diseases and medication usage, we observed that the serum levels of FLC κ and λ were significantly different in those with and without hyperlipidemia (7.57± 2.37 vs. 9.54 ± 3.02, P = 0.003; 4.11 ± 1.46 vs. 5.06 ± 1.49, P = 0.005). Thus, hyperlipidemia was considered a covariate when performing multiple linear regression analysis to evaluate the influence of bacterial taxa and metabolic pathways on the levels of FLC κ and λ. After confounder adjustment, the abundance of bacterial taxa or metabolic pathways that showed significant differences between the CKD and HC groups did not affect the levels of serum FLC κ (data not shown; P > 0.05). In other words, the CKD-enriched or CKD-depleted microbiota/metabolic pathways were selected to perform the correlation analysis. Interestingly, we observed that a decline in the abundance of Actinobacteria and Bifidobacterium predicted increased levels of FLC λ (P < 0.05, Tables 2 and 3), and a decline in chloroalkane and chloroalkene degradation also predicted increased levels of FLC λ (Table 4, P < 0.05).


Table 2 | Linear regression analysis for Actinobacteria predicting FLC λ.




Table 3 | Linear regression analysis for Bifidobacterium predicting FLC λ.




Table 4 | Linear regression analysis for chloroalkane and chloroalkene degradation predicting FLC λ.






Discussion

A recent previous study reported that Chinese CKD patients have altered gut microbiota comparing to HC cohort (4). In the previous study, the patients on dialysis also excluded. In addition, the healthy subject with hypertension and diabetes were excluded, which can rule out the influence of co-current diseases on the gut microbiota (4). Based on the prevalence of CKD and its common complications of hypertension and diabetes, the CKD patients with hypertension and diabetes, and the non-CKD healthy subjects with hypertension and diabetes were included in our present study. As hypertension and diabetes are common complications in CKD patients (26), and CKD is common in the elderly (27), it is hard to recruit healthy subjects who are age matched with CKD patients in clinical settings. When the gut microbiota was compared between CKD patients and HCs, the confounders such as BMI and comorbid diseases were adjusted in present study. As we excluded dialysis patients, there was no confounding due to effects of dialysis on the microbiota (28). Potential impact of inflammation on the HC microbiome was minimized by excluding HCs with infection or elevated inflammatory markers (CRP, white cell count, body temperature) (28). Overall, our study illustrates that gut dysbiosis and metabolic pathways can predict levels of serum FLC λ in CKD patients after adjustment for hyperlipidemia.

CKD patients in the present study had lower bacterial diversity compared to HC subjects and different bacterial communities, which was consistent with a previous study on the Chinese population (29). Interestingly, no significant differences in the bacterial community in patients at different CKD stages were found, which has not been reported in previous studies. Similar to the gut microbiome composition in CKD stages, the levels of FLC κ and λ did not exhibit significant difference among the five stages. The alterations of FLC κ and λ were dissimilar to the findings reported by Desjardins L et al. (30). In their study, FLC κ and λ levels rose progressively with the CKD stage (30). The dissimilarity between the two studies might be due to the patients in our study had not undergone dialysis at recruitment. It is demonstrated that hemodialysis contributes to serum FLCs (30). Additionally, the different FLCs detection methods might be responsible for the inconsistent findings of Desjardins L and ours, as FLCs are different by Freelite assay and by N Latex assay (31). The non-synchronicity of the alterations between microbiome composition and CKD stage and between microbiome composition and FLC κ/λ indicate that the rate of loss in kidney function decline appear to be inconsistent with the alterations of gut microbiome and FLCs.

An increase in Actinobacteria in CKD patients has been observed by Vaziri et al. and Li F et al. (1, 29). In the Vaziri et al. study, the increase in Actinobacteria was attributed to the abundance of the bacterial families Brachybacterium and Nesterenkonia in CKD patients (1). However, in our study, the high abundance of the bacterial genus Bifidobacterium and Bifidobacterium longum in CKD patients was attributed to the increase in Actinobacteria, which has not been reported before. Recently, particular interest has focused on members of Bifidobacterium, which have been included as live components in a variety of so-called probiotics to recover kidney function in CKD patients. For example, probiotics containing B. longum can lower blood urea nitrogen, uric acid, uremic toxin and inflammatory marker concentrations in CKD patients (32–34). Similar to human studies, Iwashita Y et al. and Wang X et al. demonstrated that Bifidobacterium or B. longum can lower serum toxins in CKD mice (35, 36). Thus, the remarkable increase in Bifidobacterium and B. longum in the gut of CKD patients may have a role in slowing CKD progression. It is worth noting that a decrease in Bifidobacterium predicted an increase in serum FLC λ in CKD patients in the present study. FLCs are rapidly cleared from the serum and are largely filtered by the kidneys; accordingly, the kidneys are a prominent target for FLC deposition and often sustain damaged. For example, Erdem BK and coauthors reported that FLC λ can be considered a useful marker for predicting renal function (37). The negative association between Bifidobacterium and FLC λ indicates that this genus is responsible for alleviating the damage to kidneys caused by serum FLC λ accumulation. This association also suggests that elevation of Bifidobacterium in the gut is a protective response in CKD patients.

We observed that Bacteroidetes depletion can predict the prevalence of CKD. In a previous study on a Chinese population, Jiang S et al. reported a similar trend in CKD patients compared to HC subjects (38). Interestingly, we noticed that enrichment of Alistipes, a bacterial genus in Bacteroidetes, can predict CKD prevalence. Alistipes has been considered an ESRD-enriched bacterium that can result in higher levels of serum uremic toxins in patients, according to Wang X et al. (36); thus, overgrowth of Alistipes in CKD might be a pathologic factor deteriorating the patient’s condition.

In the present study, several metabolic pathways were enriched in the CKD group, which has not been observed in previous studies. For instance, we noted that enrichment of bacterial toxin pathways and Staphylococcus aureus infection are related to the prevalence of CKD. Bacterial toxins can induce activation of the NLRP3 inflammasome (39), and S. aureus can impact the effectiveness of the human immune system, such as secreting immune modulating proteins to inhibit complement activation (40). Therefore, enrichment of bacterial toxins and S. aureus infection might be responsible for the high prevalence of various infections in CKD patients. Interestingly, we also found that the increase in chloroalkane and chloroalkene degradation pathway predicted CKD prevalence. Chloroalkane and chloroalkene degradation is one of the pathways in xenobiotic biodegradation and metabolism. The kidneys have a defined role as excretory organs for xenobiotics in the circulation, and the pathway for xenobiotic elimination depends on glomerular filtration (41). Thus, upregulation of chloroalkane and chloroalkene degradation might be due to loss of kidney function. In the present study, a high level of chloroalkane and chloroalkene degradation pathway predicted a low level of serum FLC λ, suggesting the existence of similar mechanisms in the kidneys to clear chloroalkane and FLC λ. Notably, although lipopolysaccharide is the major component of the outer membrane of gram-negative bacteria, consisting of three domains that are involved in toxicity and pathogenicity (42), the pathway of lipopolysaccharide biosynthesis was downregulated in the CKD group. This finding might be because the patients were not infected at recruitment, and lipopolysaccharide is frequently accompanied by various infections (43–45).

It is worth noting that our present study only found that the microbiome was associated to the level of serum FLC λ, but not FLC κ. This might be due to the alteration of FLC λ is not consistent with FLC κ. Similar phenomenon was observed in healthy adults completed marathon running (46), which may induce acute and transient renal impairment (47). Further study is needed to explore why and how gut microbiome stimulate FLC λ.

One limitation of the present study is that the duration of recruitment of the participants lasted for over one year, during which we could not rule out seasonal factors associated with the microbiome. Second, we only collected gut samples from local residents, which can only illustrate alteration in the gut microbiome of local CKD patients. Participants from multiple locations should be included in future studies. Thirdly, the numbers of subjects per CKD stage and comorbid conditions were rather small in the present study. Although they were listed as confounders and adjusted in the statistical analysis, it is possible influence the findings. Last but not least, PICRUSt was used to infer functional gene and pathway profiles from 16S rRNA gene data in the present study (48–52), the associations between microbiome and functional pathways, between microbiome and FLCs, and between functional pathways and FLC λ should be confirmed using fecal transplantation in animal experiment and human fecal metabonomics.



Conclusions

The CKD patients in this study exhibited gut dysbiosis after controlling for confounders, which may account, in part, for the increased levels of serum FLC λ in these patients. The results highlight the need to utilize microbiome-based interventions to eliminate bacterial toxins in CKD patients, including FLC λ.
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Supplementary Figure 1 | Principal coordinates analysis (PCoA) revealed clustering of bacterial taxa in the six stages of CKD based on Bray–Curtis distance, with each point corresponding to a subject and colored according to the sample type. Permutational multivariate analysis of variance showed that the separation of bacterial communities in the six stages was not significant (P > 0.05).

Supplementary Figure 2 | Bacterial taxon abundance showing a significant difference between the CKD and HC groups without adjusting confounders (P < 0.05). The Wilcoxon rank-sum test was used to compare differences in abundance between the two groups.
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