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Abstract

Background
Immunoglobulin A nephropathy (IgAN) is a common autoimmune glomerular disease, the classic
manifestations of which are hematuria and proteinuria. The pathogenesis of IgAN has been associated
with dysregulated intestinal mucosal immunity. However, whether gut microbial modifications play a part
in IgAN remains unclear.

Methods
Blood and fecal samples were collected from 52 IgAN patients and 25 healthy controls (HCs). The gut
microbiome was analyzed by 16S ribosomal RNA (rRNA) gene sequencing, followed by analyses of gut
microbiota composition. Furthermore, the levels of galactose-deficient IgA1 (Gd-IgA1), soluble cluster of
differentiation 14 (sCD14), lipopolysaccharide binding protein (LBP), intercellular adhesion molecule-1
(ICAM-1), and C-reactive protein (CRP) was quantified by enzyme-linked immunosorbent assay (ELISA).

Results
Substantial differences in gut microbiota were found between IgAN patients and HCs (P < 0.05). The
abundance of pathogenic bacteria (Bacteroides and Escherichia-Shigella) was significantly higher in IgAN
patients than in HCs, while that of beneficial strains (Bifidobacterium and Blautia spp.) was lower. Higher
proportions of Escherichia-Shigella and lower proportions of Bifidobacterium spp. were observed in IgAN
patients with a high urine RBC count (≥ 10/HP) and proteinuria (≥ 1 g/24 h) levers. Spearman’s
correlation analysis was used to assess the association between gut microbiota and biomarkers in IgAN
patients. The results showed that the genus Prevotella 7 was negatively correlated with Gd-IgA1, LBP,
sCD14, and ICAM-1, while Bifidobacterium spp. presented a significant inverse relationship with LBP and
Gd-IgA1. Additionally, Escherichia-Shigella was negatively correlated with Prevotella 7.

Conclusions
In IgAN patients, gut modifications were characterized by an increase in the numbers of pathogenic
bacteria and a reduction in the levers of beneficial bacteria. Our results suggest that disturbance of the
intestinal microflora might play a critical part in the severity of IgAN, and may be a potential therapeutic
target.

Introduction
Immunoglobulin A nephropathy (IgAN), characterized by diffused IgA deposition in the glomerular
mesangium, is a leading cause of end-stage renal disease (ESRD) in adults [1]. Long-term research has
Page 2/18

indicated that approximately 20–40% of IgAN patients progress to ESRD within 20–40 years, making it
an important public health problem [2, 3]. However, the pathogenesis of IgAN remains unclear.
Recently, modifications of the gut microbiota have been recognized as a risk factor for several kidney
diseases, including diabetic nephropathy, chronic kidney diseases, cardiovascular disease, inflammatory
bowel disease, obesity, and several cancers [3–5]. Although a previous study has reported that the gut
microbial community in IgAN patients is substantially changed when compared to healthy controls [6],
the precise differences and the relationship between the microbes and severity of IgAN clinical
manifestations are poorly understood. Therefore, we analyzed the fecal gut microbiota of IgAN patients
in Chinese population to evaluate the potential correlation between the compositions of the gut
microbiome and disease severity.

Materials And Methods
Study Subjects
A total of 52 patients with IgAN diagnosis confirmed by biopsy and 25 healthy controls (HCs) subjects
were enrolled between June 2018 and July 2019 from West China Hospital of Sichuan University. The
diagnostic criteria for IgAN were based on the KDIGO Clinical Practice Guidelines for Glomerulonephritis
[7]. Patients with the same diet and lifestyle habits were included in this study. Individuals with secondary
IgAN, autoimmune disorders, diabetes mellitus, acute myocardial infarction, stroke, abnormal liver
function, malignancies, digestive tract disease, and those who had received antibiotic treatment within 4
weeks were excluded. This study was performed in accordance with the Helsinki Declaration and
approved by the Biomedical Ethics Committee of West China Hospital of Sichuan University. Written
informed consent was acquired from all participants.
Baseline Data and Laboratory Measurements
Age, gender, systolic blood pressure, diastolic blood pressure, serum creatinine, estimated glomerular
filtration rate (eGFR) calculated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation, blood urea nitrogen (BUN), urine protein, and hematuria were recorded for each study subject
[8].
A fasting venous blood sample was obtained from all the participants. Serum was separated by
centrifugation (3,000g at 4 °C for 10 min) and immediately frozen at–80 °C for further use. Fresh fecal
samples of each subject were collected into a sterile container and immediately stored at –80 °C.
Serum galactose-deficient IgA1 (Gd-IgA1, U/mL), lipopolysaccharide (LPS) binding protein (LBP, μmol/L),
soluble cluster of differentiation 14 (sCD14, ng/mL), intercellular adhesion molecule-1 (ICAM-1, ng/mL),
and C-reactive protein (CRP, mg/L) were detected by enzyme-linked immunosorbent assay (ELISA)
(Shanghai Enzyme-linked Biotechnology Co., Ltd, China). Repeated measurements were performed based
on the manufacturer’s protocol [9].
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Sequencing of the 16S rRNA Gene
DNA extraction from fecal microbiota was performed using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek,
Norcross, GA, USA). The amount and purity of microbial DNA were verified by a NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Agarose gel electrophoresis (1%) was used
to evaluate the integrity and the size of the final DNA.
The universal primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′GGACTACHVGGGTWTCTAAT-3′) was used to PCR-amplify the 16S ribosomal RNA (rRNA) V3–V4
hypervariable regions using a GeneAmp 9700 thermocycler system (ABI, USA). The reaction conditions
comprised denaturation at 95 °C for 3 min, 27 cycles of 95 °C for 30 s, annealing at 55 °C for 30 s,
extension at 72 °C for 45 s, and a final a extension step at 72 °C for 10 min. Reaction mixtures (20 μL)
included FastPfu Buffer, 2.5 mM dNTPs, 5 μM of each forward and reverse primer, FastPfu Polymerase,
and template DNA. The PCR products were extracted from 2% agarose gels using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluor™ -ST (Promega,
USA) [10].
The purified amplicons were pooled equimolarly and paired-end sequenced on the Illumina MiSeq
platform (Illumina, San Diego, CA, USA). The raw sequencing reads were recorded in the fastq format and
quality-filtered by Trimmomatic. FLASH was used to merge all the raw sequencing reads. Reads were
clustered into operational taxonomic units (OTUs) at a 97% similarity cutoff using UPARSE (version 7.1;
http://drivve5.com/uparse), where a new greedy algorithm was adopted that simultaneously performed
chimera filtering and OTU clustering. The ribosomal database project (RDP) classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA database was used with a 70%
confidence threshold to further categorize each 16S rRNA sequence.
Statistical Analysis
For baseline data and laboratory findings, quantitative data were presented either as medians with
interquartile range or means ± standard deviation (SD), whereas variables were presented as percentages
and compared by the Student's t-test, Wilcoxon rank-sum test, chi-square test, or Fisher’s exact test.
Statistical analyses were performed with SPSS version 22.0 (IBM SPSS, Chicago, IL, USA).
Data for the 16S rRNA were processed on the Majorbio Cloud Platform (www.majorbio.com). All the data
were analyzed at the genus level. Permutational multivariate analysis of variance (PERMANOVA) was
carried out using the R package “vegan”. The permuted P-value was acquired from 10,000 permutations.
Sample size and sequence accuracy were determined by pan/core genome species analysis and
rarefaction curves. Alpha diversity, including Ace, Chao, Coverage, Shannon, Simpson, and Sobs diversity
indices, and beta diversity, including principal coordinate analysis (PCoA) and Venn diagrams, were
calculated to determine community richness and diversity. Taxonomic differences from the phylum to
genus level in IgAN and HCs were directly determined by the linear discriminant analysis (LDA) effect size
(LEfSe) algorithm, where an LDA score >2.0 was considered to be significant. Differential abundance at
Page 4/18

the phylum and genus levels was detected by the Wilcoxon rank-sum test. Connections between
demographic data/biochemical indicators and bacterial genera were calculated by Spearman’s rank
correlation coefficient. Two-tailed P-values were generated for all parameters and P-values <0.05 were
considered significant.

Results
Baseline Characteristics of the Study Subjects
In this cross-sectional study, 52 IgAN patients and 25 HCs were enrolled according to the specified
inclusion and exclusion criteria (see Materials and Methods). The basic information for IgAN patients and
HCs is shown in Table 1. Systolic blood pressure, diastolic blood pressure, and serum levels of creatinine,
e-GFR, BUN, urine protein, and red blood cell numbers in urine were significantly higher in IgAN patients
than in HCs (P < 0.05).
Composition of Gut Microbiota
Analysis of Pan and Core genomes and rarefaction curves at the genus level indicated that the data in
our study were large enough and valid (Fig. 1). We evaluated alpha and beta diversity to compare
community richness and diversity between the gut microbiota of IgAN patients and HCs. Although alpha
diversity analysis showed no significant differences in taxon richness and evenness, there was a clear
separation in the composition of gut microbiota between the IgAN patients and HCs (Ace, P = 0.073;
Chao, P = 0.077; Sobs, P = 0.088) (Table 2). These results suggested that bacterial community diversity
was altered between the two groups.
Beta diversity analysis also demonstrated that the overall structure of the intestinal microbiomes differed
significantly between IgAN patients and HCs (P = 0.005; Fig. 2A), which was further confirmed by Venn
diagram analysis (Fig. 2a). Overall, 437 genera were detected at a 97% sequence homology cutoﬀ for the
16S rRNA gene. Of these genera, 287 were shared between IgAN patients and HCs, 18 were specific for
the HCs, and 132 were unique to IgAN patients. Overall, the gut microbiome composition of IgAN patients
differed from that of HCs.
Specific Differences from Phylum to Genus Levels in IgAN Patients and HCs
To further explore the differences in microflora between IgAN patients and HCs, we used the LEfSe
algorithm. The results indicated that 3 phyla, 3 classes, 3 orders, 5 families, and 12 genera were enriched
in IgAN patients, while 2 phyla, 2 classes, 5 orders, 7 families, and 28 genera were enriched in HCs (LDA
score >2.0, P < 0.05) (Fig. 3a). At the phylum level, the relative abundance of Bacteroidetes was higher in
IgAN patients while that of Firmicutes was higher in HCs. At the genus level, the relative abundance of

Bacteroides was higher in IgAN patients, whereas that of Subdoligranulum was higher in HCs. A
cladogram was then generated to directly visualize and compare the phylogenetic distribution from the
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phylum to genus level between the two groups, with the results demonstrating that significant differences
existed at each taxonomic level analyzed (P < 0.05; Fig. 3b).
At the phylum level, a Wilcoxon rank-sum test indicated that the proportions of Bacteroidetes and

Fusobacteria were markedly higher in IgAN patients than in HCs (P < 0.05; Fig. 4a). Additionally, IgAN
patients had a higher proportion of Proteobacteria, although the difference was not significant (P =
0.066). Conversely, the proportions of Firmicutes, Actinobacteria, and Tenericutes were significantly
higher in the fecal microbiota of HCs (P < 0.05). A genus-level comparison between HCs and IgAN
patients demonstrated that the abundances of Bacteroides, Escherichia–Shigella, and Lachnoclostridium
were significantly increased in IgAN patients when compared with those of HCs (P < 0.05; Fig. 4b).
However, IgAN patients also presented a significant reduction in the proportions of Blautia,
Subdoligranulum, Prevotella 9, genus_Eubacterium hallii, and Bifidobacterium (P < 0.05). The community
bar plot analysis also showed differences in composition at the genus level (Fig. 4c), although the
differences were not significant.
Relationship between Gut Microbiota and Clinical Characteristics
IgAN patients were divided into subgroups based on the levels of proteinuria and hematuria to evaluate
whether intestinal microbes were related to the severity of IgAN. As most patients enrolled in our study
were at early stages of chronic kidney disease (CKD 1 and CKD 2 stages), subgroup analysis based on
the eGFR level was discontinued. As shown in Table 3, patients with a higher urine RBC count (≥10/HP)
count presented a higher abundance of Escherichia–Shigella (P = 0.016) and a lower abundance of
Bifidobacterium spp. (P = 0.055) than patients with a urine RBC count <10/HP. Patients with different
levels of urine protein had significantly different abundances of Subdoligranulum spp. (P < 0.05).
Moreover, the abundance of Escherichia–Shigella was marginally higher, while that of members of the
Bifidobacterium genus was lower (P = 0.06), in patients with proteinuria ≥1 g/24 h (P = 0.075).
Because immune reactions and inflammation have a role in IgAN pathogenesis, serum concentrations of
immune and inflammatory factors, such as Gd-IgA1, LBP, sCD14, ICAM-1, and CRP, were measured along
with routine laboratory indexes. We found that serum levels of Gd-IgA1, LBP, sCD14, and ICAM-1, and CRP
levels were significantly increased in IgAN patients when compared with those of HCs (Fig. 5).
Spearman’s correlation analysis was performed only in the IgAN group to investigate the relationship
between bacteria and inflammation indexes in the disease state. The genus Prevotella 7 was negatively
correlated with Gd-IgA1, LBP, sCD14, and ICAM-1 (r = −0.356, P = 0.014; r = −0.322, P = 0.014; r = −0.321, P
= 0.028; r = −0.311, P = 0.033, respectively). Meanwhile, Bifidobacterium spp. had a marked inverse
relationship with LBP and Gd-IgA1 (r = −0.301, P = 0.040; r = −0.266, P = 0.070, respectively). Additionally,
Escherichia–Shigella was negatively correlated with Prevotella 7 spp. (r = −0.305, P = 0.037), indicating
that there was also interaction among microbiota, as shown in Table 4. Combined with previous results, it
was reasonable to draw a conclusion that the gut microbiota might be associated with inflammatory
state in IgAN.
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Discussion
This was a preliminary cross-sectional cohort study, the investigation of fecal microbiota diversity and
abundance of Chinese IgAN patients was performed by high-throughput sequencing and qPCR analyses.
IgAN is the most prevalent primary glomerulonephritis in China [11]. Immune reaction, bacterial infection
and inflammation have been reported as etiological factors of IgAN. More than one hundred trillion
microbes exist in the intestinal tract, one of the biggest immune organs of the human body [12]. An
increasing number of studies have revealed that the gut–kidney axis may contribute to the pathogenesis
of numerous diseases [4, 5]. However, only one pilot study with a relatively small number of samples has
reported the dysregulation of the gut microbiome in IgAN patients [6]. Therefore, we undertook this study
to explore whether the gut microbiota is associated with the manifestations and severity of IgAN.
The 16S rRNA sequencing results showed that the composition of the gut microbiome from the phylum
to genus levels differed between IgAN patients and HCs. Cladogram and LEfSe analysis suggested that
the relative abundances of the dominant bacterial communities were different. Subdoligranulum was the
most abundant genus in HCs, while Bacteroides was dominant in IgAN patients, indicating that the
composition of intestinal flora was changed in IgAN patients. Moreover, marked differences in the
percentages of specific bacteria were also noted, especially the overrepresentation of Bacteroides,
Escherichia–Shigella, and Lachnoclostridium, and the underrepresentation of Blautia, Subdoligranulum,
Prevotella 9, genus_Eubacterium hallii, and Bifidobacterium in IgAN patients. Bifidobacterium spp. are
one of the most common probiotics in healthy people, and play an essential role in the gastrointestinal
tract, including intestinal biological barrier function and immune enhancement [13], while Eubacterium
hallii, Blautia spp., and Prevotella spp. are also beneficial for human physiology [14, 15]. Therefore,
decreased levels of these beneficial bacteria may compromise the immune regulatory function in the
intestine. Bacteroides and Escherichia–Shigella are considered pathogenic bacteria that can cause
intestinal infections under conditions of lower resistance [10, 16, 17]. An increase in the numbers of these
bacteria may lead to local infection and activation of immune responses, which may lead to increased
IgA synthesis. It is noteworthy that the physiological function of the bacteria shown above is not fully
understood. But limited data suggests that g-Eubacterium hallii, g-Blautia and g-Prevotella are beneficial
for human physiology. Accordingly, we speculated that gut microbial dysbiosis, characterized by increase
in pathogenic bacteria and a decrease in beneficial bacteria, were relevant to IgAN.
The results of the current study also indicated that a strong correlation existed between intestinal
microflora and the clinical characteristics of IgAN patients. Patients with higher urine RBC counts (≥
10/HP) or proteinuria levels (≥ 1 g/24 h) had a higher percentage of Escherichia–Shigella and lower
percentage of Bifidobacterium, suggesting that gut microbial modifications might be associated with the
clinical severity of IgAN. Moreover, IgAN patients presenting with proteinuria levels ≥ 1 g/24 h were
substantially more likely to progress to end-stage renal disease, indicating that intestinal flora imbalance,
characterized by an increased abundance of pathogenic bacteria and reduction in that of beneficial
strains, may be relevant to IgAN progression [18, 19]. Recently, the substantial diversity in bacterial
composition from tonsillar crypts of IgA patients was detected by Watanabe H [20]. In their study,
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abundance of Prevotella spp., Haemophilus spp., Porphyromonas spp. and Treponema spp. was
significantly higher in IgAN patients. But the changes in microbiota in tonsils were not the same as the
changes in intestinal flora. De Angelis M et al. has proposed that some genera/species of
Ruminococcaceae, Lachnospiraceae, Eubacteriaceae and Streptococcaeae were increased in patients
with IgAN, but the abundance of Bifidobacteriaceae was markedly decreased [6]. Notably, both of us had
found that the reduction of probiotic bacteria was associated with IgAN, suggesting that the
modifications of gut microbiota did exist in IgA patients. However, changes in the abundance of other
types of gut microbiota were not completely the same as ours, which might result from genetic diversities
and differences in environment and eating habits. In addition, Chemouny et al. has reported that
antibiotics, depleting gut microbiota efficiently, could ameliorate clinicopathological changes in
humanized mice with IgAN [21]. As for the reason why we thought that the modification of gut microbiota
was associated with the progression of IgAN, previous studies have reported that the higher levels of
proteinuria and hematuria could serve as biomarkers of poor prognosis, which could guide the treatment
[22, 23]. Therefore, it was reasonable to speculate that modification of gut microbiota might be correlated
with poor prognosis since we indicated that a significantly higher abundance of Escherichia–Shigella and
a markedly lower abundance of Bifidobacterium spp. were observed in patients with higher levels of
hematuria or proteinuria. Together, commensal bacteria might have effective effect on IgAN progression,
but the exact mechanism remains unclear.
In our study, the serum concentrations of immune and inflammatory markers such as LBP, sCD14, ICAM1, and CRP were also measured in IgAN patients. The results showed that the levels of all these markers
were substantially higher in IgAN patients than in HCs. Following infection by gram-negative bacteria,
LBP has a role in LPS aggregation, which leads to inflammation [24]. CD14, a glycolipid-anchored
membrane glycoprotein, is generally regarded as a receptor for the LPS/LBP complex [25]. Both LBP and
sCD14 are key molecules in the innate immune response [26, 27]. Patients with CKD have elevated levels
of sCD14 and an increased risk of cardiovascular disease and death [28]. ICAM-1 can regulate immune
reactions and may be associated with the pathogenesis of glomerulonephritis [29]. We also found that
decreases in the levels of normal bacteria such as members of the genera Prevotella and Bifidobacterium
were related to increased levels of Gd-IgA1, LBP, sCD14 and ICAM-1. Moreover, an increased abundance
of the pathogenic Escherichia–Shigella was associated with decreased levels of normal bacteria
(Prevotella 7). The pathogenic bacteria that showed increased abundances, such as Bacteroides and
Escherichia–Shigella, were gram-negative, and these bacteria can release LPS and stimulate the secretion
of LBP, sCD14, and other inflammatory markers. Based on our data, we presumed that gut microbiota
might impact on renal impairment through inflammatory signaling pathways. Recently, depletion of gut
microbiota using antibiotics was reported to ameliorate clinicopathological changes in a mouse model of
IgAN [21].
Several limitations must be taken into account in our study. First, as a cross-sectional study, we did not
investigate the association between flora imbalance and prognosis. Second, environmental factors and
food habits might influence the gut microbiome, and our results may only be applicable to Chinese IgAN
patients. Third, this experiment did not initially design a comparison of the intestinal flora of IgAN and
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other glomerulonephritis. Finally, as majority of patients enrolled in our study were at the early stages of
chronic kidney disease (CKD 1 and CKD 2 stages), the analysis based on the eGFR level was not
processed. The relationships between gut microbiota and pathogenesis of IgAN are being carried out in
further studies. Moreover, this was an observational study and no intervention was applied. Interventional
studies using antibiotics or probiotics should be performed in the future.

Conclusions
Taken together, our results demonstrated that gut microbiota composition was significantly different
between IgAN patients and HCs, and this difference was characterized as an increase in the abundance
of opportunistic pathogenic bacteria and reduction in that of beneficial bacteria. Moreover, the gut
microbiota was highly related to the clinical manifestations and inflammatory indicators of IgAN
patients.
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adhesion molecule-1; CRP:C-reactive protein; KDIGO:kidney disease:improving global outcomes;
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Figure 1
Rarefaction curves and pan/core genome analysis. (a) The rarefaction curves of IgAN patients and
healthy controls (HCs) at the genus level. The sequencing depth was judged to be sufficient as the curve
tended to be flat. The detection rate of the microbial community was almost flat, revealing a reasonable
sequencing volume that could cover most species. (b) Pan-genome analysis. (c) Core-genome analysis.
Pan and core analysis both describe the changes in core species members with increasing sample size.
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Figure 2
Principle Coordinate Analysis (PCoA) and Venn diagram of gut microbiota from IgAN patients and
healthy controls (HCs) at the genus level. (a) PCoA. Triangles and circles represent different samples
from the two groups. The structure and composition of the gut microbiota in IgAN patients were
substantially different from those of HCs. (b) Venn diagram. There were 287 species shared between the
two groups while 18 and 132 species were specific to the HCs and IgAN patients, respectively.
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Figure 3
Gut microbiota differences between IgAN patients and healthy controls (HCs) were identified using a
logarithmic linear discriminant analysis (LDA) effect size (LefSe) threshold >2.0. (a) Histogram of the
LDA scores for the differential abundance of each species between IgAN patients and HCs. (b)
Cladograms of bacterial lineages with obviously different between two groups at various levels from
phylum to genus. Twenty-six bacterial taxa were significantly enriched in IgAN patients (red) while 45
bacterial taxa were significantly enriched in HCs (blue).
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Figure 4
Relative abundance of the gut microbiota and Wilcoxon rank-sum test analysis between IgAN patients
and healthy controls (HCs). (a) The relative abundance of gut microflora at the phylum level suggested
that significant variation existed between the two groups. (b) Analysis of differences in the gut microbiota
between the two groups at the genus level showed marked differences. (c) Community bar plot analysis
showing the differential relative abundance of microflora between the two groups.
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Figure 5
The relative serum levels of galactose-deficient IgA1 (Gd-IgA1), lipopolysaccharide binding protein (LBP),
soluble cluster of differentiation 14 (sCD14), intercellular adhesion molecule 1 (ICAM-1), and C-reactive
protein (CRP) measured by ELISA.
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