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Background: Immunoglobulin A nephropathy (IgAN) is a highly prevalent

glomerular disease. The diagnosis potential of the gut microbiome in IgAN

has not been fully evaluated. Gut microbiota, serum metabolites, and clinical

phenotype help to further deepen the understanding of IgAN.

Patients and methods: Cohort studies were conducted in healthy controls

(HC), patients of IgA nephropathy (IgAN) and non-IgA nephropathy (n_IgAN).

We used 16S rRNA to measure bacterial flora and non-targeted analysis

methods to measure metabolomics; we then compared the differences in

the gut microbiota between each group. The random forest method was used

to explore the non-invasive diagnostic value of the gut microbiome in IgAN. We

also compared serum metabolites and analyzed their correlation with the

gut microbiome.

Results: The richness and diversity of gut microbiota were significantly different

among IgAN, n_IgAN and HC patients. Using a random approach, we

constructed the diagnosis model and analysed the differentiation between

IgAN and n_IgAN based on gut microbiota. The area under the receiver

operating characteristic curve for the diagnosis was 0.9899. The metabolic

analysis showed that IgAN patients had significant metabolic differences

compared with HCs. In IgAN, catechol, l-tryptophan, (1H-Indol-3-yl)-N-

methylmethanamine, and pimelic acid were found to be enriched. In the

correlation analysis, l-tryptophan, blood urea nitrogen and Eubacterium

coprostanoligenes were positively correlated with each other.

Conclusion: Our study demonstrated changes in the gut microbiota and

established models for the non-invasive diagnosis of IgAN from HC and
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n_IgAN. We further demonstrated a close correlation between the gut flora,

metabolites, and clinical phenotypes of IgAN. These findings provide further

directions and clues in the study of the mechanism of IgAN.
KEYWORDS

glomerulonephritis, IgA, chronic kidney disease, gut microbiome, non‐invasive
diagnostic tools, metabolic networks
Introduction

Immunoglobulin A nephropathy (IgAN) is a well-known

primary glomerular disease (Chou et al., 2012; O'Shaughnessy

et al., 2017; Hu et al., 2020). It is characterized by recurrent

attacks of hematuria and proteinuria. IgAN patients are prone to

relapse, which brings great difficulties in disease treatment,

resulting in a poor prognosis. The probability of IgAN

eventually progressing to end-stage renal disease (ESRD)

within 20-30 years of the first clinical presentation is

approximately 40% (Lai et al., 2016). The pathology of IgAN is

characterized by the deposition of immunoglobulin A (IgA) in

the mesangium of the glomeruli, which can be detected by

immunofluorescence staining (Wyatt and Julian, 2013).

The close relationship between IgAN and mucosal immunity

has been established since 1968 when Berger and Hinglais

(Berger and Hinglais, 1968) first reported IgAN. Further

research confirmed that IgA deposits in the glomerular

mesangium are mainly produced by mucosa-associated

lymphoid tissue (MALT) (Béné and Faure, 1988; Kano et al.,

2021). Many studies have recently reported that the incidence

and severity of IgAN are closely related to the degree of intestinal

mucosal injury (Gesualdo et al., 2021; Sallustio et al., 2021).

Changes in the intestinal barrier can cause harmful effects,

including endotoxin absorption through the intestinal barrier,

overproduction of aberrantly glycosylated IgA1, which is the

predominant IgA subtype (Suzuki et al., 2009; Makita et al.,

2020), and IgA deposition in the mesangium of glomeruli

(Suzuki et al., 2018). Several metabolites secreted by gut

microbes, such as Bacteroidetes, help to maintain the stability

of the immune system. Therefore, the correlation between the

enteric-renal axis and IgAN is attracting increasing attention

(Coppo, 2018; Zhong et al., 2020; Sallustio et al., 2021).

Although previous studies reported that the microbial

community was substantially changed in patients with IgAN

compared with healthy controls (HC) and membranous

nephropathy (MN) patients (Dong et al., 2020), it is unclear

whether IgAN can be diagnosed based on the gut microbiota and

whether there are metabolic differences in IgAN. In this study, using
02
a total of 441 fecal samples, the intestinal flora was compared

between IgAN, non-IgAN (pathologically diagnosed non-IgA

glomerular nephritis without secondary reasons, n_IgAN), and

HC groups. Furthermore, the correlation between the intestinal

flora, serum metabolites, and clinical phenotype was analyzed to

deepen our understanding of the pathogenesis of IgAN.
Materials and methods

Inclusion and exclusion criteria

The diagnostic criteria for IgAN and n_IgAN (including MN,

minimal change disease (MCD), focal segmental glomerular

sclerosis (FSGS), and primary membranoproliferative

glomerulonephritis (MPGN)) were based on renal biopsy

findings. The exclusion criteria were as follows: 1) secondary

IgAN; 2) patients who had received antibiotics, probiotics,

prebiotics, laxatives, glucocorticoids or immunosuppressants

within 3 months of sample collection; 3) individuals with a

history of cholecystectomy, colectomy, confirmed hemorrhagic

disease, or other intestinal diseases; 4) individuals with cancer,

metabolic diseases, or severe infection; and 5) IgAN with other

primary glomerular diseases.

Our study included two major parts, the experimental study

and the independent validation study. In the experimental study,

we retrospectively collected 117 IgAN and 116 n_ IgAN fecal

samples from the biobank of the First Affiliated Hospital of

Zhengzhou University from May 24, 2018, to February 1, 2021.

In addition, 150 HC fecal samples were collected from age- and

sex- matched healthy volunteers. In the independent validation

study, we retrospectively collected 29 IgAN fecal samples from

the biobank of the First Affiliated Hospital of Zhengzhou

University from February 15, 2021, to July 31, 2021. In

addition, another 29 HC fecal samples were collected from

age- and sex- matched healthy volunteers. Regarding the blood

samples, 29 IgAN samples were from the independent validation

group, while an additional 26 HC were matched by sex and age.

The study flow chart is shown in Figure 1.
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Ethical approval

The study was approved by the Ethics Committee of the First

Affiliated Hospital of Zhengzhou University (2022-KY-0572-

001). All participants signed written informed consents

before enrollment.
Sample collection and DNA extraction,
16S rRNA amplification, and
gene sequencing

Fresh fecal samples were collected from the enrolled

individuals in the morning. After collection, the samples were

immediately frozen and stored at −80°C before analysis. The

fecal sample was added to a 2 ml screwcap vial containing 1 g

glass beads (0.1 mm BioSpec Products, Inc., USA) and was

suspended in 790 µl sterile lysis buffer (4 M guanidine

thiocyanate; 10% N-lauroyl sarcosine; 5% N-lauroyl sarcosine

and 0.1 M phosphate buffer [pH 8.0]). The sample was subjected

to bead beating for 10 min at maximum speed prior to

incubation at 70°C for 60 min. Microbial DNA was extracted

using the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, Inc.,

GA, USA).

The primers F1 and R2 (5’- CCTACGGGNGGCWGCAG -3’

and 5’-GACTACHVGGGTATCTAATCC-3’) corresponding to
Frontiers in Cellular and Infection Microbiology 03
positions 341 to 805 in the Escherichia coli 16S rRNA gene were

used to amplify the V3~V4 region in each fecal sample by PCR.

PCR reactions were run in a EasyCycler 96 PCR system (Analytik

Jena Corp., AG) using the following program: 3 min of

denaturation at 95°C followed by 21 cycles of 0.5 min at 94°C

(denaturation), 0.5 min for annealing at 58°C, and 0.5 min at 72°C

(elongation), with a final extension at 72°C for 5 min. The products

from different samples were indexed and mixed at equal ratios for

sequencing by Shanghai Mobio Biomedical Technology Co. Ltd.

using the Miseq platform (Illumina Inc., USA), according to the

manufacturer’s instructions.
Bioinformatics and statistical analysis

Operational taxonomic units (OTUs) were classified with

97% similarity. Usearch (version 11 http://drive5.com/uparse/)

was used to cluster the sequences. The Ribosomal Database

Project Classifier algorithm (release 11.1 http://rdp.cme.msu.

edu/) was applied to analyze the taxonomy of each 16S rRNA

sequence using the Silva database (release 119 http://www.arb-

silva.de).

Alpha diversity was estimated from the OTUs analysis and

was presented using the ACE index, chao index, Shannon index,

and Simpson index, which were analyzed using the implemented

method in the R package “vegan”. Bacterial taxonomic
FIGURE 1

Flow chart of this study. Flow chart of disease diagnosis and differential diagnosis models based on fecal samples. In experimental group, 117
IgAN and 116 n_ IgAN fecal samples were collected from the biobank of the First Affiliated Hospital of Zhengzhou University from May 24, 2018,
to February 1, 2021. One-hundred-and-fifty HCs fecal samples were collected from age- and sex- matched healthy volunteers. In independent
validation group, 29 IgAN fecal samples were collected from the biobank of the First Affiliated Hospital of Zhengzhou University from February
15, 2021 to July 31, 2021. And another 29 HCs fecal samples were collected from age- and sex- matched healthy volunteers. A total of 150 HCs
and 117 IgAN fecal samples were randomly divided into the training phase (100 HCs and 78 IgAN patients) and test phase (50 HCs and 39 IgAN
patients) at a ratio of 2:1. At a ratio of 2:1, 117 IgAN and 116 n_IgAN were randomly divided into the training phase (78 IgAN patients and 78
n_IgAN patients) and test phase (39 IgAN patients and 38 n_IgAN patients). Flow chart of analysis of association of microbiota, metabolites and
clinical indicators through serum metabolomics studies. In the blood samples, 29 IgAN patients were from the independent validation group,
while 26 HCs was sex- and age- matched healthy controls. HC, healthy controls; IgAN, immunoglobulin A nephropathy; n_IgAN, non-IgA
nephropathy; LC-MS, Liquid Chromatography-Mass Spectrometry.
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comparison at the phylum and genus levels was tested between

two groups using the Wilcoxon rank sum test, and the

nonparametric Kruskal-Wallis rank sum test was used among

three groups. Both weighted and unweighted UniFrac were

aculeated in QIIME (v1.9.1). In addition, principal coordinate

analysis (PCoA) plots and partial least squares discriminant

analysis (PLSDA) were generated by the QIIME pipeline to

visualize the UniFrac dissimilarity. The Venn diagram was used

to compare the differences in intestinal flora based on OTUs

between the two groups. Linear discriminant analysis (LDA)

effect size (LEfSe) was used to determine the characteristic

microbiota and explain the differences between the patients

and HCs (lefse 1.1, https://github.com/SegataLab/lefse).

Different characterizations were performed with an LDA cutoff

of 3.0 and P value < 0.05.

For the correlation analysis, Spearman’s rank test was

performed. The two-tailed-test was used to evaluate

continuous variables and the Chi-square test was used to

compare categorical variables between the two groups.

Statistical analyses were performed using SPSS version 22.0

(IBM SPSS, Chicago, IL, USA). P-values were regarded to be

significant at P < 0.05. Phylogenetic Investigation of

Communities by Reconstruction of Unobserved States 2

(PICRUSt2) v2.4.1 (https://github.com/picrust/picrust2/wiki)

was used to find significant different metabolic pathways and

orthologous groups between the two groups compared with the

Kyoto Encyclopedia of Genes and Genomes (KEGG) database

(LDA scores > 3.0, P < 0.05).
OTU selection and model construction

To evaluate the potential of gut microbial markers as non-

invasive diagnostic and differential diagnostic tool for IgAN, we

constructed random forest classifier models. In the diagnostic

model (117 IgAN and 150 HC), we used the Wilcoxon test to

identify significance (P < 0.05). Five-fold cross-validation was

performed on a random forest model (R 3.4.1, random forest

4.6–12 package), and four OTUs were selected as the optimal

marker set of IgAN by a five-fold cross-validation of the random

forest model. We then obtained the cross-validation error curve;

the point with the lowest cross-validation error was seen as the

cut-off point, which was determined via the minimum error plus

the standard deviation (SD). Then we chose all sets of OTU

markers with the error less than the cut-off value and chose the

set with the smallest number of OTUs as the optimal set. The

probability of disease (POD) index was defined as the ratio

between the number of randomly generated decision trees that

predicted the sample as IgAN and that of HCs. The identified

optimal set of OTUs was finally used for calculation of the POD

index in both the training, testing, and independent phase. The

receiver operating characteristic (ROC) curve was generated (R

3.3.0, pROC package) for evaluation of the constructed models;
Frontiers in Cellular and Infection Microbiology 04
the area under the ROC curve (AUC), generated in R (http://

www.R-project.org/), was used to designate the ROC effect. The

differential diagnostic model (117 IgAN and 116 n_IgAN) was

generated in the same way.
Untargeted metabolomic assays

Fifty-five samples (26 HC and 29 IgAN) were collected for

non-targeted metabolomics methods. All serum samples,

collected in the morning after fasting, were put into 5 ml tubes

(BD Vacutainer® SST II Advance tube). The samples were

centrifuged at 3,000 rpm for 10 min and stored at -80°C

before analysis. The experimental sample was thawed at 4°C,

vortexed for 1 min, and mixed evenly, before accurately

transferring the sample into a 2 mL centrifuge tube. We then

added 400 µL methanol (stored at -20°C) and the mixture was

vortexed for 1 min. After centrifuging (Hunan Xiangyi

Experiment Equipme Co., H1850-R) for 10 min at 12,000 rpm

and 4°C. For concentration, the supernatant was transferred into

a new 2 mL centrifuge tube. One-hundred-and-fifty microliters

of 2-chloro-l-phenylalanine (4 ppm) solution, prepared with

80% methanol water (stored at 4°C), was used to redissolve the

sample; the supernatant was filtered through a 0.22 mm
membrane (Tianjin Jinteng Experiment Equipment Co., 0.22

mm PTFE) and transferred into the detection bottle for liquid

chromatography-mass spectrometry (LC-MS). The LC analysis

was performed on a ACQUITY UPLC System (Waters, Milford,

MA, USA). Chromatography was carried out with an ACQUITY

UPLC ® HSS T3 (150 × 2.1 mm, 1.8 µm) (Waters, Milford, MA,

USA), maintained at 40°C. MS detection of metabolites was

performed on Q Exactive (Thermo Fisher Scientific, USA) with

electrospray ion source. Simultaneous MS1 and MS/MS (full

MS-ddMS2 mode, data-dependent MS/MS) acquisition

was performed.

The raw data were firstly converted to mzXML format by

MSConvert in ProteoWizard software package (v3.0.8789) and

was processed using XCMS for feature detection, retention time

correction, and alignment. The metabolites were identified by

accuracy mass (< 30 ppm) and MS/MS data, which were

matched with the Human Metabolome Database (HMDB;

(http://www.hmdb.ca), massbank (http://www.massbank.jp/),

LipidMaps (http://www.lipidmaps.org), mzclound (https://

www.mzcloud.org) and KEGG (http://www.genome.jp/kegg/).

In order to correct systematic bias, the robust quality control

locally estimated scatterplot smoothing (LOESS) signal

correction (QC-RLSC) was applied to normalize our data.

Then, only ion peaks with a relative SD < 30% in QC-RLSC

were kept, ensure proper metabolite identification. The ropls

software was used for data analyses and modelling. Data were

mean centered using scaling. Models were built on principal

component analysis (PCA), orthogonal partial least-square

discriminant analysis (PLS-DA), and partial least-square
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discriminant analysis (OPLS-DA). A score plot could visualize

the metabolic profiles, and each point represents a sample. The

metabolites, influence clustering of the samples, are shown with

loading plot and S-plot. Permutation tests could be used to test

the model efficacy for over fitting. The descriptive function of the

models was determined by R2X (cumulative) (perfect model:

R2X (cum) = 1) and R2Y (cumulative) (perfect model: R2Y

(cum) = 1) values, while their prediction performance was

measured by Q2 (cumulative) (perfect model: Q2 (cum) = 1)

and a permutation test. The permuted model should not be able

to predict classes: R2 and Q2 values at the Y-axis intercept must

be lower than those of Q2 and the R2 of the non-permuted

model. OPLS-DA allowed the discrimination of metabolites

using the variable importance on projection (VIP). The P

value, VIP produced by OPLS-DA, and fold change was

applied to discover the contributable-variable for classification.

Finally, those with P values < 0.05 and VIP values > 1 were

considered to be statistically significant metabolites.
Statistical analysis

Statistical analyses were conducted using SPSS and R software.

For demographics and laboratory data, quantitative data were

presented either as medians with interquartile ranges (IQR) or

means ± SD, whereas categorical variables were presented as

percentages and were compared using the Chi-square test or

Fisher’s exact test. Continuous variables were assessed using an

un-paired t-test or a nonparametric test. Biological databases, such

as the HMDB and KEGG, were used to identify biomarkers,

metabolic pathways and gene function.
Results

Details of the included samples

After strict screening, a total of 467 patients (205 HCs, 146

IgAN and 116 n_IgAN) were included in this study (Figure 1). At

first step, we retrospectively collected 117 IgAN fecal samples from

the biobank of the First Affiliated Hospital of Zhengzhou University

fromMay 24, 2018, to February 1, 2021. In addition, 150 HCs fecal

samples were collected from age- and sex- matched healthy

volunteers. A total of 150 HCs and 117 IgAN samples were

randomly divided into the training phase (100 HCs and 78

IgAN) and test phase (50 HCs, 39 IgAN) at a ratio of 2:1.

Secondly, in order to check the validity of the diagnostic model,

we retrospectively collected fecal samples of another cohort from

February 15, 2021, to July 31, 2021. This cohort included 29 IgAN

fecal samples. In addition, another 29 HCs fecal samples were

collected from age- and sex- matched healthy volunteers.

To distinguish IgAN patients from other glomerular

diseases, we retrospectively collected 116 n_IgAN fecal
Frontiers in Cellular and Infection Microbiology 05
samples from the biobank of the First Affiliated Hospital of

Zhengzhou University from April 27, 2019, to February 1,

2021. The 116 n_IgAN fecal samples included 76 MN, 34

MCD, five FSGS and one MPGN. The two groups, 117 IgAN

and 116 n_ IgAN patients, were randomly divided into training

phase (78 IgAN and 78 n_ IgAN) and test phase (39 IgAN and

38 n_ IgAN) at a ratio of 2:1. In n_IgAN group, there were 54

MN, 21 MCD, 2 FSGS and 1 MPGN patients in training phase

and 22 MN, 13 MCD, 3 FSGS patients in test phase.

Bloods of the 29 IgAN patients collected from February 15,

2021, to July 31, 2021 from the biobank of the First Affiliated

Hospital of Zhengzhou University were collected for Untargeted

Metabolomics Analysis, while an additional 26 HCs patients

were matched by sex and age.
The richness and diversity of the gut
microbiota were significantly different
among the three groups

The abundance, distribution, and diversity of the microbial

species in IgAN and n_IgAN patients were lower than those of

HCs. The OTUs and alpha diversity of intestinal flora was

significantly different (Figure 2A, Figure S1A, Table S1).

Results of PLSDA are shown in Figure 2B. As shown in the

Venn diagram (Figure 2C), 1539 OTUs were shared by the three

groups. At phylum and genus levels (Figure 2D, E, Figure S1B),

there were significant differences in the content of the gut

microbiota between the three groups. In addition, we

investigated the KEGG pathways at each of the different levels

(Figure S1C, D).
The intestinal microbial model has strong
diagnostic potential for IgAN

Serum creatinine (Scr) in IgAN patients was higher than in

HCs, while serum albumin (ALB) was lower than in HCs (Table 1).

Compared with HCs, the OTUs and alpha diversity of the intestinal

flora was significantly decreased in IgAN patients (Figure 3A,

Figure S2A, Table S1). PCA (Figure S2B), PCoA (Figure 3B), and

PLSDA (Figure 3C) showed significant deviation between IgAN

patients and HCs (P < 0.05). The analysis of the similarities

(ANOSIM) illustrated trustworthy grouping (Figure 3D, R=0.132,

P = 0.0001). As shown in the Venn diagram (Figure 3E), there were

173 unique OTUs in IgAN. Spearman correlation analysis was

conducted between the different OTUs and clinical indicators

(Figure 3F). In IgAN, OTU452 (Pseudomonas), OTU161

(Saccharimonadaceae-TM7x), OTU227 (Solobacterium),

OTU3062 (Faecalibacterium) and OTU278 (Escherichia-Shigella)

were negatively correlated with ALB, and positively correlated with

Scr. Furthermore, OTU2273 (Lachnospiraceae-unclassified) and
frontiersin.org
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TABLE 1 Baseline characteristics of HC and IgAN.

characteristic Overall HC IgAN p
n=267 n=150 n=117

Male, n (%) 146 (54.7) 80(53.3) 66(56.4) 0.706

Age, year, median [IQR] 40.00 [37.00, 50.00] 40.00 [38.00, 50.00] 42.00 [30.00, 52.00] 0.135

HB, g/L, mean ± SD 136.95 ± 20.34 145.19 ± 15.81 126.38 ± 20.65 <0.001

BUN, mmol/L, median [IQR] 5.11 [4.20, 6.48] 4.62 [3.88, 5.40] 6.30 [4.90, 8.50] <0.001

Scr, umol/L, median [IQR] 75.00 [63.00, 92.00] 69.00 [59.00, 77.75] 96.00 [75.00, 128.00] <0.001

UA, umol/L, median [IQR] 313.00 [257.50, 381.00] 290.50 [244.50, 354.00] 350.00 [285.00, 426.00] <0.001

ALB, g/L, median [IQR] 45.80 [39.70, 48.80] 48.45 [46.90, 50.08] 38.60 [35.10, 41.40] <0.001

T-CHO, mmol/L, median [IQR] 4.61 [3.99, 5.22] 4.69 [4.19, 5.16] 4.42 [3.58, 5.26] 0.010

TG, mmol/L, median [IQR] 1.27 [0.90, 1.80] 1.08 [0.88, 1.40] 1.63 [1.00, 2.42] <0.001

HDL, mmol/L, median [IQR] 1.28 [1.05, 1.54] 1.43 [1.24, 1.71] 1.05 [0.92, 1.24] <0.001

LDL, mmol/L, median [IQR] 2.82 [2.36, 3.30] 2.88 [2.49, 3.30] 2.64 [2.17, 3.31] 0.104

eGFR, ml/min/m2, median [IQR] 99.66 [80.26, 110.14] 105.01 [97.54, 111.70] 72.92 [50.73, 98.71] <0.001

24hTP, g, median [IQR] —— —— 1.7[0.81,3.09] ——
Frontiers in Cellular and Infection Microbio
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 frontier
SD, standard deviation; IQR, the interquartile range; HC, healthy controls; IgAN, immunoglobulin A nephropathy. HB, hemoglobin; BUN, blood urea nitrogen; Scr, Serum creatinine; UA,
uric acid; ALB, serum albumin; T-CHO, total cholesterol; TG, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein; eGFR, estimated glomerular filtration rate; 24hTP,
24-hour urinary total protein levels. Bold data in P values indicated statistically significant differences between two groups.
The normal quantitative data was expressed as mean ± SD, the non-normal quantitative data was expressed as median [IQR], and the qualitative data was expressed as numerical
(percentage).
A B

D E

C

FIGURE 2

Gutmicrobiome composition differences in HC, IgAN and n_IgAN groups. (A)Observed OTUs and chao index were decreased in IgAN and n_IgAN
groups. (B) PLSDA graph of gut microbiota composition. (C) A Venn diagram based on distribution of intestinal microbe OTUs. At the phylum (D) and genus
(E) levels, there were significant differences in the content of gut microbiota between three groups. PLSDA, partial least squares discriminant analysis.
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OTU555 (Blautia) were positively correlated with ALB, but

negatively correlated with Scr.

At the phylum level (Figure S2C, D), the abundance of

Proteobacteria, Actinobacteriota and Patescibacteria in IgAN

was higher than HCs (P < 0.05). At the genus level (Figure 4A,

B), bacteria were enriched in IgAN, including Escherichia-

Shigella, Subdoligranulum, Bifidobacterium, Dorea, etc.

According to the LDA histogram (Figure S2E), 11 genera were

significantly enriched in IgAN, while 13 genera were

significantly enriched in HCs. A random forest classifier was

developed to distinguish IgAN from HCs. After five-fold cross-

validation, four microbial OTUs were finally determined as the

optimal marker set (Figure 4C, D). The calculated POD indices

of IgAN in the training phase (Figure S2F), test phase (Figure
Frontiers in Cellular and Infection Microbiology 07
S2G), and independent test phase (Figure S2H) were

significantly higher than in HCs (P < 0.05). In the train phase,

the AUC between IgAN and HC reached a statistically

significant result at 0.9899 (P < 0.0001, Figure 4E). The AUC

in the test phase and independent test phase was 0.981 and

0.9625, respectively (Figure 4F, G). These results indicated that

the classifier had strong diagnostic potential for IgAN.
Correlation of microbiota-metabolites-
phenotypes in IgAN

We used untargeted metabolomics to analyze the differential

metabolites in 26 HCs and 29 IgAN patients. The baseline data is
A B
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C

FIGURE 3

Gut microbiome composition differences at OUT level in HC and IgAN. (A) Observed OTUs and chao index were decreased in IgAN. (B) Two-
dimensional PCoA based on weighted UniFrac distance between HC and IgAN. (C) PLSDA graph of the composition of gut microbiota in HC
and IgAN. (D) ANOSIM results indicated that whether the difference between groups and within groups were statistically different. P < 0.05
indicates that the statistics are significant. (E) A Venn diagram based on the distribution of intestinal microbe OTUs in two groups. (F) Spearman
correlations between different OTUs and clinical indicators. Red represented a positive relationship, and green represented a negative
relationship. The darker the color, the stronger the correlation. The correlation with significant difference is indicated by an asterisk(*P < 0.05;
**P < 0.01; ***P < 0.001). OTUs, Operational Taxonomic Units; PCoA, Principal Coordinates Analysis; PLSDA, partial least squares discriminant
analysis; ANOSIM, analysis of similarity; TG, triglycerides; Scr, Serum creatinine; T-CHO, total cholesterol; ALB, serum albumin; HC, healthy
controls; IgAN, immunoglobulin A nephropathy.
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shown in Table 2. We further performed association and cluster

analysis on the differential metabolites and clinical indicators

(Figure S3A, B, Figure 5A, B).

In IgAN, enriched catechol, azelaic acid, mandelic acid, and

l-tryptophan were positively correlated with Scr, blood urea

nitrogen (BUN), uric acid (UA), and 24 total urinary protein

(24hTP), but negatively correlated with the estimated glomerular

filtration rate (eGFR) and ALB. Azelaic acid and mandelic acid

were negatively correlated with Bifidobacterium. Bifidobacterium

was positively correlated with ALB. There were positive

correlations between the serum metabolite catechol, the enteric

Eubacterium-siraeum and total cholesterol (T-CHO). L-

tryptophan, BUN, and Eubacterium-coprostanoligenes were

positively correlated with each other. Furthermore, UA, (1H-
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Indol-3-yl)-N-methylmethanamine, and Romboutsia were

positively correlated with each other. UA, pimelic acid and

Romboutsia were positively correlated with each other. Myo-

inositol was negatively correlated with triglycerides (TG), while

octadecanamide was positively correlated with high density

lipoprotein (HDL). We performed OPLS-DA on polar

compounds. Peripheral blood metabolomics of IgAN patients

and HCs had significantly different distribution trends (Figure

S3C, D). There were 26 metabolites with up-regulated

expression in IgAN, including myo-Inositol, (1H-Indol-3-yl)-

N-methylmethanamine, catechol, pimelic acid, etc., and 32

metabolites with down-regulated expression, including folic

acid, octadecanamide, l-tyrosine, etc. The volcano plots could

clearly characterize the distribution of differential metabolites
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FIGURE 4

Phylogenetic profiles and diagnostic potential of gut microbes. (A) Comparison of microbial composition on genus level. (B) Comparison of
differential microorganisms on genus level. Log10 abundance of differential microorganisms on genus level. Statistically significant differences
according to the Wilcoxon rank-sum test are marked with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). (C, D) Four microbial OTUs were finally
determined as the optimal marker set to diagnose IgAN by the random forest model between HC and IgAN. The POD values of the training
phase (E), test phase (F) and independent test phase (G), obtained AUC values of 0.9899, 0.981 and 0.9625, respectively. CV, coefficient of
variation; OTUs, Operational Taxonomic Units; POD, probability of disease; CI, confidence interval; AUC, area under the curve.
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between the two groups (Figure 5C). Differential metabolites are

listed in Figure S3E, F. The MetaboAnalyst software was used to

analyze key metabolic pathways, and to evaluate the importance

of each metabolic pathway in IgAN. We screened out the

potential target metabolic pathways with a pathway impact >

0.1 (Figure 5D, E, Table S3). IgAN was mainly involved in eight

metabolic pathways.
The gut microbiome varies between
IgAN and n_IgAN patients

The observed OTUs and alpha diversity of the intestinal flora

were significantly increased in IgAN compared with n_IgAN

patients (Figure 6A, S4A, Table S1). Based on the distribution of

OTUs, PCA (Figure S4B), PCoA (Figure 6B), and PLSDA

(Figure 6C) showed significant deviation between IgAN and

n_IgAN patients (P < 0.05). The ANOSIM graph confirmed our

reliable grouping (Figure 6D, R = 0.163, P = 0.0001). According to

the Venn diagram (Figure 6E), 1618 OTUs were shared by IgAN

and n_IgAN. Spearman correlation analysis of the different OTUs

and clinical indicators was conducted (Figure 6F). OTU63

(Lachnospiraceae-unclassified) and OTU452 (Pseudomonas) were

negatively correlated with eGFR and 24hTP, and positively

correlated with ALB, BUN, and Scr. OTU18 (Romboutsia) was

positively correlated with eGFR, but negatively correlated with ALB,

BUN, and Scr. We further compared the biological composition

and changes of intestinal microbes in IgAN and n_IgAN. At the

phylum level, the abundance of Proteobacteria, Actinobacteriota

and Patescibacteria in n_IgAN was enriched compared to IgAN (P

< 0.05) (Figure S4C, D). At the genus level (Figure 7A, B), we
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compared the relative abundances of the top 15 different genera

with the highest content among groups; we found a higher

proportion of the following genera with in IgAN: Bacteroides,

Faecalibacterium, Prevotella, Megamonas, Agathobacter,

Lachnospiraceae-unclassified, Roseburia and Anaerostipes.

According to the LDA value distribution histogram (Figure S4E),

24 genera were significantly enriched in n_IgAN, while 21 genera

were significantly enriched in IgAN.
The gut microbiome can non-invasively
differentiate IgAN from GN

At a ratio of 2:1, 117 IgAN and 116 n_IgAN patients were

randomly divided into the training phase (78 IgAN and 78

n_IgAN) and test phase (39 IgAN and 38 n_IgAN). A random

forest classifier was developed. Five microbial OTUs were finally

determined as the optimal marker set (Figure 7C, D). In the

training phase (Figure S4F) and test phase (Figure S4G), the

POD of n_IgAN increased significantly compared with that in

IgAN (P < 0.05). In the training phase, the AUC reached a

statistically significant result (AUC = 0.8685, P<0.0001,

Figure 7E). The AUC in the test phase was 0.7942 (Figure 7F).
Discussion and conclusion

A total of 441 stool samples were included to explore the

non-invasive diagnostic and differential diagnostic value of

human gut microbiome for IgAN. The proportion of n_IgAN

spectrum was collected according to epidemiological statistics
TABLE 2 Comparison of baseline characteristics of IgAN and HC groups in untargeted Metabolomics analysis.

characteristic Overall HC IgAN p
n=55 n=26 n=29

Male, n (%) 25 (45.5) 13 (50.0) 12 (41.4) 0.712

Age, year, median [IQR] 37.00 [31.50, 48.50] 36.00 [32.00, 54.00] 40.00 [31.00, 47.00] 0.135

HB, g/L, median [IQR] 138.00 [121.50, 153.00] 149.00 [131.50, 157.75] 133.00 [114.00, 141.00] <0.001

BUN, mmol/L, median [IQR] 5.40 [4.19, 7.30] 4.21 [3.80, 6.12] 5.80 [4.60, 9.00] <0.001

Scr, umol/L, median [IQR] 74.00 [64.50, 98.41] 71.00 [62.50, 82.25] 88.40 [71.00, 131.00] <0.001

UA, umol/L, mean ± SD 343.35 ± 104.59 311.67 ± 91.18 371.76 ± 109.12 <0.001

ALB, g/L, mean ± SD 43.18 ± 6.31 47.39 ± 3.65 39.41 ± 5.81 <0.001

T-CHO, mmol/L, mean ± SD 4.51 ± 0.71 4.38 ± 0.81 4.62 ± 0.59 0.010

TG, mmol/L, median [IQR] 1.49 [1.06, 1.90] 1.31 [0.98, 1.73] 1.58 [1.30, 2.18] <0.001

HDL, mmol/L, mean ± SD 1.24 ± 0.30 1.29 ± 0.25 1.20 ± 0.34 <0.001

LDL, mmol/L, mean ± SD 2.71 ± 0.68 2.62 ± 0.74 2.79 ± 0.62 0.104

eGFR, ml/min/m2, median [IQR] 92.64 [76.78, 108.74] 104.87 [90.72, 115.94] 83.97 [57.85, 97.81] <0.001

24hTP, g, median [IQR] —— —— 1.46 [0.54, 2.88] ——
frontier
The normal quantitative data was expressed as mean ± SD, the non-normal quantitative data was expressed as median [IQR], and the qualitative data was expressed as numerical
(percentage). SD, standard deviation; IQR, the interquartile range; HC, healthy controls; IgAN, immunoglobulin A nephropathy. HB, hemoglobin; BUN, blood urea nitrogen; Scr, Serum
creatinine; UA, uric acid; ALB, serum albumin; T-CHO, total cholesterol; TG, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein; eGFR, estimated glomerular
filtration rate; 24hTP, 24-hour urinary total protein levels. Bold data in P values indicated statistically significant differences between two groups.
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(Hu et al., 2020). Besides, 55 serum samples were collected to

analyze the characteristics of serum metabolites and their

correlation with gut microbiome. In this article, we established

two models. One for the diagnosis of IgAN from HC, and the

other for differential diagnosis of IgAN from other kinds of

glomerulonephritis. Another feature of this study was the

correlation analysis of serum metabolites, intestinal flora and

clinical indicators, which laid a certain foundation for further

study of mechanism.

Compared with HC, at the phylum level, the main difference

was that the abundance of Proteobacteria and Actinobacteria

increased significantly in IgAN and n_IgAN. These results were

consistent with previous literature (Sugurmar et al., 2021).

Proteobacteria includes many confirmed pathogenic bacteria

or opportunistic pathogens, such as Escherichia coli ,

Salmonella, Helicobacter pylori, etc. And the increased
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abundance of Proteobacteria can be seen as a microbial

marker of gut dysbiosis (Shin et al., 2015).

At the genus level, the relative abundance of Bacteroidetes in

IgAN, a short-chain fatty acids (SCFAs)-producing bacteria

(including Bacteroidetes, Lachnospira, Blautia, Anaerostipes,

etc.), was lower than that of HCs. Metabolites secreted by

different Bacteroidetes help to maintain the stability of the

immune system. Unlike lipopolysaccharides (LPS), SCFAs

exert beneficial effects on nourishing the colonic epithelium,

regulating the intracellular potential of hydrogen (pH)

(DeSoignie and Sellin, 1994), regulating blood pressure (Qu

et al., 2022), and having anti-inflammation and anti-tumor

effects (Tan et al., 2014; Vicentini et al., 2021),. Researchers

have found that SCFAs-producing bacteria were significantly

reduced in ESRD patients, with the progression to ESRD

potentially related to loss of the renal-protective effect of
A B

D EC

FIGURE 5

Correlation of intestinal microflora, metabolites and clinical phenotypes and differential metabolic pathways. (A) The correlation analysis of
differential flora and metabolites in IgAN (*P < 0.05; **P < 0.01; ***P < 0.001). (B) Network graph of intestinal microflora, differential metabolites
and clinical indices. (C) Volcano plots of differential metabolites in HC. The red dots represented up-regulated differentially expressed
metabolites, the blue dots represented down-regulated differentially expressed metabolites, and the gray dots represented metabolites that
were detected but did not meet the filtering parameter screening. (D) Network graph of differential metabolic pathway influencing factors
between IgAN patients and HCs. The blue points represented pathways, and the red points represented metabolites, and the size of the points
represented the number of points connected to them. (E) Bubble graph of differential metabolic pathway influencing factors. Each point
represented a metabolic pathway. The abscissa was the impact value enriched in different metabolic pathways, and the ordinate was the
enriched pathways. And the dots represented the number of corresponding metabolic molecules on the pathway. OPLS-DA, Orthogonal Partial
Least Squares-Discriminant Analysis; PPAR, peroxisome proliferation-activated receptor; mTOR, mammalian target of rapamycin; HB,
hemoglobin; BUN, blood urea nitrogen; Scr, Serum creatinine; UA, uric acid; ALB, serum albumin; T-CHO, total cholesterol; TG, triglycerides;
HDL, high density lipoprotein; LDL, low density lipoprotein; eGFR, estimated glomerular filtration rate; 24hTP, 24-hour urinary total protein
levels; HC, healthy controls; IgAN, immunoglobulin A nephropathy.
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SCFAs (Verkaik et al., 2010; Wong et al., 2014; Sabatino et al.,

2017; Wang et al., 2019). Andrade-Oliveira et al. (Andrade-

Oliveira et al., 2015) concluded that SCFAs not only modulate

inflammatory responses, but also play a protective role in acute

kidney injury caused by ischemia-reperfusion. Overall, SCFAs

play a certain protective role in both acute and chronic kidney

disease (CKD).

Our results revealed that gut bacteria were abundant in

IgAN, including Faecalibacterium, Megamonas, Prevotella,

Escherichia-Shigella, and Eubacterium-coprostanoligenes. In the

intestine, LPS is a major component of the outer membrane of

gram-negative bacteria including Faecalibacterium, Prevotella,

Megamonas, and Eubacterium-coprostanoligenes (Wexler, 2007;

Zhan et al., 2018; Hetemäki et al., 2021); it triggers systemic

inflammation and releases pro-inflammatory cytokines into the
Frontiers in Cellular and Infection Microbiology 11
systemic circulation (Cani et al., 2007; Darnaud et al., 2013;

Rajilić-Stojanović and de Vos, 2014). LPS is a product of

intestinal dysbiosis and overgrowth of urea-producing bacteria,

which is a harmful metabolite. Data has suggested a new

hypothesis that LPS may stimulate an abnormal response of

tonsillar lymphocytes to alimentary antigens or commensal

microbes, resulting in the synthesis of aberrantly glycosylated

polymeric IgA1, which eventually enters the circulation and

forms renal IgA deposits (He et al., 2013; Coppo, 2015).

Megamonas ferments various carbohydrates; the final products

are acetate, propionate, and lactate, which also interact with

systemic inflammatory cytokines (Ling et al., 2016). The

Escherichia-Shigella genus can produce amyloid and

endotoxins, which cause infection (O'Callaghan and van

Sinderen, 2016). The Bifidobacterium genus is generally
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FIGURE 6

Differences in composition of gut microbiome at OUT level in IgAN and n_IgAN. (A) Observed OTUs and chao index were increased in IgAN. (B) Two-
dimensional PCoA based on weighted UniFrac distance. (C) PLSDA graph of the composition of gut microbiota. (D) ANOSIM graph showed differences
between groups is greater than differences within groups. (E) A Venn diagram based on the distribution of intestinal microbe OTUs in two groups. (F)
Spearman correlations between different OTUs and clinical indicators. The correlation with significant difference is indicated by an asterisk (*P < 0.05;
**P < 0.01; ***P < 0.001). PCoA, Principal Coordinates Analysis; PLSDA, partial least squares discriminant analysis; ANOSIM, analysis of similarity; HB,
hemoglobin; BUN, blood urea nitrogen; Scr, Serum creatinine; UA, uric acid; ALB, serum albumin; T-CHO, total cholesterol; TG, triglycerides; HDL, high
density lipoprotein; LDL, low density lipoprotein; eGFR, estimated glomerular filtration rate; 24hTP, 24-hour urinary total protein levels; HC, healthy
controls; n_IgAN, non-IgA nephropathy.
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considered to consist of probiotics; an abundance correlates with

healthy phenotypes. The present study came to inconsistent

conclusions (De Angelis et al., 2014) as to whether the

abundance of Bifidobacterium was elevated in IgAN and

n_IgAN compared with HCs. Previous studies have shown

that growth of Bifidobacteria is affected by gender, age, and

dietary habits (Mueller et al., 2006; Goetze et al., 2008),. which

may be part of the reason why our study results are inconsistent

with other studies.

We further observed that screened OTUs contributed greatly to

establish the non-invasive classification models for IgAN. Among

the top four OTUs that contributed themost to the establishment of

the classification model of IgAN and HCs, two belonged to the

Lachnospira family. The top five OTUs that contributed most to the

classification model of IgAN and n_IgAN, included Lachnospira,

Phascolarctobacterium, Eubacterium-hallii, all of which are

beneficial flora, suggesting that a reduction in beneficial bacteria
Frontiers in Cellular and Infection Microbiology 12
as a reference for model construction can achieve higher accuracy.

Muscle-type phospholipase A2 receptor (PLA2R) and

thrombospondintype-1 domain-containing 7A (THSD7A) were

identified as the target antigens of MN. PLA2R-negative MN and

other types of kidney diseases can only be differentiated from IgAN

by renal biopsy. Our study offers a novel option for the non-invasive

differential diagnosis of IgAN.

The gut microbiota can affect the human body by causing

changes in the host metabolome or co-metabolism of substrates.

Metabolites, such as tryptophan, were down-regulated, whereas

others, such as beta-alanine, were up-regulated in HCs. In our

study, the digestion and absorption of proteins, metabolism of

amino acids (such as tryptophan, arginine, proline, tyrosine), the

mechanistic target of rapamycin (mTOR) signaling pathway,

aminoacyl biosynthesis, etc., were involved in IgAN. Gut-derived

uremic toxins include the well-known indoxyl sulfate (IS), p-cresyl

sulfate (PCS), and trimethylamine N-oxide (TMAO) (Aronov et al.,
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FIGURE 7

Phylogenetic profiles and differential diagnostic potential of gut microbes. (A) Comparison of microbial composition on genus level. (B) Comparison
of differential microorganisms on genus level. Log10 abundance of differential microorganisms on genus level (*P < 0.05; **P < 0.01; ***P < 0.001).
(C, D) Five microbial OTUs were finally determined as the optimal marker set for differential diagnose IgAN by the random forest model between
IgAN and n_IgAN. The POD values of the training phase (E) and test phase (F) obtained AUC values of 0.8853 and 0.8448 respectively. CV,
coefficient of variation; POD, probability of disease; CI, confidence interval; AUC, area under the curve.
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2011). Studies have shown that IS and PCS can predict the

progression of CKD and are associated with poor outcomes (Hu

et al., 2018). Metabolism of tryptophan can promote the production

of indoles (Castillo-Rodriguez et al., 2018). In addition, enhanced

metabolism of phenylalanine contributes to the production of p-

cresol (Cao et al., 2015). This study found that valine, a branched

chain amino acid (BCAA), was enriched in IgAN. BCAAs can

activate the mTOR complex 1(mTORC1) pathway (Langenberg

and Savage, 2011), which is activated in human skeletal muscle

(Tremblay et al., 2007). The former is involved in many anabolic

processes, including protein synthesis, cell growth, etc.

In conclusion, our study demonstrated that the gut

microbiota of IgAN patients was different from that of

n_IgAN patients and HCs. We further identified differential

OTUs to establish classification models for the differential

diagnosis of IgAN. Serum metabolites and metabolic pathways

were also different in IgAN patients in comparison to HCs. We

further explored the relationship among gut flora, metabolites,

and clinical phenotypes, and found a variety of IgAN-related

metabolites. This study provides a new insight into the

association between IgAN and the gut microbiome.
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SUPPLEMENTARY FIGURE 1

Differential flora and KEGG pathways. (A): Shannon index were decreased
in IgAN and n_IgAN groups. (B): At the phylum level, there were significant

differences in the content of gut microbiota. KEGG pathways with
differences at level 1 (C) and level 2 (D). KEGG, Kyoto encyclopedia of

genes and genomes.

SUPPLEMENTARY FIGURE 2

Phylogenetic profiles of gut microbes. (A): Shannon index were decreased
in IgAN. (B): PCA based on distribution of OTUs of HC and IgAN. (C):
Comparison of microbial composition on phylum level. (D): Comparison
of differential microorganisms on phylum level. Log10 abundance of

differential microorganisms on genus level (*P<0.05; **P<0.01;

***P<0.001). (E): Based on the LDA value distribution histogram in LefSe
analysis results (with the absolute value of LDA value greater than 3 as the

default value), 11 genera were significantly enriched in IgAN, while 13
genera were significantly enriched in HC. The POD value was significantly

increased in IgAN versus HC in the training phase (F), test phase (G) and
independent test phase (H). PCA, Principal Components Analysis; LDA,

Liner Discriminant Analysis; LefSe, the LDA Effect Size; POD, probability
of disease.

SUPPLEMENTARY FIGURE 3

Correlation of intestinal microflora, differential metabolites and clinical

phenotypes and differential metabolites. (A): Different metabolites and
clinical indicators. (B): The correlation analysis of different flora and

clinical phenotypes (*P<0.05; **P<0.01; ***P<0.001). Plasma
metabolomics in the OPLS-DA model. There are obviously different

distribution trends in the positive ion mode (C) and the negative ion

mode (D). (E and F): Five differential metabolites whose expression were
up-regulated in IgAN, and five differential metabolites whose expression

were down-regulated in IgAN. OPLS-DA, Orthogonal Partial Least
Squares-Discriminant Analysis; HB, hemoglobin; BUN, blood urea

nitrogen; Scr, Serum creatinine; UA, uric acid; ALB, serum albumin; T-
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CHO, total cholesterol; TG, triglycerides; HDL, high density lipoprotein;
LDL, low density lipoprotein; eGFR, estimated glomerular filtration rate;

24hTP, 24-hour urinary total protein levels; HC, healthy controls; IgAN,
immunoglobulin A nephropathy.

SUPPLEMENTARY FIGURE 4

Phylogenetic profiles of gut microbes. (A): Shannon index were increased
in IgAN. (B): PCA based on the distribution of intestinal microbe OTUs of

IgAN and n_IgAN. (C): Comparison of microbial composition on phylum

level. (D): Comparison of differential microorganisms on phylum level.
Log10 abundance of differential microorganisms on genus level (*P<0.05;

**P<0.01; ***P<0.001). (E): According to the LDA value distribution
histogram, 24 genera were significantly enriched in n_IgAN, while 21
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genera were significantly enriched in IgAN. The POD value was
significantly decreased in IgAN versus n_IgAN in the training phase (F),
test phase (G). PCA, Principal Components Analysis; LDA, Liner
Discriminant Analysis; LEfSe, the LDA Effect Size; POD, probability

of disease.

SUPPLEMENTARY TABLE 1

Comparison of gut microbiota richness and evenness among three

groups. Used the Mann-Whitney U test for pairwise comparisons of

alpha diversity among three groups, the results were presented using
the median [IQR]. IQR, interquartile range; HC, healthy controls; IgAN,

immunoglobulin A nephropathy; n_IgAN, non-immunoglobulin
A nephropathy.
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