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Background: Antibody-mediated rejection (AMR) is emerging as the main cause of graft loss after kidney transplantation. Our 
previous study revealed the gut microbiota alternation associated with AMR in kidney transplant recipients, which was predicted to 
affect the metabolism-related pathways.
Methods: To further investigate the shifts in intestinal metabolic profile among kidney transplantation recipients with AMR, fecal 
samples from kidney transplant recipients and patients with end-stage renal disease (ESRD) were subjected to untargeted LC-MS- 
based metabolomics.
Results: A total of 86 individuals were enrolled in this study, including 30 kidney transplantation recipients with AMR, 35 kidney 
transplant recipients with stable renal function (KT-SRF), and 21 participants with ESRD. Fecal metabolome in patients with ESRD 
and kidney transplantation recipients with KT-SRF were parallelly detected as controls. Our results demonstrated that intestinal 
metabolic profile of patients with AMR differed significantly from those with ESRD. A total of 172 and 25 differential metabolites 
were identified in the KT-AMR group, when compared with the ESRD group and the KT-SRF group, respectively, and 14 were 
common to the pairwise comparisons, some of which had good discriminative ability for AMR. KEGG pathway enrichment analysis 
demonstrated that the different metabolites between the KT-AMR and ESRD groups or between KT-AMR and KT-SRF groups were 
significantly enriched in 33 or 36 signaling pathways, respectively.
Conclusion: From the metabolic point of view, our findings may provide key clues for developing effective diagnostic biomarkers 
and therapeutic targets for AMR after kidney transplantation.
Keywords: antibody-mediated rejection, kidney transplantation, intestinal metabolic profile, LC-MS, end-stage renal disease

Introduction
Kidney transplantation is the preferred option of end-stage renal disease (ESRD), leading to improved quality of life, and 
lower cost compared with hemodialysis.1 Kidney allograft survival has significantly improved with the advances in 
immunosuppressive regimens and transplant surgery.2 However, current immunosuppressants were mainly against T cells 
to inhibit T cell-mediated rejection (TCMR), and antibody-mediated rejection (AMR) is emerging as the major cause of 
graft loss after kidney transplantation.3,4 Donor-specific antibodies (DSA) against human leukocyte antigen (HLA) are 
considered to be the leading cause of AMR, which could damage vascular endothelium of allografts by antibody- 
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).5 Nowadays, treatment options 
for AMR are mainly plasmaphereses, intravenous immunoglobulin, and anti-B-cell therapy (rituximab), which still 
provide limited results.6 Thus, determining underlying factors that might affect the occurrence and development of AMR 
is an important unmet medical need in kidney transplant.
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The human gut microbiota, also referred to as the second brain, is a complex microbial ecosystem harboring 
numerous species of bacteria, virus, fungi, and protozoa, and play vital roles in maintaining host physiology and 
homeostasis.7,8 Gut microbes could catabolize exogenous dietary components and other constituents, and produce an 
extremely diverse reservoir of metabolites which is a crucial factor in host–microbe interactions.9 Alteration in the 
metabolic activities or composition of the gut microbiota has been associated with diverse diseases such as chronic 
inflammatory diseases, cardiovascular diseases, obesity, cancers, and behavioral disorders.10–12 Dysbiosis of the gut 
microbiota in patients with ESRD was demonstrated to shape a detrimental metabolome aggravating renal fibrosis and 
oxidative stress,13 suggesting that the gut microbiota could affect renal function of the host via metabolites.

Increasing research attention is focused on gut microbiota-derived metabolites and their particular roles. Short chain 
fatty acids (SCFAs), as the main products of gut metabolism, could not only regulate energy metabolism through multiple 
mechanisms, but also modulate cell function through specific G protein–coupled receptors (GPRs) or by inhibiting 
histone deacetylase (HDAC) activity.14,15 The inhibition of HDAC by SCFAs could also suppress the proliferation of 
tumor cells16 and NF-κB-mediated inflammation.17,18 Besides SCFAs, other intestinal metabolites, aromatic amino acid 
metabolites, tryptophan metabolites, and phenylalanine metabolites were also reported to play an important role in the 
development of the disease.15 Notably, manipulation of the intestinal metabolism by a high-fiber diet or supplementation 
with sodium acetate generated tolerance dependent on Tregs and GPR43, and exhibited protection from rejection,19 

suggesting the possible involvement of intestinal metabolism in regulating graft rejection.
In our previous study, we have profiled the gut microflora correlated with AMR in kidney transplantation recipients 

through the 16S rDNA sequencing approach, and identified significant differences in the composition of gut microbiota 
in recipients with AMR versus the recipients with stable renal function.20 The intestinal microbiota and metabolic 
regulation of the host are closely linked.21 Our predictive analysis with PICRUSt and KEGG annotations also demon-
strated that majority of the functional pathways significantly changed in the AMR group were associated with the 
metabolism. Therefore, we speculate that the intestinal metabolic profile of the recipients with AMR may differ from that 
of the recipients with stable renal function. To further explore the shifts in intestinal metabolic profile among kidney 
transplantation recipients with AMR, fecal samples from kidney transplantation recipients with AMR were subjected to 
untargeted LC-MS-based metabolomics. In parallel, we investigated the fecal metabolome in kidney transplantation 
recipients with stable renal function as the controls. To exclude the effect of renal function on intestinal metabolites, an 
additional group of patients with ESRD were also included as controls.

Materials and Methods
Study Participants and Sample Collection
A total of 86 individuals from Henan Provincial People’s Hospital were enrolled in this study, including 30 kidney 
transplantation recipients with AMR, 35 kidney transplantation recipients with stable renal function, and 21 patients with 
ESRD. This study was approved by the Ethics Committee of Henan Provincial People’s Hospital. AMR was diagnosed 
according to the Banff 2019 criteria.22 In this study, AMR refers to chronic active AMR. Subjects were excluded if they 
reported a history of infection, non-infectious diarrhea, antibiotic usage, or gastrointestinal surgery. Recipients with AMR 
were required to collect fecal samples within 24 hours of diagnosis before treatment of rejection. Fecal samples from 
kidney transplantation recipients with stable renal functions and patients with ESRD were collected as controls. Fecal 
pellets were collected freshly, frozen immediately and stored at −80°C until further use.

Sample Processing
Briefly, 400 μL of prechilled methanol/acetonitrile/water (V/V/V, 4:4:2) solution was added to the tube containing about 
100 mg of fecal sample, vortexed for 60s, and left standing undisturbed for 60 min at −20°C. Then, the mixture was 
precipitated via centrifugation at 14,000 rpm for 20 min at 4°C, and the supernatants were collected and vacuum-dried. 
The residues were reisolated in 100 μL of acetonitrile/water (V/V, 1:1), vortexed to mix for 60s, followed by 
centrifugation at 14,000 rpm for 15 min at 4°C. 20 µL of the obtained supernatant were utilized for further untargeted 
LC-MS metabolomics analysis.
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Untargeted Metabolomics by LC-MS
Regarding chromatographic conditions, hydrophilic interaction liquid chromatography (HILIC) column was utilized for 
the sample separation with Agilent 1290 Infinity LC ultrahigh performance liquid chromatography (UHPLC; Palo Alto, 
CA, USA). The column temperature was 25°C and the flow rate was 0.3 mL/min. Mobile phase solvent system consisted 
of 25 mM ammonium acetate and 25 mM aqueous ammonia in water (mobile phase A) and acetonitrile (mobile phase B). 
The gradient elution method was detailed as follows: 0–1 min, 95% B; 1–14 min, linear elution from 95% to 65% B; 14– 
16 min, linear elution from 65% to 40% B; 16–18 min, hold at 40% B; 18–18.1 min, linear elution from 40% to 95% B; 
18.1–23 min, maintained at 95% B. The samples were maintained at 4°C throughout the analysis. For the purposes of 
monitoring and evaluating the system stability and data reliability, QC samples were utilized.

For detection, electrospray ionization (ESI) was conducted in the positive ion and negative ion modes. After UHPLC 
separation, samples were analyzed by mass spectrometry with an AB SCIEX 6600 Triple-TOF- mass spectrometry (AB 
SCIEX, USA). ESI source parameters were as follows: ion source gas 1, 60 psi; ion source gas 2, 60 psi; curtain gas, 30 
psi; source temperature, 600°C; ion spray voltage floating, ± 5500 V. Detector parameters were as follows: MS scan m/z 
range, 60–1000 Da; product ion scan m/z range, 25–1000 Da; MS scan accumulation time, 0.20 s/spectra; product ion 
scan accumulation time, 0.05 s/spectra; DP, ± 60 V; and collision energy, 35±15 eV. Isotopes smaller than 4 Da were 
excluded from the IDA set, and 6 candidate ions were monitored per cycle.

Data Handling and Statistical Analysis
Raw mass spectrometric files were converted into mzXML format through ProteoWizard, and further analyzed by XCMS 
software package. Metabolites were identified by a self-built database from the laboratory (Shanghai Paisennuo 
Biological Technology Co. Ltd, Shanghai, China) retrieved using accurate mass number matching (<25 ppm) 
and second stage spectrogram matching. We removed the ion peak with missing values more than 50% from the 
XCMS data. The SIMCA-P package (Version 14.1, Umetrics, Umea, Sweden) was used for multivariate pattern 
recognition analysis.23 Student’s t-test and variation multiple analysis were used in the unidimensional statistical analysis. 
When calculating quartiles, the median is included as a value in the data set. Identification of differential metabolites was 
on the basis of univariate statistical analysis P value <0.05 and multidimensional statistical analysis VIP > 1. All graphs 
were drawn using the R software.

Demographic data and clinical indicators of the participants were gained from Henan Provincial People’s Hospital. 
Statistical Package for Social Science (SPSS 21.0, Chicago, IL, USA) was utilized to compare demographic data and 
clinical parameters among groups. We considered P values of <0.05 to be significant.

Results
Participant Demographics and Clinical Data
This research enrolled 30 kidney transplantation recipients with AMR, 35 kidney transplantation recipients with stable 
renal function and negative DSAs, and 21 patients with ESRD. Clinical and demographics characteristics of the 
individuals included in this research are presented in Table 1. Histomorphological lesions in recipients with AMR 
according to the Banff 2019 criteria were shown in Table S1 in Supplementary Materials. The three groups did not show 
significant differences in age, gender, body mass index (BMI), serum uric acid, alkaline phosphatase, lactate dehydro-
genase, white blood cell, and platelet. Compared with that in the KT-SRF group, significant higher levels of serum 
creatinine (P < 0.0001), blood urea nitrogen (P < 0.0001), urine protein (P < 0.0001), and lower levels of serum 
hemoglobin (P < 0.0001) were observed in the KT-AMR and ESRD groups. Levels of serum albumin in KT-AMR group 
were significantly lower than that in the KT-SRF group and ESDR group (P < 0.0001; P = 0.0053, respectively).

Differences in Intestinal Metabolic Profiles Among the KT-AMR, KT-SRF, and ESRD 
Groups
To understand the intestinal metabolic changes associated with AMR after kidney transplant, an untargeted metabolomics 
analysis was performed on fecal samples from KT-AMR, KT-SRF, and ESRD groups using LC-MS. There were 11,683 
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metabolic ion peaks extracted, including 6205 positive and 5478 negative ion peaks. Firstly, the overall metabolic variations 
among different groups were analyzed by unsupervised principal component analysis (PCA). On PCA score plots, quality 
control (QC) samples were clustered well, indicating the reliability and stability of the data (Figure 1A and B). PCA score 
plots showed that the KT-AMR group and KT-SRF group overlapped with each other, and both groups were obviously 
separated from the ESRD group both in positive ion mode (Figure 1A) and negative ion mode (Figure 1B). In order to get 
a deeper look into the significant discriminant metabolites and maximize the sample separation between groups, supervised 
orthogonal partial least-squares discriminant analysis (OPLS-DA) was also conducted. OPLS-DA analysis in positive and 
negative ion modes (Figure 1C–H) showed that the KT-AMR and KT-SRF and ESRD groups were separated from each 
other, and each group could be gathered together (Figure 1C–H). The OPLS-DA model obtained for KT-SRF vs ESRD 
exhibited the highest predictive ability (ESI+: Q2 = 0.912 or ESI-: Q2 = 0.909; Figure 1E and H), followed by the KT-AMR 
vs ESRD model (ESI+: Q2 = 0.888 or ESI-: Q2 = 0.895; Figure 1C and F), while the KT-AMR vs KT-SRF model showed 
the lowest predictive ability (ESI+: Q2 = 0.348 or ESI-: Q2 = 0.178; Figure 1D and G). The above results suggested that 
intestinal metabolome of recipients with AMR differed significantly from those with ESRD, whereas they were not 
obviously different from those of recipients with stable renal functions.

Identification of Differential Intestinal Metabolites
Metabolites were selected as potential metabolic biomarkers with the combination of variable importance in 
projection (VIP) >1 in the OPLS-DA model, and P < 0.05 in Kruskal–Wallis test among different groups. A total 

Table 1 Comparisons of Demographic and Clinical Characteristics Between Recipients with AMR and Controls

Variable KT-AMR  

(n = 30)

KT-SRF  

(n = 35)

ESRD  

(n = 21)

KT-AMR vs KT- 

SRF P value

KT-AMR vs ESRD 

P value

KT-SRF vs ESRD 

P value

Age, years 33.77 ± 7.2 38.69 ± 8.864 39.52 ± 10.54 NS NS NS

Male gender, n (%) 90% 80% 71.4% NS NS NS

BMI 22.64 ± 3.193 23.01 ± 2.977 22.9 ± 2.524 NS NS NS

Diabetes mellitus, n (%) 3 (10%) 4 (11.4%) 2 (9.5%) NS NS NS

Hypertension, n (%) 27 (90%) 29 (82.8%) 20 (95.2%) NS NS NS

Scr, μmol/L 341.9 ± 178 90.17 ± 18.29 820 ± 240.9 <0.0001 0.0041 <0.0001

BUN, mmol/L 17.47 ± 6.917 6.569 ± 1.145 22.17 ± 7.578 <0.0001 NS <0.0001

UA, μmol/L 385.1 ± 142.4 335.9 ± 58.41 352.9 ± 116.9 NS NS NS

CO2, mmol/L 26.22 ± 30.83 23.43 ± 2.069 21.96 ± 4.066 0.0028 NS NS

ALB, g/L 38.06 ± 3.824 45.24 ± 3.895 43.18 ± 5.98 <0.0001 0.0053 NS

TBA, μmol/L 4.147 ± 4.186 5.014 ± 2.579 2.719 ± 1.619 NS NS 0.0014

LDH, U/L 269.6 ± 111 230.7 ± 64.67 215.6 ± 66.12 NS NS NS

ALP, U/L 115.6 ± 87.13 92.26 ± 49.2 94.57 ± 83.38 NS NS NS

HGB, g/L 96.9 ± 17.71 139 ± 15.93 98.86 ± 25.92 <0.0001 NS <0.0001

WBC, ×109/L 5.399 ± 2.846 5.857 ± 1.365 5.653 ± 1.863 NS NS NS

PLT, ×109/L 182.7 ± 65.65 191.3 ± 50.43 181.4 ± 69.66 NS NS NS

CRP, mg/L 5.544 ± 7.388 1.515 ± 2.043 3.812 ± 7.151 0.0023 NS NS

U-protein, -/±/+/++/+++ 0/0/4/10/16 27/4/3/1/0 0/0/2/4/15 <0.0001 NS <0.0001

Induction therapy, Thymoglobuline, n (%) 30 (100%) 35 (100%) 21 (100%) NS - -

Maintenance Therapy

Tacrolimus, n (%) 30 (100%) 35 (100%) 21 (100%) NS - -

Mycophenolate mofetil, n (%) 30 (100%) 35 (100%) 21 (100%) NS - -

Prednisone, n (%) 30 (100%) 35 (100%) 21 (100%) NS - -

DSAs, n (%) 16 (45.7%) 0 (0%) - - - -

Time after transplantation to fecal 

collection (years)

5.3 (4.15–6.2) 5.6 (4.3–6.5) - NS - -

Notes: Data for age were expressed as median (min-max) and other continuous variables were expressed as median (interquartile range), while categorical variables were 
reported as counts. 
Abbreviations: KT-AMR, kidney transplantation recipients with AMR; KT-SRF, kidney transplantation recipients with stable renal functions; ESRD, patients with end-stage 
renal disease; BMI, body mass index; Scr, serum creatinine; BUN, blood urea nitrogen; UA, uric acid; CO2, carbon dioxide; CysC, serum cystatin C; ALB, albumin; TBA, total 
bile acid; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; HGB, hemoglobin; WBC, white blood cell; PLT, platelet; CRP, C-reactive protein; U-protein, urine protein; 
DSAs, donor-specific antibodies; NS, not significant (P < 0.05).
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of 172 metabolites (21 upregulated and 151 downregulated) showed significant differences in the KT-AMR group 
compared with the ESRD group, and 25 metabolites (18 upregulated and 7 downregulated) showed significant 
differences in the KT-AMR group compared with the KT-SRF group (Figure 2A and Table S2 in Supplementary 
Materials). Moreover, 23 upregulated and 136 downregulated metabolites were also found in the KT-SRF group, 
when compared with the ESRD group (Figure 2A and Table S2 in Supplementary Materials). Among the 
differential metabolites, 14 were differentially expressed in both the ESRD group and the KT-SRF group 
compared to the KT-AMR group (Figure 2B and Table S2 in Supplementary Materials). Notably, there were 
significantly higher levels of N-Palmitoylsphingosine and Erucamide, and lower levels of 3b-Hydroxy-5-cholenoic 
acid, N-Acetyl-L-Histidine, Enoxolone and Arg-Glu in the KT-AMR group than the other groups.

Figure 1 Differences in intestinal metabolic profiles among the KT-AMR, KT-SRF, and ESRD groups. (A) PCA score plots in the ESI+ mode; (B) PCA score plots in the ESI- 
mode; (C) OPLS-DA score plots in the ESI+ mode (KT-AMR vs ESRD); (D) OPLS-DA score plots in the ESI+ mode (KT-AMR vs KT-SRF); (E) OPLS-DA score plots in the 
ESI+ mode (KT-SRF vs ESRD); (F) OPLS-DA score plots in the ESI- mode (KT-AMR vs ESRD); (G) OPLS-DA score plots in the ESI- mode (KT-AMR vs KT-SRF); (H) OPLS- 
DA score plots in the ESI- mode (KT-SRF vs ESRD). 
Abbreviations: KT-AMR, kidney transplantation recipients with AMR; KT-SRF, kidney transplantation recipients with stable renal functions; ESRD, patients with end-stage 
renal disease.
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Evaluation of the Discriminating Ability of Potential Biomarkers in AMR After Kidney 
Transplantation
To further determine whether the differential metabolites, which were differentially expressed in both the ESRD group and 
the KT-SRF group compared to the KT-AMR group, could be used as a biomarker to differentiate the recipients with AMR 
from recipients with stable renal function, and patients with ESRD, we conducted ROC curve analysis. The results 
demonstrated that when distinguishing recipients with AMR from the patients with ESRD, all of the 14 differential 
metabolites had AUC values larger than 0.7. Among them, N-Palmitoylsphingosine (AUC = 0.9524), Methylguanidine 
(AUC = 0.9952) and Erucamide (AUC = 0.9968) were observed to have excellent predictive abilities (Figure 3A). 
However, when these metabolites were used to differentiate recipients with AMR from recipients with stable renal function, 
their predictive abilities were moderate, and the AUC values ranged between 0.7219 and 0.5914 (Figure 3B). Thus, we then 
examined the discriminant validity of the six top-ranked predicting metabolites (N-Palmitoylsphingosine, N1-Methyl 
-2-pyridone-5-carboxamide, Methylguanidine, Enoxolone Arg-Glu, and N-Acetyl-L-Histidine) to determine their ability to 
distinguish the KT-AMR and KT-SRF groups by using multivariate logistic regression. The result showed that the 
combination obviously improved the model’s ability to discriminate between the KT-AMR and KT-SRF groups, with an 
AUC of 0.919 (Figure 3C). The multivariate model of biomarkers for discriminating between KT-AMR and KT-SRF group 
was shown in Supplementary Materials. In addition, we assessed the abilities of these metabolites in discriminating between 
the KT-SRF and ESRD groups, and among them, Methylguanidine, Erucamide, 16-Hydroxypalmitic acid, and (S)- 
2-aminobutyric acid showed good discriminative power to distinguish these groups (Figure 3D).

Metabolic Pathway Enrichment Analysis
Furthermore, the functional analysis of pathways related to the pairwise differential metabolites between the three groups 
was conducted using KEGG analysis, respectively. The top 10 enrichment pathways were represented by bubble charts in 
Figure 4A–C. In total, the 172 differential metabolites between the KT-AMR and the ESRD groups were assigned to 33 
KEGG pathways, mainly including ABC transporters, biosynthesis of amino acids, and Alanine, aspartate and glutamate 

Figure 2 Differential intestinal metabolites among the KT-AMR, KT-SRF, and ESRD groups. (A) Wayne figures of overlapping and different metabolites among groups; (B) 
the heatmap of 14 differential intestinal metabolites in both the ESRD group and the KT-SRF group compared the KT-AMR group. 
Abbreviations: KT-AMR, kidney transplantation recipients with AMR; KT-SRF, kidney transplantation recipients with stable renal functions; ESRD, patients with end-stage 
renal disease.
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metabolism (Table S3 in Supplementary Materials and Figure 4A). While the 25 differential metabolites between the KT- 
AMR and the KT-SRF groups were enriched to 36 pathways, including Histidine metabolism, GABAergic synapse, and 
D-Glutamine and D-glutamate metabolism, etc. (Table S4 in Supplementary Materials and Figure 4B). Among these 
enriched pathways, 20 pathways (ABC transporters, biosynthesis of amino acids, Alanine, aspartate and glutamate 
metabolism, etc.) were shared by the pairwise comparisons (Table S3 and S4 in Supplementary Materials). At the same 
time, pathway enrichment analysis for KEGG was also performed for the differential metabolites between the KT-SRF 
and the ESRD groups, and 34 enriched pathways such as Histidine metabolism, GABAergic synapse, and D-Glutamine 
and D-glutamate metabolism were identified (Table S5 in Supplementary Materials and Figure 4C).

Discussion
The findings of this study demonstrated that intestinal metabolic profile of patients with AMR differed significantly from 
those with ESRD, whereas they were not obviously different from those of recipients with stable renal functions. A total 

Figure 3 Receiver operating characteristic (ROC) curves of potential metabolic biomarkers. (A) ROC curves of metabolites to discriminate between the KT-AMR and 
ESRD groups; (B) ROC curves of metabolites to discriminate between the KT-AMR and KT-SRF groups; (C) ROC curves of the combination of metabolic biomarkers using 
logistic regression models to discriminate between the KT-AMR and KT-SRF groups; (D) ROC curves of metabolites to discriminate between the KT-SRF and ESRD groups. 
Abbreviations: AUC, the total area under the ROC curve; KT-AMR, kidney transplantation recipients with AMR; KT-SRF, kidney transplantation recipients with stable renal 
functions; ESRD, patients with end-stage renal disease.
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of 172 and 25 differential metabolites were identified in the KT-AMR group, when compared with the ESRD group and 
the KT-SRF group, respectively. Differential metabolites including N-Palmitoylsphingosine, Methylguanidine and 
Erucamide, have discriminative power to distinguish the KT-AMR and ESRD groups. Combination of 
N-Palmitoylsphingosine, N1-Methyl-2-pyridone-5-carboxamide, Methylguanidine, Enoxolone, Arg-Glu, and N-Acetyl- 
L-Histidine could effectively discriminate the KT-AMR group well from the KT-SRF group. The results of KEGG 
pathway enrichment analysis indicated that the differential metabolites between the KT-AMR and ESRD groups or 
between KT-AMR and KT-SRF groups were significantly enriched in 33 or 36 signaling pathways, respectively.

Abnormal metabolism, such as abnormal glucose regulation, obesity and metabolic syndrome, dyslipidaemia, 
metabolic bone disease, and hyperuricaemia, are common in kidney transplantation recipients, which are considered 
possibly associated with decreased long-term renal graft survival.24 Our previous study revealed dysbiosis of gut 
microbiota in renal transplant recipients with AMR.20 The main differences between the present study and our previous 
study are as follows. Firstly, the purpose of our previous study was to characterize the gut microbiota associated with 
AMR after kidney transplantation, while the present study aimed to investigate the shifts in intestinal metabolic profile in 
recipients with AMR. Secondly, in the previous study, we profiled the gut microflora alternation through the 16S rDNA 
sequencing approach, while the exploration of the shifts in intestinal metabolic profile in this study employed untargeted 
LC-MS-based metabolomics. Thirdly, for the selection of controls, besides kidney transplantation recipients with stable 
renal functions, we included an additional group of patients with ESRD as controls to exclude influence on intestinal 
metabolites by the changes in renal function. Overall, the difference of the intestinal metabolic profiles between the KT- 
AMR and the KT-SRF groups was not as distinct as with the ESRD group. This could be relevant for the usage of the 
anti-rejection and anti-infective therapy after kidney transplantation, since antibiotics25,26 or tacrolimus27 treatment was 
reported to affect the intestinal metabolism by regulating the gut microbiota. The classes and dose of antihypertensive 
drug were not exactly the same among patients, which somewhat might also impact intestinal metabolites. Considering 
differences in degree of renal impairment may have an impact on intestinal metabolic profiles, in further study, chronic 
kidney disease (CKD) patients or kidney recipients who have comparable renal functions but no AMR should be 
included as the control to reduce the confounding effects as much as possible.

There is growing evidence of roles of intestinal metabolites as biomarkers of human diseases such as colorectal 
cancer,28 colitis,29 irritable bowel syndrome,30 and Parkinson’s disease.31 In this study, N-Palmitoylsphingosine, 
Methylguanidine and Erucamide were found to have satisfactory discriminative power to distinguish the KT-AMR and 
ESRD groups. Among them, the function of Methylguanidine is controversial. Methylguanidine is a kind of guanidine 
compound, and commonly derived from creatinine in protein catabolism. On one hand, Methylguanidine is suggested to 
be a uremic toxin that accumulated in renal failure,32 but on the other hand, it showed anti-inflammatory properties by 
inhibiting the activity of inducible nitric oxide synthase and the release of tumor necrosis factor.33 However, there is little 

Figure 4 Metabolic pathway enrichment analysis. The top 10 enrichment pathways were represented by bubble charts. (A) ROC curves of microbial biomarkers. (A) 
Pathway enrichment analysis of differential metabolites between the KT-AMR and ESRD groups; (B) pathway enrichment analysis of differential metabolites between the KT- 
AMR and KT-SRF groups; (C) pathway enrichment analysis of differential metabolites between the KT-SRF and ESRD groups. 
Abbreviations: KT-AMR, kidney transplantation recipients with AMR; KT-SRF, kidney transplantation recipients with stable renal functions; ESRD, patients with end-stage 
renal disease.
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evidence defining the role of these three metabolites in transplant rejection. We identified 25 differential metabolites 
between KT-AMR and KT-SRF groups, though the difference in their intestinal metabolic profiles was not apparent in 
general. A multivariable logistic regression model including 6 differential metabolites (N-Palmitoylsphingosine, N1- 
Methyl-2-pyridone-5-carboxamide, Methylguanidine, Enoxolone Arg-Glu, and N-Acetyl-L-Histidine) could be used to 
distinguish the KT-AMR and KT-SRF groups. Among these metabolites, we noticed that the level of N1-Methyl 
-2-pyridone-5-carboxamide in the KT-SRF group was significantly higher than that in the KT-AMR group. N1-methyl 
-2-pyridone-5-carboxamide could be used as biomarkers of niacin status which was shown to be negatively associated 
with premature mortality in kidney transplant recipients.34 It has been shown that the urinary excretion of the sum of N1- 
Methyl-2-pyridone-5-carboxamide and N1-methylnicotinamide was negatively associated with risk of all-cause mortality 
of kidney transplant recipients. However, the role of N1-Methyl-2-pyridone-5-carboxamide in the pathogenesis of AMR 
is still unclear and needs further exploration.34

The differential metabolites between the KT-AMR and ESRD groups or between KT-AMR and KT-SRF groups were 
significantly enriched in 33 or 36 signaling pathways, respectively. We noticed that bile acid metabolism associated 
pathways (“Bile secretion” or “Taurine and hypotaurine metabolism”) could be enriched in both comparisons. Higher bile 
acid levels and predominance of conjugated bile acid were independent predictors of chronic lung allograft 
dysfunction.35 In particular, elevated taurocholic acid was reported to be associated with concurrent acute lung allograft 
dysfunction36 and intestinal transplant rejection.37 Actually, besides bile acid metabolism, it is worthy of attention that 
many differential metabolites were enriched in “Biosynthesis of amino acids” and “D-Glutamine and D-glutamate 
metabolism” pathways. D-glutamine exhibited good diagnostic capability for the diagnosis of the early acute rejection 
after heart transplantation with a high sensitivity and specificity.38 Moreover, inhibition of glutamine metabolism was 
considered to prevent graft rejection by inhibiting generation and function of effector T cells. In fully mismatched skin 
and heart allograft transplantation models, the inhibitor of glutamine metabolism 6-diazo-5-oxo-L-norleucine (DON) 
combined with the glycolytic inhibitor 2-deoxyglucose (2-DG) and the anti-type II diabetes drug metformin, were 
demonstrated to prevent or delay graft rejection.39 Thus, the role of bile acid metabolism and glutamine metabolism in 
the development and progression of AMR after kidney transplantation deserves further clarification.

Notably, our findings should be taken in consideration with limitations. Firstly, the intestinal metabolic profiles of 
recipients with AMR were not obviously different from those of recipients with stable renal functions, and the ability to 
store and analyze fecal samples is often underpowered in the clinic, thus the application of intestinal metabolome in 
AMR diagnosis and treatment would be restricted to some extent. Secondly, the design of the study is partially 
inappropriate. In this study, we included patients with ESRD as one of the control groups. However, the patients with 
ESRD did not receive immunosuppressive therapy as the kidney recipients did, and immunosuppressants such as 
tacrolimus27 was reported to affect the intestinal metabolism by regulating the gut microbiota. Therefore, the difference 
of intestinal metabolism between patients with ERSD and transplant recipients is largely attributed to the immunosup-
pressive treatment.

In conclusion, we have compared intestinal metabolic profile of the KT-AMR group to the ESRD and KT-SRF 
groups, and identified differentially expressed metabolites associated with AMR after kidney transplantation. From the 
metabolic point of view, our findings may provide key clues for developing effective diagnostic biomarkers and 
therapeutic targets for AMR after kidney transplantation. Further investigation is also needed to clarify the role of the 
alternation of intestinal metabolic profiles in the pathogenesis and development of AMR.
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