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Abstract

Background Acute kidney injury (AKI) is a frequent complication of cardiac surgery that poses significant risks for
both the development of chronic kidney diseases and mortality. Our previous study illustrated that heightened
expression levels of faecal and plasma indole metabolites before the operation were associated with ischemic AKI.
In this study, we aimed to validate the supposition that plasma indole-3-aldehyde (I3A) could serve as a predictive
biomarker for AKlin patients undergoing cardiac surgery.

Methods This statistical reanalysis utilized AKI metabolomic data from patients scheduled for cardiac surgery
between April 2022 and July 2022 in two tertiary hospitals. Faecal and blood samples were prospectively collected
before surgery within 24 h, and variables related to the preoperative, intraoperative, and postoperative periods were
recorded. AKI diagnosis was based on the Kidney Disease Improving Global Outcomes criteria.

Results In this study, 55 patients who underwent cardiac surgery were analyzed, and 27 of them (49.1%) developed
postoperative AKI. Before surgery, these patients had significantly higher levels of faecal indole metabolites, including
skatole, trans-3-indoleacrylic acid, and 5-methoxyindoleacetic acid. The plasma I3A, clinical model that considered
perioperative and intraoperative variables, and their combination had area under the receiver operating characteristic
curve (ROC) values of 0.79 (95% Cl 0.67-0.91), 0.78 (95% Cl 0.66-0.90), and 0.84 (95% Cl 0.74-0.94) for predicting AK,
respectively. Furthermore, by utilizing net reclassification improvement and integrated discrimination improvement,
plasma I3A showed significant improvements in risk reclassification compared to the clinical model alone.

Conclusions The dysregulation of gut microbiota metabolism in patients scheduled for cardiac surgery can result in
an increase in indoles from tryptophan metabolism, which may be associated with postoperative acute kidney injury
(AKI). This suggests that indoles may serve as a predictive biomarker for AKl in patients undergoing cardiac surgery.
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Background

Millions of cardiac surgeries are performed annually
throughout the world. The incidence of acute kidney
injury (AKI) in patients undergoing cardiac surgery is
high, ranging from 25 to 51% [1]. Evidence indicates that
patients with AKI are more likely to suffer worsening
clinical outcomes, including protracted hospitalisation
[2], the need for renal replacement therapy (RRT) [3], the
progression of new chronic kidney diseases (CKD) [4],
and increased risk of mortality [5]. However, diagnos-
ing AKI based on the rise in the level of serum creatinine
(sCr) and urine output (UO) has fallen behind diagnosing
it based on the initial injury of the kidney [6]. Under this
circumstance, it is important to explore the novel mark-
ers for the early detection of AKI before a measurable
rise in sCr, which can afford a critical time window for
clinicians to stop or even reverse the progressing kidney
injury. Although large numbers of biomarkers have been
identified to detect AKI so far, including serum cystatin
C (sCysC) [7, 8], urinary N-acetyl-beta-D-glucosamin-
idase (uUNAG) [9], urinary matrix metalloproteinase-7
(uMMP-7) [10], and urinary angiotensinogen (uAGT)
[11, 12], the search for an optimal and cost-effective com-
bination scheme continues to be a prominent endeavor in
the scientific community.

The gut microbiota plays an important role in the pro-
duction of numerous compounds, influencing the host
and the pathophysiological processes of a variety of dis-
eases [13, 14], such as ischemic AKI [15, 16]. The bidi-
rectional crosstalk between intestinal microbiota and the
kidney has been confirmed through basic and clinical
research involving the production of soluble factors and
enterogenous uremic toxins [17]. Indoles are the most
abundant tryptophan metabolites via the gut micro-
biota, which play crucial roles in the kidney system by
activating the aryl hydrocarbon receptor (AHR) signaling
pathway [18]. A recent study revealed that faecal indole
contents and gut microbiota were different between
patients with CKD and healthy control, which may pro-
vide gut symbiosis for patients with CKD as an additional
treatment strategy [19]. However, only little is known
about the correlation and influence of indole metabolites
on the pathophysiological characteristics in AKI patients
undergoing cardiac surgery.

In our previous study [20], we employed metabolo-
mics analysis or statistical analysis to identify differential
metabolites and altered metabolic pathways associated
with CSA-AKI. We analyzed nearly 1000 faecal metabo-
lites using high-resolution mass spectrometry (MS) and
bioinformatics, and identified 49 differential metabo-
lites with high confidence levels, which have potential

diagnostic indicators and perform important biological
functions. Additionally, we quantified and identified 188
plasma metabolites using tandem MS and found 34 dif-
ferential plasma metabolites between the CSA-AKI and
Non-AKI groups by using univariate statistical analysis.
Notably, our research highlighted the significant role of
indole metabolites, particularly I3A, in effectively distin-
guishing between the two groups. In the present study,
the concerned indole metabolites were selected for clini-
cal statistical analysis, which can verify the hypothesis
that elevated indole metabolites before the operation is
associated with ischemia AKI.

Methods

Participants and sample measurement

This prospective observational study was approved by
the Ethics Committee of Maoming People’s Hospital
(No. PJ2020MI-021-01) and conducted according to the
Declaration of Helsinki at the Guangdong Provincial
People’s Hospital and Maoming People’s Hospital. The
study protocol complied faithfully with the Strengthening
the Reporting of Observational Studies in Epidemiology
[21] and the Standards for Reporting Diagnostic Accu-
racy criteria [22]. All participants provided their writ-
ten informed consent. Eligible participants were those
undergoing cardiac surgery at the cardiovascular surgical
department from April 2022 to July 2022. The exclusion
criteria for reanalysis were preexisting advanced CKD
(end-stage kidney disease, kidney transplantation), age
of >80 years, a preexisting malignant tumour and refusal
to consent. To assess the ability to predict AKI, patients
who had been exposed to AKI from a prior operation
were also excluded.

The occurrence of AKI based on Kidney Disease
Improving Global Outcomes (KDIGO) criteria within 1
week of the cardiac surgery was defined as the main out-
come [23]. As UO criteria may be affected by adminis-
trating diuretics or obesity, we adopted sCr to diagnose
AKI. Other outcomes included the length of the intensive
care unit (ICU) and hospital stay. Stool and blood sam-
ples were collected before the cardiac surgery and were
then transported to the BGITech Company with dry ice
for metabolomics experiments. Untargeted metabo-
lomics was applied to stool samples, while the blood
samples were assessed through targeted metabolomics,
especially for plasma indole-3-aldehyde (I3A).

Clinical data collection

Once the patients were accepted to the cardiovascular
surgical department, their clinical data were collected.
Preoperative variables, including demographics (i.e.,
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age, height, weight, body mass index [BMI], gender and
smoking), preexisting diseases (i.e., hypertension and dia-
betes mellitus), preoperative characteristics (i.e., Na+, K+,
haemoglobin, red blood cell-specific volume, white blood
cell [WBC], platelets [PLT], bilirubin, blood urea nitro-
gen [BUN], admission heart rate, admission respiratory
rate, admission mean arterial pressure [MAP], NewY-
ork Heart Association [NYHA] heart function) were
recorded. Moreover, the preoperative baseline sCr was
considered a preoperative renal function. Intraoperative
data containing cardiopulmonary bypass time, operation
time and blood loss were noted. The postoperative Acute
Physiology and Chronic Health Evaluation (APACHE) II
score, which was used to estimate the overall condition of
a patient, was evaluated immediately after recovery from
anaesthesia. The prognosis variables were also docu-
mented, which comprised the length of ICU and hospital
stay. For the baseline sCr, we used the sCr at the time of
hospital admission, the last available sCr within the last 3
months, or an estimated sCr as per the KDIGO guideline
in patients with no prior information about their prior
kidney function [24].

Statistical analyses

The Shapiro—Wilk test was applied for continuous vari-
ables to determine the normal distribution. Student’s
t-test was conducted for normally distributed data (pre-
sented as mean and standard deviation), while the Wil-
coxon—Mann—Whitney U-test was used for skewed
distributed data (presented as the median and interquar-
tile range). Descriptive statistics for categorical variables
were reported as frequency (percentage) and were com-
pared using the Pearson x> test or Fisher’s exact test, as
deemed appropriate. Using Fisher’s exact test or the Wil-
coxon rank-sum test, the patient characteristics between
AKI and Non-AKI were compared. The difference of
the average of log2 peak areas concerning faecal indole
metabolites or the concentrations of plasma I3A between
the groups was calculated by Student’s ¢-test. Using sim-
ple logistic regression (SLR) models, the predictive per-
formance of biomarkers was assessed. The SLR results
were presented by the area under the receiver operating
characteristic (ROC) curves (AUCs) and the correspond-
ing 95% confidence intervals (CIs).

We calculated the C-index to assess the accuracy of
predicting AKI and net reclassification improvement
(NRI) and integrated discrimination improvement (IDI)
to detect whether predicting accuracy could improve
after the addition of plasma I3A into a baseline model
with established risk factors. The established risk fac-
tors and clinical model were as follows: age, APACHE II
score, haemoglobin and cardiopulmonary bypass time.
The C-index was defined as the ROC between individ-
ual predictive probabilities for AKI and the incidence of
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AK]J, and it was compared with both the baseline model
(established risk factors only) and the enriched models
(baseline model plus I3A). The NRI acted as a relative
indicator of how many patients showed an improvement
in the predicted probability of AKI, whereas the IDI indi-
cated the average improvement in the predicted prob-
ability of AKI after adding the variables into the baseline
model.

The statistical analysis was conducted with Python 3.9
using the SciPy 1.9.3 module, fundamental algorithms for
scientific computing in python [25], and visualised with
the Matplotlib 3.3.4 module [26]. P<0.05 was considered
to indicate statistical significance.

Results

Cohort description and baseline characteristics of the
patients

A total of 55 patients with cardiac surgery were enrolled
in the study after obtaining their written informed con-
sent before the cardiac surgery, which included 47
patients from the Guangdong Provincial People’s Hospi-
tal and 8 patients from the Maoming People’s Hospital.
The faecal and plasma samples were collected before car-
diac surgery. With reference to the 2012 KDIGO clini-
cal practise guideline, 27 patients (49.1%) were defined
as AKI patients based on sCr elevation, and the other 28
Non-AKI patients served as the control. The basic infor-
mation of patients, including age, gender, preoperative
indicators and intraoperative indicators, is presented in
Table 1. The patients with AKI were older than the Non-
AKI patients. Moreover, prolonged operations and car-
diopulmonary bypass could have increased the incidence
of AKI. Poor renal function was also observed in patients
with AKI, who had higher APACHE II scores at the time
of ICU admission and a higher rate of CRRT during the
longer hospital stay.

Differential faecal indole metabolites as a predictor for the
development of AKI
The faecal samples were analysed through untargeted
metabolomics by high-resolution mass spectrometry,
and all metabolites were annotated with five confidence
levels as reported previously [27, 28]. In total, 23 indole
metabolites with a high confidence level (Level 1-2) were
employed in the comparative analysis between the AKI
and Non-AKI groups (Table S1). After the log2 logarith-
mic transformation of the peak area, the average data
were used to plot the box diagram. Figure 1 depicts that
the contents of indole metaboles in the AKI group were
higher than those in the Non-AKI group, albeit there
was no significant difference between the two groups
(P=0.6978).

The differential faecal metabolites related to AKI were
screened out through univariate analysis, and 3 indole
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Table 1 Baseline characteristics and perioperative variables

Characteristics AKI (n=27) Non-AKI P
(n=28) Value

Age, years 64 (51,67) 55 (45, 61) 0.009

Weight, kg 60.0 (56.0,69.0) 59.5(52.8,69.6) 0.555

Height, cm 165.0 (160.0, 165.7 (160.5, 0.742
170.0) 170.0)

Gender (male), n(%) 19 (70.4) 17 (60.7) 0452

Diabetes, n(%) 1(3.7) 1(3.6) 1.000

Hypertension, n(%) 9(33.3) 8(28.6) 0.702

Smoking, n(%) 4(14.8) 4(14.3) 1.000

Admission heart rate, beat/ 79 (75, 85) 80 (75, 86) 0.378

min

Admission respiratory rate, 20 (19, 20) 20 (20, 20) 0.057

breaths/min

Admission MAP, mmHg 99 (17) 103 (11) 0.402

Hospital stays, days 26 (18,30) 17 (14, 26) 0.033

ICU hospital stays, days 32,9 3(2,4) 0.260

APACHE Il score 7(6,9) 6 (4,8) 0.035

NYHA heart function >, 8(70.4) 17 (60.7) 0452

n(%)

CRRT, n(%) 5(18.5) 0(0) 0.055

Preoperative indicators

Hemoglobin, g/L 120.15 (21.67) 13264 (21.5) 0.036

WBC, 10%/L 7.17 (6.07,855) 6.76(5.26,8.18) 0.213

PLT, 10%/L 21641 (59.65) 243.89(5320) 0077

Bilirubin, pmol/L 14.86 (9.70, 12,65 (8.93, 0.794
17.5) 19.08)

BUN, mmol/L 6.63(5.78,9.23) 643 (5.71,822) 0522

Creatinine, umol/L 90.1 75.8(60.9,94.7) 0.042
(69.1,125.0)

eGFR, ml/min/1.73m? 92.7 (61.7, 113.7 (786, 0.0
114.6) 136.6)

Intraoperative indicators

Cardiopulmonary bypass 198 (151,274)  143(117,209)  0.011

time, min

Operation time, min 400 (275,515) 292 (223,395) 0.019

Blood loss, ml 300 (200,400) 200 (200,300) 0672

Results are presented as proportion for categorical variables, median
(interquartile range) for continuous variables. BMI: body mass index, MAP:
mean arterial pressure, CRRT: continuous renal replacement therapy, eGFR:
estimated glomerular filtration rate, WBC: white blood cell, PLT: platelets, BUN:
blood urea nitrogen

metabolites with a high confidence level (i.e., skatole,
trans-3-indoleacrylic acid and 5-methoxyindoleacetic
acid) were upregulated in the AKI group vs. the Non-AKI
group. Using the abovementioned 3 differential indole
metabolites, the P value of the boxplot was equal to 0.001
(Fig. 2A), and the AUC value was 0.75 (95% CI 0.63-0.88)
in ROC analysis (Fig. 2B).

Comparing the performance of plasma I3A with clinical
mode for the development of AKI

The plasma samples were analysed by Metabolite Array
using tandem mass spectrometry, which comprised
amino acid, benzenoid, bile acid, carbohydrate, carnitine,

Page 4 of 9

Boxplot of all indole metabolites
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Fig. 1 Boxplot illustrating the analysis of indole metabolites with a high
confidence level in fecal samples prior to cardiac surgery. AKl, acute kidney
injury

fatty acid, indole, nucleoside, organic acid and phen-
ylpropanoic acid. After univariate analysis, one indole
metabolite (I3A) was screened out between the AKI and
Non-AKI groups. Using a boxplot, Fig. 3A demonstrates
that the plasma I3A values before surgery were obviously
higher in patients with AKI during hospitalisation when
compared with those in Non-AKI patients. For com-
parison, clinical mode, I3A and their combination were
related to the incidence of AKI in patients undergoing
cardiac surgery, with AUC values of 0.78 (95% CI 0.66—
0.90), 0.79 (95% CI 0.67-0.91) and 0.84 (95% CI 0.74—
0.94) in Fig. 3B, which means that plasma I3A may act
as a predictive AKI biomarker after cardiac surgery. The
clinical model comprised age, APACHE II score, haemo-
globin and cardiopulmonary bypass time. Furthermore,
when compared to only the clinical model, the addition
of plasma I3A to the clinical risk model could signifi-
cantly improve the risk reclassification (Table 2).

Discussion

This is the first study to demonstrate that the elevation
of plasma I3A is an independent predictor for patients
with cardiac surgery associated-AKI The present results
indicates that plasma I3A is a moderate predictor for
AKI in patients undergoing cardiac surgery, which dem-
onstrated almost a consistent performance (AUC=0.79)
with the clinical model (AUC=0.78) in predicting AKI.
The clinical model was developed using multivariable
logistic regression analysis and ultimately incorporated
age, APACHE 1II score, pre-surgery hemoglobin levels,
and cardiopulmonary bypass time.



Hu et al. BMC Anesthesiology (2023) 23:364 Page 5 of 9

A : . : B : : -
Boxplot of differential indole metabolites Receiver Operating Characteristic Curve
1.0
18
17 © 0.8
c o
p 16
g; g 0.6
= 15 o) =
¢
2 14 0 04
©
(5]
o
13
0.2
12 o AUC (95%Cl)
0.0 / === Tndole metabolites 0.75(0.63-0.88)
1
AKI Non-AKI 0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Fig. 2 Differential analysis of indole metabolites in fecal samples prior to cardiac surgery. a Boxplot showing differential indole metabolites in AKl and
Non-AKI. b ROC analysis for predicting AKl and Non-AKI. AKI: acute kidney injury, AUC: area under the ROC, ROC: receiver operating characteristic curve
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curve
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Table 2 Risk reclassification of postoperative AKl in cardiac surgery
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Outcomes Category-Free PValue Category-Free NRI IDI (95% ClI) P
NRI (95% Cl) With Event P value Without  Pvalue Value
Event
AKI
Clinical risk Referent Referent
factors
Clinical risk 0.83(0.36-1.29) 0.0005 19% 03275 64% 0.0000 0.09 (0.02-0.16)  0.0132
factors plus
I3A

The established risk factors included age, APACHE Il score, hemoglobin and cardiopulmonary bypass time. AKI, acute kidney injury; APACHE, Acute Physiology and
Chronic Health Evaluation; Cl, confidence interval; IDI, integrated discrimination improvement; NRI, net reclassification improvement

As demonstrated by the AUCs, the addition of plasma
I3A to the clinical model could further increase the area
of AUC from 0.78 (clinical mode only) to 0.87 (the com-
bination of clinical mode and I3A). When measured by
category-free NRI (value=0.83) and IDI (value=0.09),
the risk reclassification was markedly improved by add-
ing plasma I3A to the clinical model (P<0.05). Thus, pre-
operative plasma I3A can be considered an independent
predictor for cardiac surgery-associated-AKI, which may
aid in the identification of patients in whom preventive
treatment strategies can be effective [29].

The current study is a reanalysis of data from a previ-
ous study [20] that investigated the relationship between
gut microbiota metabolism and acute kidney injury
(AKI) following cardiac surgery. However, this study
specifically focuses on evaluating the predictive value of
plasma indole-3-aldehyde (I3A) as a biomarker for AKI.
The analysis included 55 patients, of whom 27 devel-
oped postoperative AKI. The study revealed significantly
elevated levels of specific faecal indole metabolites in
patients who experienced AKI, indicating an imbalance
in gut microbiota metabolism. Furthermore, the study
demonstrated that plasma I3A, in combination with peri-
operative and intraoperative variables, exhibited strong
predictive performance for AKI. Importantly, the addi-
tion of plasma I3A to the clinical model significantly
improved risk reclassification for AKI. These findings
provide additional evidence supporting the involvement
of dysregulated gut microbiota metabolism and indole
production in the development of postoperative AKI.
The study underscores the significance of metabolomic
analysis and highlights the potential clinical utility of
plasma I3A as a diagnostic tool for identifying individu-
als at risk of AKI after cardiac surgery. Overall, this study
contributes valuable insights by validating plasma I3A as
a promising predictive biomarker for AKI in cardiac sur-
gery patients.

Notably, opposite to the I3A, the pre-surgery creatine
did not enter the clinical model despite there was sig-
nificantly higher preoperative creatinine levels in the AKI
group compared to the Non-AKI group. This outcome
may be attributed to the lack of observed correlation

in improving the model when patients with advanced
chronic kidney diseases (CKD) were excluded. Another
possible contributory factor could be the limitation of
creatinine in accurately reflecting the true renal function
reserve, as it is influenced by variables such as muscle
mass and protein intake, which can impact its reliability
as a measure of renal function. Moreover, the elevated
creatinine in the AKI group may be attributed to older
age, as also indicated in Table 1, resulting in lower cre-
atinine clearance. It is worth noting that although there
were differences in creatinine values, they still remained
within the normal range, and no significant difference
was observed in blood urea nitrogen (BUN). Unlike cre-
atinine, eGFR takes into account serum creatinine level,
age, and gender, making it a more reliable indicator of
renal function. Our findings indicate that eGFR did not
remain in the model as well. However, given the well-
established link between CKD and AKI after cardiac sur-
gery, we aim to enhance our understanding of how CKD
impacts our model results and evaluate the added clas-
sifying performance of 13a in CKD or Non-CKD patients
in further study with CKD incorporated as a screening
variable.

APACHE 1I score was also a predictor in the clinical
model free of the collinearity with creatine prior to sur-
gery, which can be attributed to several factors. Firstly,
these variables serve different purposes and capture dif-
ferent aspects of evaluation. Secondly, the utilization of
distinct measurement methods for APACHE II score
and creatinine may have diminished their correlation.
Lastly, rigorous data preprocessing techniques and con-
sideration of sample characteristics likely mitigated the
potential presence of collinearity. In addition, it should
be noted that the relatively small sample size in our study
may introduce some variability in blood creatine levels.
To address this potential imbalance between the groups,
we are planning to conduct a prospective study with a
significantly larger sample size. This will allow for more
robust and reliable conclusions by minimizing the effects
of any observed discrepancies.

Plasma I3A demonstrated the ability to discriminate
subgroup, suggesting that it may detect kidney injury
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earlier than creatinine. It is worth noting that plasma
indole metabolites have been shown to be correlated with
CKD [30, 31] and atherosclerosis [29], leading to specu-
lation that atherosclerosis rather than I3A might be the
underlying risk factor for CSA-AKI. However, it is impor-
tant to highlight that our study specifically excluded
patients with CKD, thus eliminating the confounding
effect of CKD. Moreover, multiple logistic regression
analysis, which helps control for confounding factors and
identify independent influencing factors, had been pre-
viously employed by Cason et al. [30]. They adjusted for
traditional risk factors and identified plasma indoxyl as
an independent risk factor for atherosclerosis. Similarly,
in our study, we also adjusted for hypertension and dia-
betes, which are the two primary risk factors for athero-
sclerosis, and obtained consistent results, affirming I3A
as an independent predictor for CSA-AKI development.
These findings further support the notion that I3A serves
as an independent predictor for CSA-AKIL.

As for AUCs, both plasma I3A and clinical mode dem-
onstrated fair prediction ability owing to their AUC val-
ues of 0.7-0.8, while the combination displayed good
ability owing to the AUC value of 0.8-0.9 [31, 32]. In
addition, the risk reclassification (as measured by cat-
egory-free NRI and IDI) was significantly improved by
adding plasma I3A to the clinical model; therefore, it was
helpful to increase the discrimination by adding plasma
I3A. All these findings affirm the notion that it was insuf-
ficient for clinicians to evaluate AKI based on a single
biomarker. Instead, a multi-biomarker approach should
be adopted in clinical practice [33]. However, the AUC
was not markedly improved by adding plasma I3A to the
clinical model according to the current data (P>0.05),
which indicated that we should continue to expand the
samples and conduct a multi-centre prospective study to
further verify the improvement of I3A to AUC.

As an important metabolite of tryptophan, indole com-
pounds are under the direct or indirect control of the
gut microbiota, which is involved in microbiota-host
crosstalk across health and disease sectors [34]. I3A, pro-
duced by the indole-3-pyruvic acid pathway and aromatic
amino acid aminotransferase via the gut microbiota [35],
can activate AHR to enhance tumour malignancy and
suppress anti-tumour immunity [36]. As molecular and
animal studies on the mechanism of ischemia AKI in the
signalling pathway relevant to plasma I3A remain inad-
equate, further studies are deemed necessary to identify
the optimal mechanism of plasma I3A in ischemia AKI.
Indoxyl sulphate, a representative uraemic toxin in the
blood of patients with CKD, can increase the morbid-
ity and mortality of the disease’s related complications;
therefore, timely detection of its level may effectively
prevent the progression of CKD and its related compli-
cations [37]. Therefore, the early detection of plasma I3A
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before cardiac surgery may assist clinicians in recognis-
ing patients who are more prone to suffer AKI to cure or
reverse the sustaining kidney injury in a vital time win-
dow [38].

Our study offers several strengths. First, we measured
the performance of plasma I3A preoperatively in patients
undergoing cardiac surgery. Consequently, as the time
nodes of initial injury in the kidney were accurate, the
variations among patients due to the individual differ-
ences in preexisting but unclear initial kidney injury and
the underlying comorbidities could be reduced. Second,
the samples were prospectively gathered at different cen-
tres; therefore, the accuracy of internal verifiability could
be improved. Third, the early detection of plasma I3A
can facilitate clinicians to recognise patients at a high
risk of developing postoperative AKI for the initiation
of efficient intervention in a timely manner. Indeed, the
performance of plasma I3A was not satisfactory in AUC.
However, this study was the pilot exploratory research.
We plan to further improve the experimental design to
increase AUC, NRI and IDI in the subsequent confirma-
tory experiments.

Nevertheless, this study has several limitations. First, as
UO was not used in the diagnosis of AKI, it may have led
to the omission of a portion of the incidence of AKI [39].
However, the incidence of AKI in patients undergoing
cardiac surgery was consistent with that reported previ-
ously [40]. Second, the study participants included those
undergoing cardiac surgery in two centers, which repre-
sent patients from a few simple clinical settings. In the
future, we plan to amplify our participants from multiple
centres and departments across different causes of isch-
emic AKI, such as patients with decompensated heart
failure and other surgeries [41].

Conclusion

The dysregulation of gut microbiota metabolism in
patients scheduled for cardiac surgery can result in an
increase in indoles from tryptophan metabolism, which
may be associated with postoperative acute kidney injury
(AKI). This suggests that indoles may serve as a predic-
tive biomarker for AKI in patients undergoing cardiac
surgery.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512871-023-02330-7.

[ Supplementary Material 1 J

Acknowledgements
BGITech Company is acknowledged for support with LC-MS data acquisition.


https://doi.org/10.1186/s12871-023-02330-7
https://doi.org/10.1186/s12871-023-02330-7

Hu et al. BMC Anesthesiology (2023) 23:364

Authors’ contributions

CBC, LHH, YPB, CCL and LTM equally contributed to the design of the research.

LHH and CCL equally contributed to analyze and interpret the data. CBC, YPB
and LTM contributed to the conception of the research and critically revised
the manuscript. LHH, YPB, CCL, LTM, YL, XYJ, WX, YMH and XJZ performed the
research and collected data. All authors contributed to the acquisition and
analysis of the data, drafted the manuscript, and agree to be fully accountable
for ensuring the integrity and accuracy of the work. All authors read and
approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China under Grant 82172162 to CC; the Major Program of Summit Project,
Guangdong Province High-level Hospital Construction Project of Guangdong
Provincial People’s Hospital, Guangdong Academy of Medical Sciences
under Grant DFJH2020028 to CC; the Outstanding Young Medical Talents in
Guangdong Province under Grant KJ012019445 to CC; the Excellent Young
Talents Project of Maoming People’s Hospital under Grant SY2021005 to

LH; the Special Science and Technology Fund of Maoming City under Grant
2021KJZXZJYX003 to LH; the Science and Technology Planning Project of
Guangdong Province of China under Grant 202150024 to YB; the Guangdong
Basic and Applied Basic Research Foundation under Grant 2022A1515220065
toYB.

Data availability

The datasets generated and analysed during the current study are available
in the ProteomeXchange Consortium repository, https://www.iprox.cn/page/
projecthtmI?id =IPX0005153000.

Declarations

Ethics approval and consent to participate

This prospective observational study was approved by the Ethics Committee
of Maoming People’s Hospital (No. PJ2020MI-021-01) and conducted
according to the Declaration of Helsinki at the Guangdong Provincial People’s
Hospital and Maoming People’s Hospital. The study protocol complied
faithfully with the Strengthening the Reporting of Observational Studies

in Epidemiology [22] and the Standards for Reporting Diagnostic Accuracy
criteria [23]. All participants provided their written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Critical Care Medicine, Maoming People’s Hospital, No.
101 Weimin Road, Maoming 525000, Guangdong Province, China
2Center of Scientific Research, Maoming People’s Hospital, No. 101
Weimin Road, Maoming 525000, Guangdong Province, China
3Department of Clinical Laboratory, Maoming People’s Hospital, No. 101
Weimin Road, Maoming 525000, Guangdong Province, China
“Department of Coronary Care Unit, Maoming People’s Hospital, No. 101
Weimin Road, Maoming 525000, Guangdong Province, China
°Department of Intensive Care Unit of Cardiovascular Surgery,
Guangdong Provincial People’s Hospital, Guangdong Cardiovascular
Institute, Guangdong Academy of Medical Sciences, No. 106 Zhongshan
Er Road, Guangzhou 510080, Guangdong Province, China

8School of Medicine, South China University of Technology, No. 382
Waihuan East Road, Guangzhou 510006, Guangdong Province, China
"The Second School of Clinical Medicine, Southern Medical University, No.
1023 Shatai South Road, Guangzhou 510515, Guangdong Province, China
8Department of Critical Care Medicine, Shenzhen People’s Hospital (The
Second Clinical Medical College, Jinan University; The First Affiliated
Hospital, Southern University of Science and Technology),

Shenzhen 518020, Guangdong, China

Received: 9 April 2023 / Accepted: 30 October 2023
Published online: 07 November 2023

Page 8 of 9

References

1.

10.

20.

Schunk SJ, Zarbock A, Meersch M, Killmar M, Kellum JA, Schmit D, Wagner
M, Triem S, Wagenpfeil S, Grone HJ, et al. Association between urinary
dickkopf-3, acute kidney injury, and subsequent loss of kidney function in
patients undergoing cardiac Surgery: an observational cohort study. Lancet.
2019;394(10197):488-96.

Chen C,Yang X, LeiY, Zha Y, Liu H, Ma C, Tian J, Chen P, Yang T, Hou FF. Urinary
biomarkers at the Time of AKI Diagnosis as predictors of progression of AKI
among patients with Acute Cardiorenal Syndrome. CLIN J AM SOC NEPHRO.
2016;11(9):1536-44.

Sun D, Wang J, Shao W, Wang J, Yao L, Li Z, Ohno S. Pathogenesis and damage
targets of hypertensive kidney Injury. J TRANSL INTERN MED. 2020;8(4):205-9.
Lang R, Wang X, Liang Y, Yan L, Shi B, Yu R. Research Progress in the treatment
of idiopathic membranous Nephropathy using traditional Chinese Medicine.
JTRANSL INTERN MED. 2020;8(1):3-8.

Ge S, Nie S, Liu Z, Chen C, ZhaY, Qian J, Liu B, Teng S, Xu A, Bin W, et al. Epide-
miology and outcomes of acute kidney injury in elderly Chinese patients: a
subgroup analysis from the EACH study. BMC NEPHROL. 2016;17(1):136.
Martins CB, De Bels D, Honore PM, Redant S. Early Prediction of Acute kidney
Injury by Machine Learning: should we add the urine output Criterion to
improve this New Tool? J TRANSL INTERN MED. 2020;8(4):201-2.

Dai X, Zeng Z, Fu C, Zhang S, Cai Y, Chen Z. Diagnostic value of neutrophil
gelatinase-associated lipocalin, cystatin C, and soluble triggering receptor
expressed on myeloid cells-1 in critically ill patients with sepsis-associated
acute kidney injury. CRIT CARE. 2015;19(1):223.

Elmas AT, Tabel Y, ElImas ON. Serum cystatin C predicts acute kidney injury

in preterm neonates with respiratory distress syndrome. PEDIATR NEPHROL.
2013;28(3):477-84.

Liang S, Luo D, Hu L, Fang M, Li J, Deng J, Fang H, Zhang H, He L, Xu J,

et al. Variations of urinary N-acetyl-B-D-glucosaminidase levels and its
performance in detecting acute kidney injury under different thyroid
hormones levels: a prospectively recruited, observational study. BMJ OPEN.
2022;12(3):e55787.

Fu H, Zhou D, Zhu H, Liao J, Lin L, Hong X, Hou FF, Liu Y. Matrix metallopro-
teinase-7 protects against acute kidney injury by priming renal tubules for
survival and regeneration. KIDNEY INT. 2019;95(5):1167-80.

Yang X, Chen C, Tian J, ZhaY, Xiong Y, Sun Z, Chen P, Li J, Yang T, Ma C,

et al. Urinary angiotensinogen level predicts AKl in Acute Decompen-

sated Heart Failure: a prospective, two-stage study. J AM SOC NEPHROL.
2015;26(8):2032-41.

Connor KL, Denby L. Urinary angiotensinogen as a biomarker for acute to
chronic kidney injury transition - prognostic and mechanistic implications.
CLIN SCI. 2018;132(21):2383-5.

Lynch SV, Pedersen O. The human intestinal microbiome in Health and
Disease. NEW ENGL J MED. 2016;375(24):2369-79.

Zhang H, Xu J,Wu Q, Fang H, Shao X, Ouyang X, He Z, Deng Y, Chen C. Gut
microbiota mediates the susceptibility of mice to Sepsis-Associated Encepha-
lopathy by Butyric Acid. J INFLAMM RES. 2022;15:2103-19.

Lei J, Xie Y, Sheng J, Song J. Intestinal microbiota dysbiosis in acute kidney
injury: novel insights into mechanisms and promising therapeutic strategies.
Ren Fail. 2022;44(1):571-80.

Yang J, Kim CJ, Go YS, Lee HY, Kim MG, Oh SW, Cho WY, Im SH, Jo SK. Intestinal
microbiota control acute kidney injury severity by immune modulation.
KIDNEY INT. 2020;98(4):932-46.

Mahmoodpoor F, Rahbar SY, Barzegari A, Ardalan M, Zununi VS. The impact of
gut microbiota on kidney function and pathogenesis. BIOMED PHARMACO-
THER. 2017,93:412-9.

Liu JR, Miao H, Deng DQ, Vaziri ND, Li P, Zhao YY. Gut microbiota-derived
tryptophan metabolism mediates renal fibrosis by aryl hydrocarbon receptor
signaling activation. CELL MOL LIFE SCI. 2021;78(3):.909-22.

Yang CY, Chen TW, Lu WL, Liang SS, Huang HD, Tseng CP, Tarng DC. Synbiotics
alleviate the gut indole load and dysbiosis in chronic Kidney Disease. CELLS-
BASEL 2021, 10(1).

Bai Y, Huang W, Jiang X, Xu W, LiY, Wang Y, Huang S, Wu K, Hu L, Chen C.
Metabolomic interplay between gut microbiome and plasma metabolome
in cardiac surgery-associated acute kidney injury. RAPID COMMUN MASS SP.
2023;37(11):€9504.


https://www.iprox.cn/page/project.html?id
https://www.iprox.cn/page/project.html?id

Hu et al. BMC Anesthesiology

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

(2023) 23:364

von Elm E, Altman DG, Egger M, Pocock SJ, Gatzsche PC, Vandenbroucke JP.
The strengthening the reporting of Observational studies in Epidemiology
(STROBE) statement: guidelines for reporting observational studies. ANN
INTERN MED. 2007;147(8):573-7.

Sounderajah V, Ashrafian H, Aggarwal R, De Fauw J, Denniston AK, Greaves F,
Karthikesalingam A, King D, Liu X, Markar SR, et al. Developing specific report-
ing guidelines for diagnostic accuracy studies assessing Al interventions: the
STARD-AI Steering Group. NAT MED. 2020;26(6):807-8.

Khwaja A. KDIGO clinical practice guidelines for acute kidney injury. NEPH-
RON. 2012;120(4):c179-84.

Zarbock A, Kellum JA, Schmidt C, Van Aken H, Wempe C, Pavenstadt H,
Boanta A, Gerf3 J, Meersch M. Effect of early vs delayed initiation of renal
replacement therapy on Mortality in critically Il patients with acute kidney
Injury: the ELAIN Randomized Clinical Trial. JAMA-J AM MED ASSOC.
2016;315(20):2190-9.

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau

D, Burovski E, Peterson P, Weckesser W, Bright J, et al. SciPy 1.0: funda-

mental algorithms for scientific computing in Python. NAT METHODS.
2020;17(3):261-72.

Hunter JD. Matplotlib: a 2D graphics environment. Comput Sci Eng.
2007,9(3):90-5.

Bai Y, Zhang H, Wu Z, Huang S, Luo Z, Wu K, Hu L, Chen C. Use of Ultra high
performance liquid chromatography with high resolution mass spectrometry
to analyze urinary metabolome alterations following acute kidney injury in
post-cardiac Surgery patients. J MASS SPECTROM ADV. 2022;24:31-40.
Schymanski EL, Jeon J, Gulde R, Fenner K, Ruff M, Singer HP, Hollender J. Iden-
tifying small molecules via high resolution mass spectrometry: communicat-
ing confidence. ENVIRON SCITECHNOL. 2014;48(4):2097-8.

Ouyang X, He Z, Fang H, Zhang H, Yin Q Hu L, Gao F, Yin H, Hao T, Hou Y et al.
A protein encoded by circular ZNF609 RNA induces acute kidney injury by
activating the AKT/mTORautophagy pathway. MOL THER 2022.

Cason CA, Dolan KT, Sharma G, Tao M, Kulkarni R, Helenowski 1B, Doane BM,
Avram MJ, McDermott MM, Chang EB, et al. Plasma microbiome-modulated
indole- and phenyl-derived metabolites associate with advanced Atheroscle-
rosis and postoperative outcomes. J VASC SURG. 2018;68(5):1552-62.
Miralles-Munoz FA, Gonzalez-Parrefio S, Martinez-Mendez D, Gonzalez-
Navarro B, Ruiz-Lozano M, Lizaur-Utrilla A, Alonso-Montero C. A validated

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 9 of 9

outcome categorization of the knee society score for total knee arthroplasty.
KNEE SURG SPORT TR A. 2022;30(4):1266-72.

Vesper S, Wymer L. The relationship between environmental relative moldi-
ness index values and Asthma. INT J HYG ENVIR HEAL. 2016;219(3):233-8.
HouY, Deng Y, Hu L, He L, Yao F, Wang Y, Deng J, Xu J, Wang Y, Xu F, et al.
Assessment of 17 clinically available renal biomarkers to predict acute kidney
injury in critically ill patients. JTRANSL INTERN MED. 2021;9(4):273-84.

Agus A, Planchais J, Sokol H. Gut microbiota regulation of Tryptophan
Metabolism in Health and Disease. CELL HOST MICROBE. 2018,23(6):716-24.
Zelante T, lannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, Zecchi
R, D'Angelo C, Massi-Benedetti C, Fallarino F, et al. Tryptophan catabolites
from microbiota engage aryl hydrocarbon receptor and balance mucosal
reactivity via interleukin-22. Immunity. 2013;39(2):372-85.

Sadik A, Somarribas PL, Oztlrk S, Mohapatra SR, Panitz V, Secker PF,

Pfander P, Loth S, Salem H, Prentzell MT, et al. IL4I1 is a metabolic Immune
checkpoint that activates the AHR and promotes Tumor Progression. Cell.
2020;182(5):1252-70.

GaoYY, LiY, Duan X, Wang Q, Zhang H. Research progress on the relationship
between IS and Kidney Disease and its Complications. INT UROL NEPHROL.
2022;54(11):2881-90.

Xiao Z,Huang Q, Yang Y, Liu M, Chen Q, Huang J, Xiang Y, Long X, Zhao T,
Wang X, et al. Emerging early diagnostic methods for acute kidney injury.
THERANOSTICS. 2022;12(6):2963-86.

Goldstein SL. Urine output Assessment in Acute kidney Injury: the cheapest
and most impactful biomarker. FRONT PEDIATR. 2019;7:565.

Yang X, Chen C,Teng S, Fu X, ZhaY, Liu H, Wang L, Tian J, Zhang X, Liu Y, et al.
Urinary matrix Metalloproteinase-7 predicts severe AKl and poor outcomes
after cardiac Surgery. J AM SOC NEPHROL. 2017;28(11):3373-82.

Chen JJ, Lee TH, Kuo G, Yen CL, Chen SW, Chu PH, Fan PC, Chien-Chia WY,
Chang CH. Acute Kidney Disease after Acute Decompensated Heart Failure.
KIDNEY INT REP. 2022;7(3):526-36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Plasma indole-3-aldehyde as a novel biomarker of acute kidney injury after cardiac surgery: a reanalysis using prospective metabolomic data
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants and sample measurement
	﻿Clinical data collection
	﻿Statistical analyses

	﻿Results
	﻿Cohort description and baseline characteristics of the patients
	﻿Differential faecal indole metabolites as a predictor for the development of AKI
	﻿Comparing the performance of plasma I3A with clinical mode for the development of AKI

	﻿Discussion
	﻿Conclusion
	﻿References


