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Purpose: We aimed to explore the value of gut microbiota and tricarboxylic acid 
(TCA) metabolites in early diagnosis of necrotizing enterocolitis (NEC) among 
infants with abdominal manifestations.

Methods: Thirty-two preterm infants with abdominal manifestations at gestational 
age ≤ 34 weeks were included in the study and were divided into non-NEC (n = 16) 
and NEC (n = 16) groups. Faecal samples were collected when the infants were 
enrolled. The gut microbiota was analysed with high-throughput sequencing, 
and TCA metabolites were measured with multiple reaction monitoring (MRM) 
targeted metabolomics. Receiver operating characteristic (ROC) curves were 
generated to explore the predictive value of the obtained data.

Results: There was no significant difference in alpha diversity or beta diversity 
between the two groups (p > 0.05). At the phylum level, Proteobacteria increased, 
and Actinomycetota decreased in the NEC group (p < 0.05). At the genus level, 
Bifidobacterium and Lactobacillaceae decreased significantly, and at the species 
level, unclassified Staphylococcus, Lactobacillaceae and Bifidobacterium animalis 
subsp. lactis decreased in the NEC group (p < 0.05). Further Linear discriminant 
analysis effect sizes (LEfSe) analysis showed that the change in Proteobacteria 
at the phylum level and Lactobacillaceae and Bifidobacterium at the genus 
level scored higher than 4. The concentrations of succinate, L-malic acid and 
oxaloacetate in the NEC group significantly increased (p < 0.05), and the areas 
under the ROC curve for these metabolites were 0.6641, 0.7617, and 0.7344, 
respectively.

Conclusion: Decreased unclassified Staphylococcus, Lactobacillaceae and 
Bifidobacterium animalis subsp. lactis at the species level as well as the increase 
in the contents of some TCA metabolites, including succinate, L-malic acid and 
oxaloacetate, have potential value for the early diagnosis of NEC.
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1. Introduction

Necrotizing enterocolitis (NEC) is a devastating gastrointestinal 
disease in the neonatal period, especially in preterm infants (Neu, 
2020). According to the multicenter studies, the incidence rate of NEC 
in preterm infants is reported to be 3–12% (Eaton, 2017; Meister et al., 
2020; Cao et al., 2021) and the mortality is 9.4–17.6% (D'Apremont 
et al., 2020; Cao et al., 2022; Xu et al., 2022) and can be much higher 
in those requiring surgeries (Geng et al., 2018; D'Apremont et al., 
2020). Moreover, among survivors, complications such as intestinal 
stricture, short bowel syndrome and delayed neurological 
development seriously affect their quality of life (Frost et al., 2017; 
Berken and Chang, 2022). Therefore, early diagnosis of NEC will help 
decrease mortality and improve the outcome of NEC (Neu, 2020).

At present, the diagnosis of NEC is mainly based on clinical 
manifestations such as bloody stools, vomiting, diarrhea, abdominal 
distension, and imaging presentation of pneumatosis intestinalis, 
portal venous gas or pneumoperitoneum (Neu, 2020). However, in 
preterm infants with lower gestational age, typical imaging 
presentation is easily missed (Sharma and Hudak, 2013; Yu et al., 
2016). Thus, biomarkers based on etiology and pathogenesis would 
be helpful in the early diagnosis of NEC among infants with abdominal 
manifestations (Ng, 2018).

The pathogenesis of NEC is not completely clear, and abnormal 
microbial colonization is thought to play an important role in the 
development of NEC (Neu, 2020). Dysbiosis of the gut microbiota 
may trigger NEC development, since germ-free mice do not develop 
NEC (Cassir et  al., 2016). Numerous studies have shown that 
alterations in the gut microbiota occur prior to the onset of NEC 
(Pammi et al., 2017; Baranowski and Claud, 2019; Aziz et al., 2022), 
including decreased diversity, enrichment of Proteobacteria, and 
corresponding underrepresentation of Firmicutes and Bacteroidota 
(Warner and Tarr, 2016; Pammi et al., 2017). Partial gut microbiota 
changes, such as Klebsiella, Clostridium, Clostridium perfringens and 
Propionibacterium are regarded as potential biomarkers to early 
diagnosis of NEC (Morrow et al., 2013; McMurtry et al., 2015; Sim 
et al., 2015; Olm et al., 2019).

Altered gut microbiota may lead to changes in the produced 
metabolites such as bile acids, short-chain fatty acids (SCFAs), 
branched-chain amino acids, trimethylamine oxide, tryptophan and 
indole derivatives (McCarville et al., 2020; Agus et al., 2021) and 
some metabolites have been reported as bridge between microbiota 
and the development of diseases in human beings (Macia et al., 2015; 
Zhu et al., 2016). For example, excessive trimethylamine oxide, as 
production of intestinal microbiota fermenting the choline in food 
may cause the reverse transport of cholesterol and leads to 
atherosclerosis (Zhu et  al., 2016). Bile acid produced by gut 
microbiota may lead to changes of interleukin-22 and then cause 
insulin resistance and infertility (Qi et  al., 2019). High level of 
branched-chain amino acids could attenuate the inflammatory in 
Parkinson’s disease mice and reverse motor and non-motor 
dysfunctions and dopaminergic neuron impairment (Yan et  al., 
2022). Moreover, microbial metabolites have also been recognized as 
potential biomarkers of diseases (Nicholson et al., 2012; Sharon et al., 
2014). SCFAs are used as markers of obesity, inflammatory bowel 
disease, non-alcoholic fatty liver disease, insulin resistance and type 
2 diabetes mellitus (Canfora et al., 2019; Dong et al., 2019). One study 
found that SCFAs were already changed before the onset of NEC and 
may be help to early diagnose of NEC (Liu et al., 2022). Thus, early 

changes of microbiota and metabolites perhaps are helpful in early 
diagnosis of NEC in preterm infants.

Some of intermediates of the tricarboxylic acid (TCA) cycle such 
as succinate, malic acid and oxaloacetate are not only the metabolites 
of cellular metabolism (Akram, 2014), but also as intermediates of 
bacterial fermentation (Louis and Flint, 2017). Previous study has 
showed that fumarate, citrate and malic acid were positively correlated 
with Eubacterium coprostanoligenes group, Faecalibacterium, and 
Oscillibacter (Xie et al., 2022) and succinate, which is known as an 
intermediate metabolite in bacterial fermentation for the production 
of propionate, can be produced by Bacteroidota and Prevotella (Xu 
et al., 2003; Kovatcheva-Datchary et al., 2015). Thus, the change of 
these metabolites may regulate intestinal inflammation and immune 
response (Connors et  al., 2018; Macias-Ceja et  al., 2019). Some 
intestinal TCA intermediates might be potential markers for early 
diagnosis of intestinal disease and host cardiometabolic health (Han 
et al., 2018; Wan et al., 2020). However, it remains unclear whether 
TCA metabolites might be useful to early diagnosis of NEC.

The aim of this study was to clarify whether the gut microbiota 
and its metabolites contribute to the early diagnosis of NEC among 
those infants with abdominal distention or vomiting, diarrhoea or 
bloody stools.

2. Subjects and methods

A prospective cohort study was performed in Children’s Hospital 
of Chongqing Medical University from April to November in 2021. 
This study was approved by the Ethics Committee of the Children’s 
Hospital of Chongqing Medical University (No. 2021.23) and 
registered in the China Clinical Trial Canter (ChiCTR2100044842). 
Parents of the enrolled infants all signed an informed consent form, 
and all infants were treated according to conventional treatment 
without any extra interventions.

2.1. Inclusion criteria

Infants who met the following criteria were enrolled: (1) infants 
with gestational age ≤ 34 weeks and (2) infants with one of the 
following manifestations including abdominal distention, vomiting, 
diarrhoea or bloody stools.

2.2. Exclusion criteria

The exclusion criteria were as follows: (1) infants who died during 
hospitalization for causes other than NEC, (2) infants with congenital 
gastrointestinal malformations (e.g., congenital intestinal atresia, 
megacolon, intestinal malrotation, etc.), (3) infants who were 
discharged against medical service, (4) infants who did not complete 
the determination of gut microbiota and metabolites, and (5) infants 
whose parents refused to participate in this study.

2.3. Grouping

Neonates were divided into NEC and non-NEC groups according 
to the final diagnosis. Infants in the NEC group were required to meet 

https://doi.org/10.3389/fmicb.2023.1119981
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Du et al. 10.3389/fmicb.2023.1119981

Frontiers in Microbiology 03 frontiersin.org

Bell’s diagnostic criteria (stage II or above) (Kliegman and Walsh, 
1987). The non-NEC infants enrolled at the same time were matched 
1: 1 according to gestational age and birth weight. The gestational age 
difference was less than 1 week, and the birth weight difference was 
less than 250 grams.

2.4. Faecal sample and clinical data 
collection

Naturally excreted faecal samples from the enrolled infants were 
collected with disposable sterile swabs on the day of enrolment and 
stored in the refrigerator at −80 degrees for further examination. 
Clinical data such as gender, gestational age, birth weight, feeding 
strategy, maternal condition and treatments in hospital duration were 
routinely collected. All infants enrolled were followed up until they 
were diagnosed with NEC or discharged from the hospital.

2.5. DNA extraction, PCR amplification and 
high-throughput sequencing

Half of each sample were used for the determination of microbiota 
and sequencing was performed with the standard kit by Applied 
Protein Technology Co., Ltd. (Shanghai, China) according to the 
standard protocol. Total genome DNA from samples was extracted 
using CTAB method and the concentration and purity was monitored 
on 1% agarose gels. According to the concentration, DNA was diluted 
to 1 ng/μl using sterile water. 16S rRNA genes were amplified used the 
specific primer 341F (CCTAYGGGRBGCASCAG) and 806R 
(GGACTACNNGGGTATCTAAT) to amplify the V3-V4 region 
(Zhang et  al., 2020). All PCR reactions were carried out in 30 μL 
reactions with 15 μL of Phusion®High-Fidelity PCR Master Mix (New 
England Biolabs); 0.2 μM of forward and reverse primers, and about 
10 ng template DNA. After initial denaturation for 1 min at 98°C, the 
cycle was as follows: (1) denaturation for 10 s at 98°C, (2) annealing 
for 30 s at 50°C, and (3) extension for 30 s at 72°C. The steps were 
performed for 30 cycles, with a final extension for 5 min at 72°C. PCR 
products were mixed with same volume of 1X loading buffer 
(contained SYB green) and purified with electrophoresis on 2% 
agarose gel. Samples with bright main strip between 400 and 450 bp 
were further purified with AxyPrepDNA Gel Extraction Kit 
(AXYGEN). Sequencing libraries were constructed using the NEB 
Next®Ultra™DNA Library Prep Kit for Illumina (NEB, USA) and the 
library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo 
Scientific) and Agilent Bioanalyzer 2100 system. At last, the library 
was sequenced on an Illumina Novaseq  6000 platform compared 
against the Silva reference database (Quast et al., 2013) and 250 bp 
paired-end reads were generated (Di Segni et  al., 2018; Shahi 
et al., 2019).

2.6. Metabolite determination

The rest of same sample were used for the metabolite 
determination. 100 μL aliquots were mixed with 400 μL of cold 
methanol/acetonitrile (1: 1, v/v) at 4°C to remove the protein. The 
mixture was centrifuged for 20 min (14,000× g, 4°C). The supernatant 

was dried in a vacuum centrifuge and in the liquid chromatograph 
mass spectrometer (LC–MS) analysis, the dried supernatant was 
re-dissolved in 100 μL acetonitrile/water (1: 1, v/v), adequately 
vortexed, and then centrifuged (14,000× g, 4°C, 15 min) (Roca et al., 
2021). The samples were placed in a 4°C autosampler with a column 
temperature of 45°C, a flow rate of 300 μL/min and an injection 
volume of 2 μL for separation in Agilent 1290 Infinity UHPLC 
(Agilent) with 10 mM ammonium acetate aqueous solution for mobile 
phase A and acetonitrile for mobile phase B. Mobile phase B changed 
linearly from 90 to 40% in 18 min and was maintained at 90% for 
5 min. A 5500 QTRAP mass spectrometer (AB SCIEX, Massachusetts 
USA) was used for mass spectrometric analysis, and Multiquanta 
software was used for the extraction of peak area and retention time 
data. The retention time was corrected by standard energy metabolites 
for identification (Karu et al., 2018).

2.7. Data analysis

All data of clinical recorders and metabolites were analysed with 
SPSS statistical software (version 23; Chicago, USA). Quantitative data 
with a normal distribution are expressed as the mean ± standard 
deviation (SD) and were analysed with a correlation t test. Quantitative 
data from nonnormal distributions were expressed as interquartile 
ranges (IQRs) and analysed with the Wilcoxon signed rank sum test. 
Qualitative data were analysed with Fisher’s exact test. Reads were 
clustered into operational taxonomic units (OTUs) at 97% similarity 
(Rognes et  al., 2016). A core curve and a rarefaction curve were 
performed to determine whether the sample size and sequences 
measured were sufficient. Analysis of similarities (ANOSIM) based on 
the Bray–Curtis distance was performed to determine whether the 
grouping was meaningful with the comparison of differences between 
groups and within groups (Clarke, 1993). The beta diversity was 
calculated with QIIME (version 1.9.1; Colorado, USA) and analysed 
with nonmetric multidimensional scaling analysis (NMDS) based on 
multidimensional spatial sample localization, analysis and 
categorization in R language (version 3.3.1; Auckland, New Zealand). 
Comparisons of gut microbiota composition were performed with the 
Wilcoxon rank sum test. Linear discriminant analysis effect sizes 
(LEfSe) obtained by the Kruskal–Wallis rank sum test were used to 
further characterize the variation among microbiomes (Segata et al., 
2011). A correlation heatmap analysis was performed to show the 
relationship between metabolites and gut microbiota based on 
Spearman rank correlation in R language. Receiver operating 
characteristic (ROC) curves and all data were generated with 
GraphPad Prism (version 9.0; California, USA).

3. Results

3.1. Clinical information

A total of 121 preterm infants were enrolled during the 
primary study period. Forty-nine infants were excluded due to 
obvious or suspected gastrointestinal malformations (n = 14), 
failure to collect faecal samples (n = 35). Other 4 infants were also 
excluded from further study because of failure to complete 
determination of the microbiota and metabolites (n = 4) in NEC 
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infants. Therefore, 16 infants were enrolled in the NEC group and 
the other 16 infants without NEC were matched as the control 
group. The flow chart of this study was shown in Figure 1. The 
infants in the NEC group developed into NEC after 4.00 (0.00, 
11.5) days after enrolment. There were no significant differences 
in general information and prenatal and postnatal risk factors of 
NEC and clinical manifestations when enrolled (p > 0.05). Infants 
in the NEC group had a longer hospital duration and a higher 
incidence of sepsis than those in the non-NEC group (p < 0.05, 
Table 1).

3.2. Microbial information

To determine whether the sample size and sequences measured 
were sufficient and whether the grouping was meaningful, a core 
curve, rarefaction curve and analysis of similarities based on Bray–
Curtis distance were performed. The core curve eventually plateaued, 
which showed that the size of the present study was reasonable 
(Supplementary Figure  1a), and the Shannon diversity index 
rarefaction curve showed that the sequences we  measured were 
sufficient to reflect the diversity information 
(Supplementary Figure  1b). ANOSIM showed that the difference 
between the two groups was not significantly greater than that within 
the NEC and non-NEC groups, indicating that the grouping methods 
were meaningful (Supplementary Figure 1c).

The number of OTUs in the non-NEC and NEC groups was 
1820 and 1935, respectively, and there were 958 OTUs shared by the 
two groups (Supplementary Figure  2a). At the phylum level, 
Proteobacteria, Firmicutes, Actinomycetota and Bacteroidota were the 
dominant phyla and accounted for more than 90% of the total 
abundance on the Circos diagram (Supplementary Figure 2b). At the 
genus level, Enterobacter, Acinetobacter, Stenotrophomonas, 
Enterococcus, Escherichia-Shigella, Staphylococcus, and Klebsiella 
were the main genera, and the abundances of different genera are 
shown in a heatmap with different colors (Supplementary Figure 2c). 
At the species level, the abundance is shown in the bar chart, which 

shows that the main species were from the dominant genera 
(Supplementary Figure 2d).

3.3. Diversity analysis

To explore the difference in richness and diversity between the 
two groups, diversities, including alpha and beta diversity, were 
compared first. The alpha diversity indices, including the Ace, Chao1, 
Shannon and Simpson indices, showed no differences between the two 
groups (p > 0.05, Figures 2A–D). NMDS showed that both samples of 
the NEC and non-NEC groups were discrete, and the beta diversity 
was also not significantly different between the two groups (p > 0.05, 
Figure 2E).

3.4. Microbiota characteristics

To determine the difference in microbiota composition between 
the non-NEC and NEC groups, we  compared the microbiota at 
different levels. There were significant differences between the two 
groups at the phylum, genus and species levels. At the phylum level, 
Proteobacteria increased and Actinomycetota abundances decreased 
significantly in the NEC group compared to the non-NEC group 
(p < 0.05). Firmicutes and Bacteroidota showed no difference (p > 0.05) 
(Figure 3A). At the genus level, Bifidobacterium, Lactobacillaceae and 
Bacilli abundances decreased significantly in the NEC group 
(p < 0.05). Enterococcus, Escherchia-Shigella, Staphylococcus, Klebsiella, 
Enterobacter and Acinetobacter et al. showed no significant difference 
(p > 0.05) (Figure 3B). At the species level, unclassified Staphylococcus, 
Lactobacillaceae, Bifidobacterium animalis subsp lactis and Bacilli 
abundances decreased in the NEC group (p < 0.05, Figure 3C). To 
characterize the variation among microbiomes and to verify the 
effective value of these microbiota on the difference between groups, 
further LEfSe analysis showed the change in Proteobacteria 
abundance at the phylum level and Lactobacillaceae and 
Bifidobacterium abundances at the genus level scored higher than 4, 

FIGURE 1

Inclusion, exclusion and grouping process in this study.
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indicating their relatively high significance when compared (p < 0.05, 
Figures 3D,E).

3.5. Metabolites measurement

To determine the difference of metabolites between the two 
groups，the concentrations of TCA intermediates were analyzed, and 
we found that some of them were significantly different between the 
two groups. Succinate [956.42 (100.15, 2441.62) vs. 166.19 
(101.61,466.87)], L-malic acid [193.05 (101.67, 303.94) vs. 80.33 
(37.06, 185.60)] and oxaloacetate [2960.10 (826.28,10537.55) vs. 
705.67 (452.56,1995.96)] concentrations were significantly increased 
in the NEC group compared to the non-NEC group (p < 0.05, 
Figures  4A–C). Moreover, citrate, cis-aconitate, isocitrate, 

alpha-ketoglutarate, and fumarate concentrations showed no 
statistically significant difference between the two groups (p > 0.05, 
Figures 4D–H).

To determine the value of succinate, L-malic acid and oxaloacetate 
in predicting NEC, ROC analysis was performed, and the AUCs were 
0.6641 (95%CI: 0.4645 ~ 0.8636), 0.7617 (95%CI: 0.5946 ~ 0.9289) and 
0.7344 (95%CI: 0.5538 ~ 0.9149), respectively, which showed low-to-
medium early diagnosis values (Figures 5A–C).

3.6. Relationship between metabolites and 
the gut microbiota

To explore the relationship between gut microbiota and TCA 
metabolites, a heatmap was generated. At the phylum level, 

TABLE 1 Clinical features of infants enrolled in this study.

Non-NEC (n = 16) NEC (n = 16) X2/Z/t P

General information

Male, % (n) 56.3 (9) 81.3 (13) / 0.133

Gestational age, x ± S. D, w 30.47 ± 1.99 30.53 ± 2.33 0.231 0.820

Birth weight, x ± S. D, g 1464.69 ± 343.82 1440.31 ± 487.96 0.235 0.817

Caesarean section, % (n) 56.3 (9) 62.5 (10) / 0.723

Apgar 1 min, M (P25–P75) 8 (5.25–9) 8 (7–9) −0.079 0.937

Apgar 5 min, M (P25–P75) 9 (8.25–10) 9 (9–9) −0.46 0.963

Apgar 10 min, M (P25–P75) 10 (9–10) 9 (9–9) −1.098 0.272

Prenatal risk factor

PROM, % (n) 25 (4) 25 (4) / 0.657

Amniotic fluid pollution, %(n) 0 (0) 6.3 (1) / 0.317

Intrauterine distress, % (n) 12.5 (2) 6.3 (1) / 0.551

Maternal hypertension, %(n) 6.3 (1) 6.3 (1) / 0.758

Gestational diabetes mellitus, %(n) 6.3 (1) 25 (4) / 0.151

Antenatal steroid use, % (n) 87.5 (14) 62.5 (10) / 0.108

Risk factors before enrollment

Antibiotic course, M (P25–P75), d 4.5 (2.25–6.75) 4 (3–9.2) −0.629 0.529

PN courses, M (P25–P75)，d 8 (3.25–18.75) 19.50 (6.25–23.75) −1.890 0.059

PICC period, M (P25–P75), d 8 (3.25–18.75) 16.50 (0.25–28.50) −1.748 0.080

Formula milk feeding, % (n) 68.8 (11) 31.3 (5) / 1.000

Duration of enrollment to diagnosis, M 

(P25-P75), d

/ 4.00 (0.00, 11.5) / /

Clinical manifestations when enrolled

Abdominal distention, %(n) 18.8 (3) 81.3 (3) / 0.300

Vomiting, %(n) 87.5 (14) 12.5 (2) / 0.197

Bloody Stool, %(n) 62.5 (10) 37.5 (6) / 0.110

Outcomes

Surgery, %(n) 0.0 (0) 25 (4) / 0.109

Neonatal sepsis, % (n) 18.8 (3) 81.3 (13) / 0.001

Shock, %(n) 6.3 (1) 18.8 (3) / 0.293

hospital stays, x ± S. D, d 49.00 ± 26.71 76.94 ± 48.90 3.413 0.004

NEC, necrotizing enterocolitis; PROM, premature rupture of membranes > 18 h; PN, Parenteral nutrition; PICC, peripherally inserted central catheter.
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succinate, L-malic acid and oxaloacetate concentrations were 
positively correlated with Proteobacteria abundance and negatively 
correlated with Firmicutes and Actinomycetota abundances 
(Figure  6A). At the genus level, succinate, L-malic acid and 
oxaloacetate concentrations were positively correlated with 
Escherichia coli-Shigella, Enterobacteriaceae, and Klebsiella 
abundances and negatively correlated with Staphylococcus, 
Lactobacillaceae, and unclassified bacilli abundances (Figure 6B). At 
the species level, the results were consistent with those at the genus 
level (Figure 6C).

4. Discussion

Early diagnosis of NEC can be helpful to decrease mortality and 
improve outcomes. For infants with abdominal manifestations or 
signs but no typical NEC imaging presentations, early diagnosis is 
difficult, gut microbiota as well as its metabolites may help to early 
diagnose NEC. In this study, we found that increased Proteobacteria 
abundance and decreased Lactobacillaceae and Bifidobacterium 
abundances as well as increased succinate, L-malic acid and 
oxaloacetate concentrations before NEC development have potential 

A B

C D

E

FIGURE 2

Alpha and beta diversity among the NEC and non-NEC groups. Alpha diversity indices, including Ace, Chao1, Shannon and Simpson indices, showed 
no differences between the NEC and non-NEC groups (p > 0.05). (A–D) There was no significant difference in the beta diversity between the two 
groups (p > 0.05) (E).

A D

E

B

C

FIGURE 3

Community composition of the gut microbiota in the NEC and non-NEC groups. Differences between NEC and non-NEC groups at the phylum (A), 
genus (B) and species (C) levels. Further LEfSe between the two groups (D,E). *p < 0.05, **p < 0.01.
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early diagnostic value for NEC among infants with 
clinical manifestations.

We found that the Proteobacteria abundance increased and that of 
Actinomycetota decreased with significance at the phylum level. 
Moreover, at the genus level, Bifidobacterium and Lactobacillaceae 
abundances decreased significantly when infants were finally 
diagnosed with NEC. Consistent with our study, previous studies have 
shown that before the onset of NEC, the increase in Proteobacteria 
abundance and the decrease in Firmicutes and Bacteroidota 
abundances are the main features before NEC occurs (Pammi et al., 
2017; Baranowski and Claud, 2019). Klebsiella, Clostridium, 
Clostridium perfringens and Bacillota have been reported increased 
(de la Cochetiere et al., 2004; Olm et al., 2019; Brehin et al., 2020) and 

Propionibacterium, Bacteroidota, Lactobacillaceae, Pasteurella, and 
Parabacteroidota decreased in NEC infants (Morrow et al., 2013; Fu 
et al., 2020). However, no specific bacteria have been indicated to 
be  related to NEC. Thus, we  further explored the microbiota 
biomarker deeply at the species level and found that unclassified 
Staphylococcus, Lactobacillaceae and Bifidobacterium animalis subsp 
lactis abundances decreased in NEC infants when they had clinical 
manifestations, which suggested that they have relatively high clinical 
value to help to early diagnose NEC in this study.

Accompanied by changes in the microbiota, metabolites also 
change in diseases, which are always considered the bridge 
between microbiota and host communication, and some 
metabolites may be  used as biomarkers for the prediction of 

A B C D

E F G H

FIGURE 4

Comparison of TCA metabolites among the NEC and non-NEC groups. (A) succinate, (B) L-malic acid, (C) oxaloacetate, (D) alpha-ketoglutarate, 
(E) citrate, (F) isocitrate, (G) fumarate, and (H) cis-aconitate. *p < 0.05.

A B C

FIGURE 5

The value of some TCA metabolites in the early diagnosis of NEC by ROC curve analysis. The AUCs of succinate (A), L-malic acid (B) and oxaloacetate 
(C) acids between the NEC and non-NEC groups were 0.6641, 0.7617 and 0.7344, respectively.
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diseases (Ticinesi et al., 2019; Agus et al., 2021; Coker et al., 2022). 
Thus, based on the microbiota changes in NEC, we  further 
explored the predictive value of TCA intermediates, which not 
only facilitate energy production and provide anabolic precursors 
but also function as intra- and extracellular metabolic signals 
regulating pleiotropic biological processes (Tong et al., 2022). To 
our knowledge, this is the first study to explore intermediates of 
the TCA cycle, including succinate, L-malic acid and oxaloacetate, 

as potential biomarkers, and they showed low to medium value 
for the prediction of NEC.

In our study, we found that the succinate concentration increased 
before NEC, and further correlation analysis showed that the succinate 
concentration was positively correlated with Proteobacteria. Succinate 
is a natural metabolic product in some bacteria, such as the 
Veillonellaceae and Prevotellaceae families (Connors et  al., 2018; 
Serena et al., 2018), and is thought to be an inflammatory signal in the 

A

B

C

FIGURE 6

Relationship between the gut microbiota and TCA metabolites in the study. The relationship between the microbiota on phylum (A), genus (B) and 
species (C) levels and the metabolites were showed in the heatmap. The change in colour reflects the data in the two-dimensional matrix. The colour 
depth indicates the size of the value, and it can intuitively express the size of the value in a defined colour depth.
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development of intestinal inflammation and fibrosis through its 
cognate receptor (Macias-Ceja et  al., 2019). Succinate has been 
reported as a potential biomarker for predicting the incidence of 
overweight (Wan et al., 2020), aortic aneurysm and dissection (Cui 
et al., 2021), and cardiovascular disease (Serena et al., 2018). And in 
our study, we found that succinate might be a potential biomarker for 
early diagnosis of NEC.

Meanwhile, in our study, we found that increased L-malic acid 
and oxaloacetate might be potential biomarkers for early diagnosis of 
NEC. L-malic acid is formed by the hydration of fumarate and is 
oxidized into oxaloacetate in the last reaction of the TCA cycle (Louis 
et al., 2014). To date, little is known about the immunological roles of 
intracellular L-malic acid and oxaloacetate. Malic acid and 
oxaloacetate are presumed to be the metabolites mainly consumed by 
fungi, yeasts, and bacteria (Martino et al., 2018; Wei et al., 2021). Malic 
acid can be produced by Saccharomyces and Aspergillus (Pines et al., 
1996; Li et al., 2021), and the production of oxaloacetate by the gut 
microbiota remains unknown. The contents of L-malic acid and 
oxaloacetate have been reported to change in diseases (Hou et al., 
2017; Cabré et  al., 2020; Morrow et  al., 2022). L-malic acid can 
modulate blood pressure (Hou et al., 2017), and faecal L-malic acid 
levels were significantly reduced in gestational diabetes mellitus (Liang 
et al., 2019). The oxaloacetate concentration decreased in patients with 
severe obesity and non-alcoholic steatohepatitis (Cabré et al., 2020; 
Morrow et al., 2022). However, few studies have focused on the value 
of these compounds in intestinal diseases not mentioned in NEC. In 
our study, the correlation analysis showed that they were positively 
correlated with Escherichia coli-Shigella, Enterobacteriaceae, and 
Klebsiella abundances and negatively correlated with Staphylococcus, 
Lactobacillaceae, and Unclassified Bacill abundances, which have been 
reported to be  changed in NEC infants (Morrow et  al., 2013; 
McMurtry et al., 2015; Sim et al., 2015; Olm et al., 2019; Cuna et al., 
2020). Thus, the increase in L-malic acid and oxaloacetate 
concentrations may reflect the microbiota change in NEC. Our ROC 
curve analysis found that malic acid and oxaloacetate had medium 
value for early diagnosis of NEC and further studies with larger 
sample size are needed for clinical application in the future.

4.1. Strengths and limitations

For infants without any clinical manifestations, it is easy to 
differentiate them from those NEC infants. However, it is difficult to 
make an early diagnosis whether they have NEC in infants just 
presenting with non-specific manifestations such as abdominal 
distention, vomiting, bloody stools and diarrhea. The strength of our 
studies is that all infants enrolled in this study all presented with one 
of those non-specific manifestations and we explored the value of gut 
microbiota and metabolite to early diagnose NEC which make it more 
valuable for clinical application. We first found that succinate, L-malic 
acid and oxaloacetate may be potential diagnosed biomarkers for the 
early diagnosis of NEC. However, there were still some limitations in 
our study. First, the sample size was small. Second, there was a lack of 
samples for the dynamic exploration of gut microbiota and metabolite 
changes when NEC was diagnosed. Therefore, further multicentre 
studies are necessary before the clinical application of gut microbiota 
and metabolites in the prediction of NEC.

5. Conclusion

Decreased unclassified Staphylococcus, Lactobacillaceae and 
Bifidobacterium animalis subsp. lactis abundances at the species level 
as well as the increase in the concentrations of some TCA metabolites, 
including succinate, L-malic acid and oxaloacetate, have potential 
value for the early diagnosis of NEC.
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