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Background: The aim of this prospective study was to screen and combine effective biomarkers to improve 
their diagnostic performance in detecting intestinal barrier dysfunction in patients after major abdominal 
surgery.
Methods: Patients undergoing major abdominal surgery were enrolled after signing informed consent 
in this study. The serum concentrations of α-GST, DAO, D-lactate, citrulline and I-FABP were detected 
24 hours before and after surgery. The diagnostic performance of five biomarkers on intestinal barrier 
dysfunction was assessed using logistic regression models and receiver operating characteristic (ROC) curve 
analyses. 
Results: Thirty-nine patients with major abdominal surgery were enrolled in and successfully completed 
this study. ROC analysis revealed that the sensitivities of D-lactate, citrulline and I-FABP were very high (0.91, 
0.91 and 1.00, respectively), but the specificities of these biomarkers were less than 0.70. The sensitivity of 
DAO was very low [0.25; 95% confidence interval (CI), 0.05–0.57], but its specificity was high (0.92; 95% 
CI, 0.75–0.99). The accuracies of D-lactate and I-FABP were very high, and the areas under the curves (AUCs) 
of the biomarkers were 0.84 (95% CI, 0.68–0.93) and 0.81 (95% CI, 0.65–0.92), respectively. Different 
combinations of five biomarkers were also analysed. The sensitivity, specificity and AUC values of the 
combination of I-FABP, citrulline and D-lactate were 1.00, 0.74 and 0.89, respectively. These results were 
similar to those derived from the combination of α-GST, DAO, D-lactate, citrulline and I-FABP (P=1.000).
Conclusions: The combination of serum D-lactic acid, citrulline and I-FABP greatly improved the 
diagnostic performance for identifying intestinal barrier dysfunction in patients after major abdominal 
surgery. 
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Introduction 

Intestinal mucosal barrier dysfunction is a common 
complication after major surgery, severe trauma and critical 
illness. When it occurs, intestinal mucosal permeability 
can be increased. As a result, intestinal bacteria, endotoxins 
and other harmful substances escape the intestinal tissue, 
triggering a series of pathophysiological changes and even 
systemic inflammatory response syndrome and multiple 
organ dysfunction syndrome (1-4).

Early diagnosis and effective measures can effectively 
improve the prognosis of patients. However, effective 
detection methods for intestinal barrier dysfunction are 
currently lacking. Serum biomarkers have recently attracted 
the attention of researchers because biomarkers reflecting 
intestinal mucosal barrier damage from different angles 
have been identified in some clinical and animal studies. For 
example, A-glutathione-S-transferase (α-GST) is a highly 
active structural enzyme in intestinal mucosal epithelial 
cells (5). D-lactic acid is produced by metabolic processes 
or the cleavage of intestinal bacteria and then enters the 
blood through the intestinal barrier (6,7). Intestinal fatty 
acid-binding protein (I-FABP) is located in the necrotic 
top cells of the intestinal villi due to intestinal ischaemia. 
I-FABP is released into the blood through the portal vein 
and the chyle canal (8). Diamine oxidase (DAO) is a type of 
deamination catalytic substance that oxidizes intracellular 
enzymes. Greater than 95% of DAO is located in the 
epithelial cells of the small intestine and can decompose 
polyamines, such as histamine, and control the proliferation 
of mucosa. Citrulline is mainly synthesized by glutamine 
as a precursor substance in the intestinal mucosa. When 
the epithelial cells of the intestinal mucosa are damaged, 
the synthesis of citrulline is significantly reduced (9-13). 
A large number of clinical and animal experiments have 
demonstrated that the above serum biomarkers were 
effective in the evaluation of intestinal ischaemia but 
not intestinal barrier dysfunction in intestinal ischaemic 
diseases, severe trauma, burns, infections or other serious 
stress responses (14-22).

Only a few studies have used these biomarkers to 
identify intestinal barrier dysfunction (23-26). However, 
these studies have some deficiencies in their design, such 
as a lack of reporting of diagnostic standards of intestinal 
barrier dysfunction (23), lack of diagnostic accuracy of 
the biomarker available (24,26), and lack of consideration 
of the effect of nutrients on intestinal barrier dysfunction 
(23-26). Therefore, a prospective well-designed clinical 
study is needed to evaluate the diagnostic performance of 

biomarkers in detecting intestinal barrier dysfunction.
In this exploratory and prospective study, we wanted to 

evaluate the diagnostic performance of biomarkers assessing 
intestinal barrier dysfunction in major abdominal surgery 
and to screen and combine highly effective biomarkers that 
reflect changes in the intestinal mucosal barrier to improve 
their diagnostic performance in identifying intestinal barrier 
dysfunction after major abdominal surgery.

Methods

Study design

This prospective, non-interventional study was conducted 
in the Department of Gastrointestinal Surgery, Second 
Affiliated Hospital of Kunming Medical University in 
Kunming, China, from January 2016 to December 2016. 
This study adhered to the principles of the Declaration of 
Helsinki and international ethical guidelines for human 
biomedical research from the Council for International 
Organizations of Medical Sciences (CIOMS). This study 
was approved by the Ethics Committee of the Second 
Affiliated Hospital of Kunming Medical University. All 
enrolled subjects read information on and understood the 
purpose of this study and then provided informed consent.

Study design and sample collection

Inclusion criteria were as follows: major abdominal surgery 
that was suspected to lead to intestinal barrier dysfunction; 
consecutive patients aged between 18 and 75 years; and 
body mass index (BMI) of 20–28 kg/m2 ( 27,28).

Exclusion criteria were as follows: all subjects with 
chronic inflammatory diseases, such as inflammatory bowel 
disease, chronic hepatitis, chronic pancreatitis, chronic 
nephritis, chronic renal failure, chronic gastrointestinal 
ulcers, or intestinal obstruction. Subjects were also excluded 
based on the use of medication, such as antibiotics, 
hormones, sedatives, and non-steroidal anti-inflammatory 
drugs, within the past 2 weeks.

Diagnostic standard of intestinal barrier dysfunction

According to the clinical diagnosis and treatment 
recommendations by the Digestive Disease Branch of 
Chinese Medical Association in 2006 (26,29), the following 
five diagnostic bases for intestinal barrier dysfunction were 
suggested: 

(I)	 The patient has a critical disease that may cause 
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intestinal barrier dysfunction. 
(II)	 On the basis of the primary disease, the patient 

reported abdominal pain, abdominal distension, 
diarrhoea, constipation, gastrointestinal bleeding, 
food intolerance or other symptoms. The bowel 
sounds are weakened or have disappeared (bowel 
sound changes induced by anaesthesia and drugs 
were excluded). 

(III)	 An increase in the plasma endotoxin level is 
observed. 

(IV)	 A permeability increase or low intestinal perfusion 
is observed. 

(V)	 Bacterial culture is positive for blood or ascites, and 
no other clear infective lesions were noted.

Given (I) +(II) for the diagnosis of the necessary 
conditions, (I) +(II) +(III) +(IV) or (I) +(II) +(V) can 
generally be diagnosed. 

In this study, (I) + (II) +(V) were used as the diagnostic 
criteria for intestinal barrier dysfunction. The clinical 
intestinal barrier dysfunction could be diagnosed by 
observing the clinical symptoms and the relevant results 
within 1 week after surgery.

O’Boyle et al. (30,31) considered that the more effective 
method of assessing intestinal bacterial translocation is 
PCR, and the most common bacteria involved in intestinal 
bacterial translocation are Escherichia coli (E. coli), accounting 
for 54% of all identified microbes. Thus, in this study, 
item (5) was improved, and the bacterial culture method 
was improved to enable better quantification of E. coli 16S 
rRNA by qPCR (32). Intestinal barrier function status is 
assessed by observing the patients’ clinical characteristics, 
gastrointestinal function and E. coli 16S rRNA qPCR results 
of patients’ peripheral blood.

After enrolment, the following items were recorded for 
every patient. Clinical symptoms, such as abdominal pain, 
abdominal distension, bowel sounds (weakened or absent), 
gastric retention (gastric drainage fluid >200 mL/24 h), and 
diarrhoea (defecation frequency >3 or 300 mL per bowel 
movement), were combined with other diagnostic criteria to 
assess the postoperative gastrointestinal dysfunction and its 
severity. 

Before and 24 hours after the operation, 8 mL of venous 
blood was extracted from surgical patients. In total, 5 mL of 
blood was used to detect the various biomarkers of intestinal 
barrier dysfunction, and 3 mL of blood was obtained with 
anticoagulant blood containers to detect E. coli 16S DNA. 
Then, these blood samples were centrifuged for 5 minutes at 
3,000 ×g. The supernatant was then extracted and stored at 

−80 ℃ for 30 minutes to avoid repeated freeze/thaw cycles.
Total parenteral nutrition was administered to all patients 

7 days postoperatively. If the patients exhibited obvious 
digestive symptoms, including nausea, vomiting, diarrhoea, 
and distension, some drugs were used to control digestive 
symptoms. Otherwise, no prokinetic drugs or drugs 
protecting the gastrointestinal mucosa were administered.

Laboratory analysis

Human serum α-GST and DAO concentrations were 
measured using the ELISA Kit provided by Cusabio Biotech 
Co., Ltd (China). Human serum I-FABP concentrations 
were measured using the ELISA kit provided by R&D 
Systems (Minneapolis, MN). Human serum D-lactate was 
detected using the PicoProbe™ D-Lactate Fluorometric 
Assay Kit provided by BioVision Inc., Mountain View 
Milpitas, CA, (USA). Serum citrulline concentrations 
were measured by 2,4-dinitrofluorobenzene pre-column 
derivatization high-performance liquid chromatography 
(HPLC). The method is composed of the following steps: 
α-GST, DAO and I-FABP are detected by ELISA; D-lactic 
acid is detected by the colorimetric method; and citrulline is 
detected by HPLC. Concentrations of E. coli in peripheral 
blood were detected by qPCR. The amplification sequence 
is 16S rRNA from E. coli.

Data analysis

Statistical analyses were performed using SPSS 17.0 
software (SPSS GmbH Software, Munich, Germany). 
The quantitative data are expressed as the mean ± 
standard deviation. If the variables exhibited a non-
normal distribution, the data were analysed using the rank-
sum test. If the variables exhibited a normal distribution 
based on homogeneity variance test results, the data 
were analysed using a paired T-test with united variance 
analysis. Correlation analysis of these biomarkers and 
intestinal barrier dysfunction was performed using a logistic 
regression model, and the receiver operating characteristic 
(ROC) curve and area under the curve (AUC) were 
analysed. P<0.050 was considered statistically significant.

Results

Patients and baseline characteristics

During this study, a total of 45 patients underwent major 
abdominal surgery in the general surgery department. Six 
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patients were excluded based on the following reasons:  
4 patients were suffering from intestinal obstruction before 
the operation, and 2 patients had gastric ulcers. In total, 
39 patients were enrolled. According to the diagnostic 
standard, 12 patients were diagnosed with intestinal barrier 
dysfunction, and 27 patients were diagnosed with non-
intestinal barrier dysfunction. Detailed diagnostic criteria 
for every patient were listed in the Table S1.

The age, sex ratio and types of surgery in the two groups 
are presented in Table 1. The baseline characteristics 
exhibited no significant differences between the intestinal 
barrier dysfunction group and the non-intestinal barrier 
dysfunction group (P>0.05).

16SRNA-qPCR results of E. coli in peripheral blood

16SRNA-qPCR results of E. coli in peripheral blood were 
analyzed. The 16SRNA-qPCR value of E. coli in 14 patients 
increased significantly (t=−2.180, P=0.048) after surgery. 
The positive incidence rate of E. coli translocation was 
30.7% (14/39). There was no significant difference (t=1.7, 
P=0.102) in the 16SRNA-qPCR value of E. coli in the other 
25 patients before and after surgery.

Biomarker levels in patients with suspected intestinal 
barrier dysfunction

Before the operation, no differences in α-GST, DAO, 
D-lactic acid, citrulline and I-FABP values were noted 
between the intestinal barrier dysfunction group and non-
intestinal barrier dysfunction group.

After the operation, α-GST values were 12.48±3.89 

and 11 .33±4.29  ng/mL in  the  intes t ina l  barr ier 
dysfunction group and non-intestinal barrier dysfunction 
group, respectively (P=0.42). There was no difference 
in DAO values between the groups (14.10±4.77 vs.  
13.65±4.33 mIU/mL, P=0.78). D-lactate values were 
1.20±0.22 and 0.91±0.21 nmol/µL in the intestinal 
barrier dysfunction group and the non-intestinal barrier 
dysfunction group, respectively (P=0.001). Citrulline levels 
in the intestinal barrier dysfunction group were significantly 
lower than those in the non-intestinal barrier dysfunction 
group (11.25±5.41 vs. 21.56±12.15 µmol/mL, P=0.008). 
I-FABP levels in the intestinal barrier dysfunction group 
were significantly increased compared with those in the 
non-intestinal barrier dysfunction group (185.29±30.50 vs. 
139.93±59.24 pg/mL, P=0.003).

Pearson correlation analysis was used to analyze the 
correlation between E. coli 16SRNA-qPCR values and 
biomarkers (α-GST, DAO, D-lactic acid, citrulline 
and I-FABP values) (Table 2). There was no significant 
correlation between E. coli 16S rRNA values and these 
biomarkers values (P>0.05).

Diagnostic accuracies of plasma biomarkers of intestinal 
barrier dysfunction

ROC analysis was performed to test the ability of the 
potential biomarkers to diagnose intestinal barrier 
dysfunction (Table 3 and Figure 1). The AUCs were 
increased for D-lactate and I-FABP in the diagnosis of 
intestinal barrier dysfunction (AUC 0.84 and 0.81). Among 
the other markers, citrulline exhibited the best performance 
(AUC 0.77). The ROC curve yielded optimal cut-off 

Table 1 Baseline characteristics of patients with and without intestinal barrier dysfunction 

Basic information
Intestinal barrier dysfunction group 

(n=12)
Non-intestinal barrier dysfunction 

group (n=27)
P value

Age (mean ± SD, years) 66.58±10.02 61.56±12.41 0.192

Sex ratio (male:female) 5:7 13:14 0.730

Types of surgery 0.612

Radical resection for gastrointestinal 
cancer

7 13

Pancreaticoduodenectomy 1 6

Radical resection for higher region 
bile duct cancer

1 4

Hemihepatic resection 3 4
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values of 0.98 nmol/µL, 143.27 pg/mL, 17.29 µmol/mL,  
10.37 ng/mL and 17.90 mIU/mL for D-lactate, I-FABP, 
citrulline, α-GST and DAO, respectively, as biomarkers of 
intestinal barrier dysfunction. The sensitivity, specificity, 

negative predictive value, false-negative rate (FNR) and 
false-positive rate (FPR) were assessed using these cut-off 
values (Table 3). The sensitivity values of D-lactate, citrulline 
and I-FABP for diagnosing intestinal barrier dysfunction 
were high (0.91, 0.91 and 1.00, respectively). The 
specificity values of D-lactate and I-FABP for diagnosing 
intestinal barrier dysfunction were also high (0.84 and 0.81, 
respectively).

Screening of biomarkers for diagnosing intestinal barrier 
dysfunction

To screen effective warning biomarkers for diagnosing 
intestinal barrier dysfunction, multivariate logistic 
regression analysis was performed. The regression 
equation was as follows: y=−5.95−0.011x1−0.052x2+ 
5.651x 3−0.087x 4+0.009x 5 (x1 represents α-GST; x 2 
represents DAO; x3 represents D-lactate; x4 represents 
citrull ine; and x5 represents I-FABP). ROC curve 
analysis was further conducted. The AUC value of the 
combination of five biomarkers to calculate intestinal 
barrier dysfunction was 0.904. The diagnostic efficacy of 

Table 2 Biomarker levels in 39 patients suspected of having intestinal barrier dysfunction

Detection indicators

Preoperatively Postoperatively

Intestinal barrier 
dysfunction group 

(n=12)

Non-intestinal barrier 
dysfunction group 

(n=27)
P value

Intestinal barrier 
dysfunction group 

(n=12)

Non-intestinal 
barrier dysfunction 

group (n=27)
P value

α-GST (ng/mL) (mean ± SD) 4.94±1.71 4.91±1.87 0.96 12.48±3.89 11.33±4.29 0.42

DAO (mIU/mL) (mean ± SD) 10.89±4.60 9.61±4.66 0.43 14.10±4.77 13.65±4.33 0.78

D-Lactate (nmol/µL) (mean ± SD) 0.76±0.20 0.76±0.31 0.93 1.20±0.22 0.91±0.21 0.001

Citrulline (µmol/mL) (mean ± SD) 30.54±10.24 37.49±14.06 0.09 11.25±5.41 21.56±12.15 0.008

I-FABP (pg/mL) (mean ± SD) 86.62±27.67 78.16±35.01 0.42 185.29±30.50 139.93±59.24 0.003

α-GST, A-glutathione-S-transferase; DAO, diamine oxidase; I-FABP, intestinal fatty acid-binding protein.

Table 3 Diagnostic properties of plasma biomarkers of intestinal barrier dysfunction

Detection indicators Cut-off value Sensitivity (95% CI) Specificity (95% CI) AUC (95% CI) +LR −LR

α-GST (ng/mL) 10.37 0.75 (0.42–0.94) 0.62 (0.42–0.80) 0.63 (0.46–0.78) 2.02 0.40

DAO (mIU/mL) 17.90 0.25 (0.05–0.57) 0.92 (0.75–0.99) 0.52 (0.35–0.68) 3.37 0.81

D-lactate (nmol/µL) 0.98 0.91 (0.61–0.99) 0.70 (0.49–0.86) 0.84 (0.68–0.93) 3.09 0.12

Citrulline (µmol/mL) 17.29 0.91 (0.61–0.99) 0.66 (0.46–0.83) 0.77 (0.60–0.89) 2.75 0.13

I-FABP (pg/mL) 143.27 1.00 (0.73–1.00) 0.63 (0.42–0.80) 0.81 (0.65–0.92) 2.70 0

α-GST, A-glutathione-S-transferase; DAO, diamine oxidase; I-FABP, intestinal fatty acid-binding protein.
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Figure 1 Diagnostic properties of plasma biomarkers of intestinal 
barrier dysfunction. α-GST, A-glutathione-S-transferase; DAO, 
diamine oxidase; I-FABP, intestinal fatty acid-binding protein.
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the five-biomarker combination was greater than that of 
any single biomarker. 

Based on the above data, serum α-GST and DAO levels 
in postoperative intestinal barrier dysfunction or non-
intestinal barrier dysfunction patients were not significantly 
different, and the diagnostic accuracy for intestinal barrier 
dysfunction was relatively poor, as demonstrated by ROC 
curve analysis results.

Thus, the potential biomarkers α-GST and DAO 
were excluded from further studies. The relationship 
between the remaining 3 biomarkers and intestinal 
barrier dysfunction was explored by multivariate logistic 
regression analysis and ROC curve analysis (Table 4 
and Figure 2). The regression equation was as follows:  
y=−6.212+5.628x1−0.097x2+0.006x3 (x1 represents D-lactate; 
x2 represents citrulline; and x3 represents I-FABP). The 
AUC value of the three-biomarker combination to calculate 
intestinal barrier dysfunction was 0.892. The diagnostic 
accuracies of the five-biomarker combination and the three-

biomarker combination were similar. The areas under the 
two curves were similar, and no statistically significant 
differences were noted (P=1.00) (Table 4 and Figure 2). The 
correlation between E. coli 16S rRNA qPCR values and 
biomarkers values  shows no statistical significance (Table 
5).

Discussion

This study indicates that D-lactic acid, citrulline and 
I-FABP were more effective biomarkers than α-GST or 
DAO at detecting intestinal barrier dysfunction in patients 
after major abdominal surgery. The combination of I-FABP, 
citrulline and D-lactate for identifying intestinal barrier 
dysfunction was more reliable than any single biomarker 
or other combination of biomarkers, and this combination 
exhibited an accuracy equivalent to that of the combination 
of five biomarkers in patients after major abdominal surgery.

In this study, radical resection of gastrointestinal cancer, 
hemihepatic resection, pancreaticoduodenectomy and 
radical resection for higher region bile duct cancer were 
included (Table 1), and intestinal barrier dysfunction was 
assessed after surgery. We compared the preoperative and 
postoperative changes in serum α-GST, DAO, D-lactate, 
citrulline and I-FABP levels in patients who underwent 
major abdominal surgery (Table 2). Compared with the 
concentrations of the 5 serum biomarkers preoperatively, 
α-GST, DAO, D-lactate  and I-FABP levels  were 
significantly increased, and citrulline levels were remarkably 
reduced. These results were similar to those of previous 
studies assessing biomarkers for the diagnosis of intestinal 
ischaemia (33-35). These findings suggest that monitoring 
changes in these biomarkers after major abdominal surgery 
may aid in the detection of intestinal mucosal barrier 
dysfunction to a certain extent.

To further evaluate the accuracy of these biomarkers in 
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Table 4 Diagnostic accuracies of combinations of biomarkers of intestinal barrier dysfunction

Detection indicators Sensitivity (95% CI) Specificity (95% CI) AUC (95% CI) +LR −LR

Combination of 5 biomarkers (α-GST, DAO, 
D-lactate, citrulline and I-FABP)

1.00 (0.74–1.00) 0.74 (0.54–0.89) 0.90 (0.76–0.97) 3.86 0.00

Combination of 3 biomarkers  
(D-lactate, citrulline and I-FABP)

1.00 (0.74–1.00) 0.74 (0.54–0.89) 0.89 (0.75–0.96) 3.86 0.00

Combination of 2 biomarkers  
(D-lactate and I-FABP)

0.91 (0.61–0.99) 0.85 (0.66–0.95) 0.87 (0.73–0.96) 6.19 0.09

α-GST, A-glutathione-S-transferase; DAO, diamine oxidase; I-FABP, intestinal fatty acid-binding protein.

Figure 2 Diagnostic accuracies of combinations of biomarkers of 
intestinal barrier dysfunction.
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the identification of intestinal mucosal barrier dysfunction, 
ROC analysis was performed (Table 3 and Figure 1). In 
this study, the sensitivities of D-lactate, citrulline and 
I-FABP were greater than 0.90, but the specificities of 
these biomarkers were less than 0.70. The sensitivity of 
DAO was very low, but its specificity was remarkably high 
(0.92; 95% CI: 75.7–99.1). The accuracies of D-lactate 
and I-FABP were high, and the AUCs of both biomarkers 
were >0.80. Compared with previous studies assessing 
intestinal ischaemia, these biomarkers exhibit variable 
accuracies (36-41). Obviously, single biomarkers were not 
effective in the evaluation of intestinal mucosal barrier 
dysfunction given that each biomarker only partially 
reflects pathophysiological changes in intestinal function. 
However, intestinal barrier dysfunction involves a series 
of pathophysiological changes, including destruction 
of the intercellular tight junctions of intestinal mucosal 
epithelial cells, increased intestinal mucosal permeability, 
and impaired protective functions of the intestinal mucosa, 
causing intestinal flora and harmful metabolites to enter 
the blood circulation. Therefore, a combination of serum 
biomarkers that react to the pathophysiological changes in 
the intestinal mucosal barrier may improve the diagnostic 
performance of the assessment of intestinal mucosal barrier 
dysfunction.

In further statistical analyses, a binary logistic regression 
model and ROC curve analyses were used to explore the 
diagnostic performance of different combinations of five 
serum biomarkers in the assessment of intestinal barrier 
dysfunction. We found that a combination of 3 biomarkers 
(I-FABP, citrulline and D-lactate) and a combination 
of 5 biomarkers (α-GST, DAO, I-FABP, citrulline and 
D-lactate) exhibited the best diagnostic performance 
among different biomarker combinations. There was no 
significant difference in diagnostic accuracy between the 
two combinations in the diagnosis of intestinal barrier 

dysfunction (P=1.00). According to the principle of clinical 
practicality, the combination of 3 biomarkers (I-FABP, 
citrulline and D-lactate) is the first choice for the detection 
of intestinal barrier dysfunction.

This study has several methodological differences 
from previous studies. (I) It is the first study to screen 
and combine serum biomarkers to improve the diagnostic 
performance in the assessment of intestinal barrier 
dysfunction. In many previous studies in patients with 
suspected intestinal ischaemia (36-38,42), researchers paid 
more attention to the diagnostic performance of a single 
biomarker. Even if some researchers assessed numerous 
biomarkers in some studies (39-41), they did not combine 
different biomarkers to improve the diagnostic performance. 
(II) The diagnostic standard of intestinal barrier dysfunction 
was reported clearly in this study. Only three clinical studies 
evaluating the diagnostic performance of serum biomarkers 
in the detection of intestinal barrier dysfunction have 
been previously reported, and the authors of one study 
regrettably did not describe the diagnostic standard of 
intestinal barrier dysfunction (23). Acute gastrointestinal 
injury (AGI) grade was used in another study as the 
diagnostic standard of intestinal barrier dysfunction (24). 
(III) After surgery, we chose to provide parenteral nutrition 
instead of enteral nutrition or oral feeding. The latter 
feeding modality can protect the intestinal mucosal barrier 
and disturb the biomarker testing results.

Some limitations of our study should be noted. First, 
we screened only 5 biomarkers that exhibited relatively 
high accuracies in the detection of intestinal barrier 
dysfunction and were supported by published evidence. 
Other biomarkers, including LPS, CRP, and D-Dimer, 
had a relatively lower accuracy reported in published 
papers and therefore were not considered in our study 
due to funding limitations. Thus, it is possible that we 
missed some effective biomarkers. Second, no uniform 

Table 5 The correlation between E. coli 16S rRNA qPCR values and biomarkers values

Detection indicators & E. coli 16S rRNA Pearson correlation coefficient P value

a-GST & E. coli 16S rRNA −0.058 0.728

DAO & E. coli 16S rRNA 0.050 0.764

D-lactate & E. coli 16S rRNA 0.098 0.551

Citrulline & E. coli 16S rRNA −0.104 0.530

I-FABP & E. coli 16S rRNA 0.172 0.296

Pearson correlation analysis was used. α-GST, A-glutathione-S-transferase; DAO, diamine oxidase; I-FABP, intestinal fatty acid-binding 
protein.
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standard is currently available for the clinical diagnosis of 
intestinal barrier dysfunction. We referenced the diagnostic 
standard of intestinal barrier dysfunction recommended 
by the experts from the Digestive Disease Branch of 
Chinese Medical Association (26) and a study performed in  
China (26). However, the diagnostic standard is not suitable 
to assess patients from other countries. Third, we used 
E. coli 16S DNA-qPCR to evaluate intestinal bacterial 
translocation, which is important in the detection of 
intestinal mucosal barrier dysfunction and was supported 
by numerous researchers in many studies (30,31). The 
E. coli 16S rRNA qPCR results may not completely 
represent bacterial translocation from other bacteria in the 
intestinal lumen. Fourth, as we performed this study in 
patients undergoing major abdominal surgery, we are not 
sure whether these biomarkers are suitable for detecting 
intestinal barrier dysfunction in other diseases. Further 
well-designed studies in patients with severe burns, trauma, 
infection, and shock are needed to confirm these findings. 
Fifth, even if the sample size of this exploratory study is 
sufficient to identify the differences in intestinal barrier 
dysfunction identification, the sample size was small. To 
promote the use of these biomarkers in the detection of 
intestinal mucosal barrier dysfunction in the clinic, a large 
sample size in a multicentre prospective clinical study is 
required to support the findings in this study. Although this 
study has some limitations, it provides a new approach to the 
clinical diagnosis of intestinal mucosal barrier dysfunction.

 In this exploratory study, we found that the combination 
of D-lactate, citrulline and I-FABP was a more effective 
indicator to identify intestinal mucosal barrier dysfunction 
in patients undergoing major abdominal surgery. This 
technique should be recommended to help doctors identify 
patients with intestinal mucosal barrier dysfunction in  
the clinic.
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Supplementary

Table S1 Detailed diagnostic criteria for all patients

No.

Diagnostic criteria 

Whether to 
diagnose 
intestinal barrier 
dysfunction

(I) The patient has a critical 
disease that may cause intestinal 
barrier dysfunction

(II) On the basis of the primary disease, the patient 
reported abdominal pain, abdominal distension, 
diarrhoea, constipation, gastrointestinal bleeding, 
food intolerance or other symptoms. The bowel 
sounds are weakened or have disappeared (bowel 
sound changes induced by anaesthesia and drugs 
were excluded)

(V) Bacterial culture is positive for 
blood or ascites, and no other 
clear infective lesions were noted 
(E. coli 16SRNA-qPCR ratio)

1 Radical gastrectomy Abdominal pain, weakened bowel sounds 0.627 N

2 Radical gastrectomy Abdominal pain 0.981 N

3 Radical gastrectomy Bloating, vomiting 0.742 N

4 Radical gastrectomy Bloating, vomiting, food intolerance, weakened 
bowel sounds

1.095 Y

5 Radical gastrectomy Abdominal pain, bloating 0.974 N

6 Radical gastrectomy Bloating, constipation 0.672 N

7 Radical gastrectomy bloating 0.726 N

8 Colon cancer radical surgery Bloating, bowel sounds weakened 1.157 Y

9 Colon cancer radical surgery Abdominal pain, 2.272 N

10 Colon cancer radical surgery Abdominal pain, bloating 0.738 N

11 Colon cancer radical surgery Abdominal pain, melena, bowel sounds weakened 1.534 Y

12 Colon cancer radical surgery Black stool, bloating 0.765 N

13 Colon cancer radical surgery Abdominal pain, diarrhea, weakened bowel sounds 1.293 Y

14 Colon cancer radical surgery Abdominal pain, diarrhea, weakened bowel sounds 1.081 Y

15 Colon cancer radical surgery Abdominal pain, bloating 1.172 N

16 Colon cancer radical surgery Abdominal pain, bloating, weakened bowel sounds 4.158 Y

17 Colon cancer radical surgery Bloating 0.749 N

18 Colon cancer radical surgery Abdominal pain, bloating 0.659 N

19 Colon cancer radical surgery Abdominal pain, bloating 1.034 N

20 Colon cancer radical surgery Abdominal pain, bloating, weakened bowel sounds 1.309 Y

21 Pancreaticoduodenectomy Abdominal pain, bloating 0.838 N

22 Pancreaticoduodenectomy Abdominal pain, weakened bowel sounds 0.992 N

23 Pancreaticoduodenectomy Bloating, food intolerance, weakened bowel sounds 1.136 Y

24 Pancreaticoduodenectomy Abdominal pain, bloating 0.904 N

25 Pancreaticoduodenectomy Abdominal pain, bloating, weakened bowel sounds, 
black stool

1.107 Y

26 Radical cholangiocarcinoma Abdominal pain, bloating 0.565 N

27 Radical cholangiocarcinoma Abdominal pain, bloating, food intolerance, 
weakened bowel sounds

1.074 Y

28 Radical cholangiocarcinoma Abdominal pain, bloating 0.131 N

29 Radical cholangiocarcinoma Abdominal pain 1.215 N

30 Radical cholangiocarcinoma Abdominal pain, bloating 0.862 N

31 Radical cholangiocarcinoma Abdominal pain, diarrhea 0.885 N

32 Radical cholangiocarcinoma Abdominal pain, bloating 0.565 N

33 Hepatic resection Abdominal pain, bloating, food intolerance, 
weakened bowel sounds

1.172 Y

34 Hepatic resection Bloating 0.928 N

35 Hepatic resection Bloating 0.092 N

36 Hepatic resection Abdominal pain, bloating 0.562 N

37 Hepatic resection Bloating, bowel sounds weakened 1.377 Y

38 Hepatic resection Abdominal pain, bloating 1.054 N

39 Hepatic resection Abdominal pain, bloating 1.312 N


