International Journal of General Medicine Dove

ORIGINAL RESEARCH

The Predictive Value of Serum DAO, HDC, and
MMP8 for the Gastrointestinal Injury in the Early
Stage of Acute Pancreatitis in an Animal Model
and a Clinical Study

Ruoxi Cheng@®"*, Jie Wang'*, Qing Wu', Peng Peng', Guolin Liao', Xiuping Luo', Zhihai Liang?,
Jiean Huang'*, Mengbin Qin'*

'Department of Gastroenterology, the Second Affiliated Hospital of Guangxi Medical University, Nanning, 530007, People’s Republic of China;
2Department of Gastroenterology, the First Affiliated Hospital of Guangxi Medical University, Nanning, 530007, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Jiean Huang; Mengbin Qin, Department of Gastroenterology, the Second Affiliated Hospital of Guangxi Medical University, Nanning,
530007, People’s Republic of China, Email hjagxmu@ |63.com; dr.mmbin@hotmail.com

Purpose: This study was aimed at exploring the use of the acute gastrointestinal injury (AGI) grade and sensitive biomarkers to
investigate gastrointestinal (GI) injury in early stage of acute pancreatitis (AP).

Patients and Methods: The AGI grade was used to evaluate intestinal function. Any GI injury above grade I (grades II-1V) was
considered as severe. An AP rat model was created by retrograde injection of 4% sodium taurocholate. The pancreatic and intestinal
histopathology scores were calculated by hematoxylin-eosin staining. Human and rat sera were assessed using ELISA. Tight junction
(TJ) proteins were detected by Western blotting.

Results: In clinical study, the GI injury rate in mild acute pancreatitis (MAP), moderate severe acute pancreatitis (MSAP), and severe
acute pancreatitis (SAP) groups was 26.8%, 78.4%, and 94.8%, respectively (P < 0.05). Diamine oxidase (DAO), histidine
decarboxylase (HDC), and matrix metalloproteinase 8 (MMPS8) serum levels were higher in AP patients than in healthy people
(P < 0.05). Patients with GI injury had higher serum levels of DAO, HDC, and MMPS than those without GI injury (P < 0.05). In
animal experiments, the serum levels of DAO, HDC, and MMPS8 were higher in the AP group than in normal and sham-operated (SO)
groups (P < 0.05). The expressions of tricellulin, claudin-1, ZO-1, and occludin were significantly lower in the AP group than in
normal and SO groups (P < 0.05).

Conclusion: The serum levels of DAO, HDC, and MMP8 are novel biomarkers of GI injury in the early stage of AP; their elevation
indicates the development of GI injury in AP. The intestinal TJ disruption may be a primary mechanism of GI injury and requires more
in-depth research.
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Introduction
Acute pancreatitis (AP) is among the most prevalent gastrointestinal (GI) conditions requiring hospitalization. It has
a global incidence of ~34 per 100,000 person-years,' and studies indicate that the rate is increasing worldwide.” The
updated Atlanta classification categorizes AP as mild, moderate, and severe.> Although the majority of people have mild
acute pancreatitis (MAP), ~20% individuals develop moderate severe acute pancreatitis (MSAP) or severe acute
pancreatitis (SAP) with pancreatic necrosis, peripancreatic tissue necrosis, and/or organ failure.*>

Intestinal mucosal barrier dysfunction is considered a major trigger of systemic inflammatory response syndrome
(SIRS) and multiple organ dysfunction (MOF) in AP patients, and intestinal barrier injury is a common complication in
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AP patients.® Intestinal bacterial translocation, pancreatic tissue necrosis and infection, and the beginning of multiple
organ dysfunction syndrome are all caused by increased intestinal mucosal permeability.” However, Acute Physiology
and Chronic Health Evaluation (APACHE) II and Sequential Organ Failure Assessment are two examples of current
clinical scoring systems that have little efficacy in predicting the severity of AP.® The European Society of Intensive Care
Medicine suggested the acute gastrointestinal injury (AGI) grade as more precise and detailed evaluation criteria.” The
AGI grade can be used to assess the degree of GI damage and predict severity and adverse clinical outcomes in critical
patients.'® However, the AGI grade is a score criterion based on clinical presentation with some lag, and serum markers
for early prediction of AGI are currently unclear.

Several serum indicators may be used to predict AGI prognosis. Diamine oxidase (DAO), a cytoplasmic enzyme, is
reportedly a reliable indicator of intestinal mucosal injury in both humans and rats.'""'> The primary effect of histidine
decarboxylase (HDC) is histamine production, which exhibits HDC activity in almost all adult mammalian tissues, and
HDC may also play a role in tissue healing after gastrointestinal ischemic injury.'> HDC is commonly induced at the
inflammation site during the late and chronic phases of both allergic and non-allergic inflammation.'* Matrix metallo-
proteinases (MMPs) are a class of endopeptidases that catalyze the degradation of extracellular matrix proteins. It has
been experimentally demonstrated that MMPs can enhance the activity of pro-inflammatory cytokines, thereby promot-
ing inflammatory processes.'> Twenty-three MMPs that are released into the extracellular space by cells have been
identified.'® MMP-1, MMP-7, MMP-8, TIMP-1, and TIMP-4 levels were higher in the AP group than in the control
group.'” Injury to the intestinal mucosal barrier plays a crucial role in the mechanism of gastrointestinal dysfunction.
Dysregulated tight junctions (TJs) and their protein interactions regulate paracellular permeability between intestinal
epithelial cells in SAP.'® The occurrence of anomalous apoptosis or proliferation of the intestinal epithelial cells may
result in augmented permeability of the intestinal barrier.'® The intestinal barrier comprises a layer of epithelial cells
connected by TJ proteins, including occludin, claudin, and ZO-1. Intestinal pathogens, endotoxins, and some harmful
factors constantly interact with the intestinal epithelium, which can induce inflammation and oxidative stress.”* The
disruption of intestinal barrier will increase intestinal permeability. Expression of claudin-1, ZO-1, and occludin
reportedly decreases in response to acute pancreatitis and intestinal injury, thus altering intercellular TJs and facilitating
intestinal microbiota translocation.”'** Inflammatory responses, programmed necrosis, and reactive oxygen species
accumulation have been identified as significant factors in the exacerbation of intestinal barrier damage induced by
SAP in the context of a high-fat diet.>> Previous studies showed that angiopoietin-2 and trefoil factor-2 may be the
biomarkers of AGI in small sample data.**> Thus, effective predictors of GI injury in the early stages of AP remain
lacking.

In this study, we focused on clinical AGI grade and sensitive biomarkers to investigate GI injury in patients with AP
in the first 24 h after hospitalization. Furthermore, we used an animal model to investigate the predictive accuracy of
these biomarkers in the early stage of AP and to identify putative mechanisms underlying the expression of TJ proteins in
GI injury.

Materials and Methods

Patients and Diagnostic Criteria

This was a retrospective cohort study analyzing patients with AP admitted to the Second Affiliated Hospitals of Guangxi
Medical University (Nanning, China) from January 2017 to July 2022 within 72 h of AP onset. Ethical approval of the
research protocol was granted by the Ethics Committee of the Second Affiliated Hospitals of Guangxi Medical
University [2017-KY (0120)], all methods were carried out in accordance with relevant guidelines and regulations.
The committee waived the need for written informed consent considering the retrospective nature of the study. The
diagnostic criteria for AP were in accordance with the 2012 revision of the Atlanta classification.® The diagnosis of AP
necessitates the presence of any two out of the following three characteristics: (1) The patient experienced a sudden and
severe onset of persistent pain in the upper central region of the abdomen, which frequently spread to the back; (2) the
activity of serum lipase or amylase is at least three times higher than the upper limit of normal; and (3) typical

observations are preferably made using computed tomography (CT) instead of magnetic resonance imaging or
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transabdominal ultrasonography. Patient exclusion criteria were as follows: (1) age <18 years, (2) ongoing pregnancy,
and (3) a diagnosis of chronic pancreatitis. All clinical information of patients who met the inclusion criteria were
collected.

Data Collection and Study Design

Clinical data and blood samples were collected in the first 24 h of hospitalization. Data were collected on baseline
clinical characteristics of patients, including age, sex, body mass index, levels of white blood cells, hemoglobin (HB),
hematocrit (HCT), total bilirubin (TBil), albumin (Alb), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), glutamyl transpeptidase (GGT), alkaline phosphatase (ALP), blood urea nitrogen, creatinine (Cr), lactate
dehydrogenase (LDH), K+, Ca2+, and triglyceride (TG). Four scoring systems were used for all patients: APACHE-II,
Ranson, Bedside Index of Severity in Acute Pancreatitis (BISAP), and modified CT severity index (mCTSI). The AGI
grades and their application to AP patients were defined and exemplified by Ling Ding et al.” According to this grade,
any GI injury above grade I (grades II-1V) was considered as severe. Throughout the assessment interval (the duration
necessary for the scoring mechanism to monitor), all assessments were computed for the most critical laboratory
examinations and physiological parameters. A control group was established by retaining serum samples from 20
individuals who were in good health.

Animals and Experimental Design

Fifty-four male Sprague—Dawley rats (6—8 weeks old) were obtained from the Laboratory Animal Center of Guangxi
Medical University (Nanning, China). Rats were housed at 24°C with a 12/12-h light-dark cycle and had ad libitum
access to food and water. The present investigation was performed in compliance with the Animal Protection Guidelines
sanctioned by the regional animal ethics committee. Our animal care and welfare protocol was approved by the
committee responsible for such matters at Guangxi Medical University. Rats were randomly divided into three groups,
namely the normal group (N, n = 6), sham-operated group (SO, n = 24), and AP group (AP, n = 24). All animals were
starved for 12 h before the surgical procedures. Retrograde injection of 4% sodium taurocholate into the bile and
pancreatic duct was used to establish the AP model. The pancreas and duodenum of the rats in the SO group were
inverted and returned to the original position after laparotomy. Rats were euthanized at 0, 6, 12, and 24 h after AP
induction or sham operation. Serum was stored at —80°C after abdominal aorta blood samples were centrifuged at 500
g for 15 min. A second part of pancreases and intestinal tissues were preserved in 10% formalin, paraffin-embedded, and
used for H&E staining.

Histopathologic Analysis

Morphological analyses were performed by two expert researchers who were blinded to the experimental conditions.
Alterations in pancreatic histopathology were assessed and categorized on the basis of the methodology outlined by Van
Laethem.?® Changes in intestinal histopathology were examined and classified using the Chiu’s score.?’

ELISA Assay
The levels of HDC (Cloud-Clone, Wuhan, China), DAO (Cloud-Clone, Wuhan, China), and MMPS8 (Cusabio, Wuhan,
China) in patient and rat serum were measured using the ELISA standard procedures.

Western Blotting Analysis

Total protein was extracted using a high-efficiency radio immunoprecipitation assay lysis buffer (Solarbio, China)
containing a protease inhibitor cocktail (NCM, China) and quantified using a bicinchoninic acid protein concentration
assay kit (NCM, China). Electrophoresis was performed on 10% or 12% sodium dodecyl sulfate-polyacrylamide gels and
then, the proteins were transferred to polyvinylidene fluoride membrane (Millipore, USA). The membrane was blocked
with 5% skimmed milk at 22°C for 1 h. The membrane with proteins was incubated with primary antibodies against
GAPDH (1:5000 dilution, Abcam, USA), tricellulin (1:1000 dilution, ABclonal, Wuhan, China), claudin-1 (1:800
dilution, Proteintech, Wuhan, China), ZO-1 (1:1000 dilution, Proteintech, Wuhan, China), and occludin (1:800 dilution,
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Proteintech, Wuhan, China) overnight at 4°C. Subsequently, the membrane was incubated with a secondary antibody
(1:10,000, Cell Signaling Technology, USA) at 22°C for | h. Protein bands were visualized using the Odyssey infrared
laser imaging system (Licor, USA), and the quantification was performed using the Quantity One software (Bio-Rad
Laboratories).

Statistical Analyses

The data are presented as mean + standard deviation (mean + SD), and categorical variables are expressed as the
means (ratios). SPSS 20.0 (IBM SPSS, Armonk, NY, USA) statistical software was used for data analysis. Using
one-way analysis of variance and the Bonferroni post-hoc test, differences between multiple groups were
determined. Categorical variables were evaluated using a 2 test, and Fisher’s exact test was used when the
number of observations was <5. The predictive accuracy of each scoring system was determined by the area under
the receiver operating characteristic (ROC) curve with a 95% confidence interval. Area under the curve (AUC)
values were compared using the Z test to determine statistical significance. A P value of <0.05 indicated statistical
significance.

Results

Baseline Characteristics of AP Patients
A total of 388 AP patients were included in this study. Table 1 shows baseline characteristics for individuals classified
according to AP severity. According to the severity of AP, there were 209 patients with MAP, 102 patients with MSAP,

Table | Clinical Characteristics of AP Patients in the Early Stage

MAP MSAP SAP

N 209 102 77
Sex (M/F, N) 150/59 78124 59/18
Age (years) 50.43 + 17.70 46.14 = 15.66a 49.27 £ 17.74
BMI 24.20 + 4.05 25.05 + 4.47 25.54 + 5.04
Etiologies (N)

Gallstones 135 49 43

Alcohol 8 5 4

HTG 46 39 27

Others 20 9 3
WBC (x109/L) 12.50 = 4.90 13.09 + 5.65 11.92 + 446
HB (g/L) 141.91 £ 23.45 141.00 £ 21.20 137.96 + 24.44
HCT 0.41 £ 0.06 0.41 £ 0.06 0.40 + 0.07
T.Bil (umol/L) 29.61 + 35.02 25.20 + 28.62 34.20 + 42.27
Alb (g/L) 40.16 + 6.70 39.37 £ 5.68 4441 £ 40.16
ALT (U/L) 99.69 + 177.95 5742 + 66.61 75.39 + 87.81
AST (U/L) 94.51 + 164.81 68.30 + 81.57a 83.30 £ 92.43
GGT (U/L) 205.54 + 315.73 214.38 + 293.66 259.16 + 343.22
ALP (U/L) 109.46 + 165.07 94.08 + 49.05 122.08 *+ 93.74
BUN (mmol/L) 484 £ 272 4.65 = 2.50 4.64 £ 1.67
Cr (umol/L) 95.52 + 85.43 84.24 + 43.26 84.44 + 34.54
LDH (U/L) 284.55 + 189.24 282.30 + 24751 348.13 + 704.88
Ca2+ (mmol/L) 221 £0.19 2.13 £0.25 2.19 £0.19
TG (mmol/L) 424 £+ 694 3.88 + 484 328 +524
CRP (mg/L) 79.17 £ 77.50 93.19 + 78.48 93.31 £ 98.58
DAO (ng/mL) 74.50 + 67.16 121.48 + 81.45a 267.16 = 125.11ab
HDC (ng/mL) 6.44 + 3.09 9.32 + 5.56a 19.68 * 7.39ab

(Continued)
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Table | (Continued).

MAP MSAP SAP

MMP8 (pg/mL) | 350.11 + 20844 | 67449 +29296a | 853.95 + 368.56ab

APACHE-II 4.46 + 3.20 436 £ 3.79 6.05 + 3.34ab
RANSON 1.02 + 1.03 0.84 + 0.88 091 + 091

BISAP 0.77 £ 0.82 0.99 + 0.84 .16 £ 0.81a
mCTSI 2.0l +1.58 4.96 £ |.66a 6.21 + 1.96ab

Notes: *vs. MAP, P < 0.05; ®vs. MSAP, P < 0.05.

Abbreviations: AP, acute pancreatitis; MAP, mild acute pancreatitis; MSAP, moderate severe
acute pancreatitis; SAP, severe acute pancreatitis; HB, hemoglobin; HCT, hematocrit; TBil, total
bilirubin; Alb, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT,
glutamyl transpeptidase; ALP, alkaline phosphatase; Cr, creatinine; LDH, lactate dehydrogenase;
TG, triglyceride; DAO, diamine oxidase; HDC, histidine decarboxylase; MMP8, matrix metallo-
proteinase 8; APACHE, Acute Physiology and Chronic Health Evaluation; BISAP, Bedside Index of
Severity in Acute Pancreatitis; mCTSI, Modified CT severity index.

and 77 patients with SAP. Patients with MSAP were younger (46.14 = 15.66 years) than those with MAP (P < 0.05).
MAP was caused by gallstones in most cases. The APACHE-II scores were significantly higher in the SAP group than in
MAP and MSAP groups (P < 0.05, respectively); the BISAP scores were higher in the SAP group than in the MAP group
(P < 0.05). In addition, the mCTSI scores were considerably higher in the SAP group than in MAP and MSAP groups
(P < 0.05, separately), and the mCTSI scores were significantly higher in the MSAP group than in the MAP group (P <
0.05; Table 1). The SAP group had a greater risk of GI injury than the other groups, with GI injury rates of 26.8%,
78.4%, and 94.8%, respectively (y2 = 154.805, P < 0.05; Table 2). In the MAP group, there were 153 patients with AGI
I grade and 56 patients with AGI II grade, and in the MSAP group, there were 22 patients with AGI I grade, 73 patients
with AGI II grade, and 7 patients with AGI III grade. The SAP group had four patients with AGI I grade, 28 patients with
AGI 11 grade, 41 patients with AGI III grade, and 4 patients with AGI IV grade. The serum DAO, HDC, and MMP8
levels were significantly higher in the AP group than in the control group (P < 0.05; Figure 1A). The serum DAO, HDC,
and MMP8 levels were higher in the SAP group than in MAP and MSAP groups (P < 0.05, separately), and they were
higher in the MSAP group than in the MAP group (P < 0.05).

The Serum DAO, HDC, and MMP8 Levels in AP Patients with Different AGl Grade

There were 179 patients with AGI I grade, 157 patients with AGI II grade, 48 patients with AGI III grade, and 4 patients
with AGI IV grade (Table 3 and Figure 1B). There were 209 patients in the GI injury group and 179 patients in the non-
GI injury group. The serum levels of DAO, HDC, and MMPS8 were higher in the former than in the latter (178.15 +

Table 2 The Gl Injury in Different Severe of AP Patients

MAP MSAP SAP
N 209 102 77
Non-Gl injury [N (%)] | 153 (73.2%) | 22 (21.6%) | 4 (5.2%)
AGI | 153 22 4
Gl injury [N (%)] 56 (26.8%) | 80 (78.4%) | 73 (94.8%)
AGI II 56 73 28
AGI Il 0 7 41
AGI IV 0 0 4

) 154.805

P <0.001

Abbreviations: AGI, acute gastrointestinal injury; Gl, gastrointestinal; MAP,
mild acute pancreatitis; MSAP, moderate severe acute pancreatitis; SAP, severe
acute pancreatitis.
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Figure | Serum HDC, DAO and MMP8 levels in healthy controls and patients in each group. (A) Serum DAO, HDC, and MMP8 levels were significantly higher in AP
patients than in healthy controls. (B) Serum levels of DAO, HDC, and MMP8 were higher in Gl injury patients than in non-Gl injury patients.

Note: *: P < 0.05.

Abbreviations: HDC, histidine decarboxylase; DAO, diamine oxidase; MMP8, matrix metalloproteinase 8; AP, acute pancreatitis; Gl, gastrointestinal.

115.71 vs 63.12 + 68.19 ng/mL, 13.31 + 7.86 vs 5.76 + 2.10 ng/mL, and 738.82 + 335.31 vs 297.83 + 126.66 pg/mL,
P < 0.05, respectively; Table 3 and Figure 1B).

Histopathological Analysis of Pancreatic and Intestinal Tissues
Edema, hemorrhage, inflammation, and necrosis were observed in the pancreas in the AP group (Figure 2A-C). Edema,

hemorrhage, loss in the apex of the villus, massive detachment of the epithelium down the sides of villi, and

chyladenectasis were detected in the AP group (Figure 2D-F), and the Histological Scores for Intestinal Damage

Table 3 Serum HDC, DAO, and MMP8 Levels in AP Patients with Different AGI Class

Normal Non-Gl Injury (AGI I) Gl Injury (AGI 1I-1V)
N 20 179 209
DAO (ng/mL) 1125 + 1.87 63.12 £ 68.19* 178.15 + | 15.71%#
HDC (ng/mL) 3.32 % 1.00 5.76 = 2.10% 1331 + 7.86%#
MMP8 (pg/mL) | 87.73 + 14.25 297.83 * 126.66* 738.82 £ 335.31%#

DAO (ng/mL)
HDC (ng/mL)
MMP8 (pg/mL)

AGI I
157
129.81 = 61.41a
9.71 + 426a
683.58 + 270.72a

AGI Il
48
384.17 + 71.36ab
23.78 + 5.74ab
1242.13 + 182.61ab

AGI IV
4

437.95 £ 60.10a
29.09 + 7.84a
1453.11 £ 56.19abc

Notes: *vs Normal, P < 0.05; # vs Non-Gl injury, P < 0.05. a: vs AGI |, P < 0.05; b: vs AGI II, P < 0.05; c: vs AGI IlI, P < 0.05.
Abbreviations: DAO, diamine oxidase; HDC, histidine decarboxylase; MMP8, matrix metalloproteinase 8; AGI, acute gastrointestinal injury; Gl,

gastrointestinal; AP, acute pancreatitis.
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Normal

Pancreas:

Intestine

Figure 2 Pancreas and intestinal injury in AP rats. (A—C) Edema, hemorrhage, inflammation, and necrosis were observed in the pancreas in the AP group. (D-F) Edema,
hemorrhage, loss in the apex of the villus, massive epithelial lifting down the sides of villi, and chyladenectasis were detected in the AP group.
Abbreviations: AP, acute pancreatitis; SO, sham-operated group. Note, Black arrow, necrosis; Red arrow, hemorrhage; Orange arrow, loss in the apex of the villus.

(HSID) were statistically higher in the AP group than in normal and SO groups at the same time point (P < 0.05;
Table 4).

The Serum DAO, HDC, and MMP8 Levels in AP Rats

The serum level of DAO was higher in the AP group than in the SO group at 6 h, 12 h, and 24 h (17.82 + 1.18 vs
14.16 + 0.93 ng/mL, 19.83 + 0.44 vs 13.98 + 0.76 ng/mL, and 21.52 + 1.48 vs 14.61 + 0.98 ng/mL, respectively; P <
0.05 at all time points, Figure 3A). The serum levels of HDC were higher in the AP group than in the SO group at 6
h, 12 h, and 24 h (4.23 £ 0.27 vs 2.19 = 0.21 ng/mL, 5.51 + 0.97 vs 2.41 + 0.21 ng/mL, and 6.42 + 0.88 vs 2.44 +
0.28 ng/mL, respectively; P < 0.05 at all time points, Figure 3B). The serum levels of MMPS8 were also higher in the
AP group than in the SO group at 0 h, 6 h, 12 h, and 24 h (169.00 + 38.04 vs 90.51 + 1.08 pg/mL, 211.71 £ 30.95 vs
91.72 + 1.86 pg/mL, 279.50 = 35.38 vs 92.77 = 1.95 pg/mL, and 309.42 + 33.80 vs 91.43 = 1.53 pg/mL, respectively;
P < 0.05 at all time points, Figure 3C).

Table 4 The Intestinal Score, Serum HDC, DAO, and MMP8 Levels in AP Rats

N HSID DAO (ng/mL) | HDC (ng/mL) | MMP8 (pg/mL)
Normal 6 0.50 + 0.55 13.77 £ 0.79 211 +0.29 87.76 + 1.12
SO

0h 6 050 + 0.55 14.08 + 0.59 2.18 + 021 90.51 + 1.08
6h 6 033 +0.52 14.16 + 0.93 219 £ 021 91.72 + 1.86
12 h 6 0.50 + 0.55 13.98 + 0.76 241 £ 021 92.77 + 1.95
24 h 6 117 + 0.41 1461 +0.98 244 + 028 91.43 + 1.53
AP

0h 6 1.67 + 052 13.97 + 0.50 2.77 £ 046 | 169.00 + 38.04ab
6h 6 183+075 | 17.82+ 1.18ab | 423 £027ab | 211.71 + 30.95ab
12 h 6 200 +0.89 | 19.83 £ 0.44ab | 551 £097ab | 279.50 + 35.38ab
24 h 6 3.50 + 0.55ab | 21.52 + |.48ab | 642 +0.88ab | 309.42 + 33.80ab

Notes: a: vs Normal, P < 0.05; b: vs SO, P < 0.05.

Abbreviations: AP, acute pancreatitis; HSID, Histological Scores for Intestinal Damage; DAO, diamine oxidase;

HDC, histidine decarboxylase; MMP8, matrix metalloproteinase 8.
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Figure 3 Serum DAO, HDC, and MMP8 levels and tight junction protein expression in AP rats. (A-C) Serum DAO, HDC, and MMP8 levels were higher in the AP group
than in the normal group and SO group at the same point of time. (D) Western blot for tricellulin, claudin-1, ZO-1, and occludin in the intestinal mucosa of rats. (E-H) The
expression of tricellulin, claudin-1, ZO-1, and occludin was significantly decreased in the AP group than in the normal group and SO group.

Note: ns: P > 0.05; *: P < 0.05.

Abbreviations: DAO, diamine oxidase; HDC, histidine decarboxylase; MMP8, matrix metalloproteinase 8; AP, acute pancreatitis; SO, sham-operated group; TRIC, tricellulin.

The Expressions of Tricellulin, Claudin-1, ZO-1, and Occludin in Rat’s Intestinal
According to the HSID, the expression of proteins was detected 24 h after the establishment of the AP model. The
expression of tricellulin, claudin-1, ZO-1, and occludin were significantly decreased in the AP group than in the normal
group and SO group (P < 0.05; Figure 3D-H).

The Serum DAO, HDC, and MMP8 Level and Gl Injury in AP Patients

The predictive value of DAO, HDC, and MMPS8 in GI injury in AP patients was assessed using ROC curves (Figure 4).
The AUCs of DAO, HDC, and MMP8 ROCs were 0.879 [95% CI (0.844, 0.915)], 0.854 [95% CI (0.815, 0.894)], and
0.898 [95% CI (0.867, 0.929)], respectively.
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Figure 4 Prediction of Gl injury using ROC of serum HDC, DAO, and MMP8 levels. The areas under the ROCs of DAO, HDC, and MMP8 were 0.879 [95% CIl (0.844,
0.915)], 0.854 [95% CI (0.815, 0.894)], and 0.898 [95% CI (0.867, 0.929)], respectively.
Abbreviations: G, gastrointestinal; ROC, receiver operating characteristic; DAO, diamine oxidase; HDC, histidine decarboxylase; MMP8, matrix metalloproteinase 8.
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Discussion

Acute pancreatitis is considered an inflammatory disorder of the pancreas. SAP would be life-threatening, with
mortality rates as high as 30%. Although patients with MAP typically recover completely, SAP would be fatal.”
GI injury is present in nearly half of patients with AP and is an independent predictor of mortality.?® In this study,
the SAP group had higher APACHE-II and BISAP scores than the MSAP group and MAP group, but there was no
significant difference in Ranson scores among these three groups. These results indicated that these scoring
systems are inadequate for identifying severe AP at an early stage. The mCTSI scores were the highest in the SAP
group, followed by the MSAP group and the MAP group, indicating a high-performance diagnostic value for the
severity of AP. Conversely, the rate of GI injury was the highest in the SAP group. This result indicated that GI
injury is the most prevalent among SAP patients.

Although many biomarkers have been used for the diagnosis of human intestinal injury, including intestinal
fatty acid binding protein (I-FABP), interleukin-6 (IL-6), C-reactive protein, and serum amyloid A (SAA), none of
these biomarkers is superior to others,”” and no single biomarker has been found to be particularly accurate for GI
injury.* This study found no predictive value of routine blood tests for GI injury. Therefore, more biomarkers to
predict the efficacy of GI injury in the early stage of AP need to be identified. DAO is localized in the mucosa
and shows high activity in the small intestine, and serum DAO levels indicate the maturity and integrity of the
intestinal mucosa.>! Several previous studies have reported that increasing serum DAO levels indicate intestinal
mucosal damage.'' The enzyme HDC has been identified as the exclusive catalyst for histamine biosynthesis.*'
Numerous investigations have revealed that the activity of HDC is heightened in swiftly dividing tissues,
including the fetal tissues of rodents, tissues undergoing the process of mending, and the regeneration of the
liver after hepatectomy. Another study suggested that HDC plays a pivotal role in tissue regeneration and
restoration of mucosal function following ischemia—reperfusion (I/R) injury.'® Therefore, HDC has been identified
as a prospective biomarker for assessing intestinal mucosal injury in individuals with acute intestinal
obstruction.’” In the present study, the serum levels of DAO and HDC showed direct correlation with the
increasing severity of AP in the first 24 h after hospitalization and more significantly in GI injury, and these
levels then increased by 6 h after AP in animal studies. Furthermore, we found that early serum levels of DAO
and HDC predicted GI injury with a higher diagnostic yield accuracy as the AUCs of DAO and HDC were 0.879
[95% CI (0.844, 0.915)] and 0.854 [95% CI (0.815, 0.894)], respectively. Several studies have shown that MMPs
are released in response to distant organ injury in AP animal models.>*-** Previous research has reported elevated
MMP-9 levels in individuals who manifest SAP within 48 h of hospitalization. The AP group had higher MMP
levels than the control group, with MMP-8 serving as a predictor of SAP.'” In this study, we found that the serum
level of MMP8 was significantly elevated in the early stages of AP and that MMPS8 was elevated at as early as 6
h after AP in animal models, thus providing a better AUC for predicting GI injury in clinical studies. This study
partly compensates for the paucity of serological markers of early prediction of GI injury in AP.

The mechanism of GI disruption in AP remains uncertain. Gut barrier dysfunction may be the main pathogenic
mechanism. Intestinal barrier dysfunction increases pro-inflammatory factors in the blood, causing SIRS, secondary
infection of necrotic pancreas, and multiorgan dysfunction.®> The tight junction is a permeable and dynamic barrier
between intestinal epithelial cells. The downregulation of TJ proteins, namely claudin-1, ZO-1, and occludin alters the
tight junctions between cells and facilitates the translocation of intestinal microflora. Recent scientific research has
demonstrated that TJ proteins, which are crucial constituents of the intestinal mucosal barrier, are indicative of changes in
intestinal mucosal function.*** Inflammatory reactions, necroptosis, and oxidative stress were considered as principal
factors in SAP-induced intestinal barrier injury.23 The expression of tricellulin, claudin-1, ZO-1, and occludin was
significantly reduced in AP rodents, according to this study. Our study demonstrated that TJ proteins not only the
bicellular TJs but also tricellular TJs, were damaged in AP.

This investigation possesses both strengths and limitations. Our study identified that serum DAO, HDC, and MMP8§
levels can be new biomarkers of GI injury in the early stage of AP and that intestinal TJ disruption may be a major
mechanism of GI injury. The study conducted was limited to a single center and had a relatively small sample size.
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Furthermore, there were no detailed molecular mechanistic investigations conducted on animal models. To enhance the
robustness of our findings, it is imperative that we increase the sample size and further investigate additional molecular
mechanisms in future studies.

Conclusion

Our investigation revealed that the serum levels of DAO, HDC, and MMPS predicted GI injury with a higher diagnostic
yield accuracy, and they can serve as novel biomarkers for GI injury in the initial phase of AP. Furthermore, the
impairment of intestinal TJs could be a crucial mechanism behind GI injury and requires more in-depth research.

Abbreviations

AGI, acute gastrointestinal injury; GI, gastrointestinal; AP, acute pancreatitis; TJ, tight junction; MAP, mild acute
pancreatitis; MSAP, moderate severe acute pancreatitis; SAP, severe acute pancreatitis; DAO, diamine oxidase;
HDC, histidine decarboxylase; MMPS8, matrix metalloproteinase 8; ROC, receiver operating characteristic; SO,
sham-operated group; SIRS, systemic inflammatory response syndrome; APACHE, Acute Physiology, and Chronic
Health Evaluation; MMPs, matrix metalloproteinases; BISAP, Bedside Index of Severity in Acute Pancreatitis;
mCTSI, Modified CT severity index; AUC, area under the curve; HSID, Histological Scores for Intestinal
Damage.
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