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A B S T R A C T   

Acute pancreatitis (AP) is one of the most common gastroenterological disorders requiring hospitalization and is 
associated with substantial morbidity and mortality. Metabolomics nowadays not only help us to understand 
cellular metabolism to a degree that was not previously obtainable, but also to reveal the importance of the 
metabolites in physiological control, disease onset and development. An in-depth understanding of metabolic 
phenotyping would be therefore crucial for accurate diagnosis, prognosis and precise treatment of AP. In this 
review, we summarized and addressed the metabolomics design and workflow in AP studies, as well as the results 
and analysis of the in-depth of research. Based on the metabolic profiling work in both clinical populations and 
experimental AP models, we described the metabolites with potential utility as biomarkers and the correlation 
between the altered metabolites and AP status. Moreover, the disturbed metabolic pathways correlated with 
biological function were discussed in the end. A practical understanding of current and emerging metabolomic 
approaches applicable to AP and use of the metabolite information presented will aid in designing robust 
metabolomics and biological experiments that result in identification of unique biomarkers and mechanisms, and 
ultimately enhanced clinical decision-making.   
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1. Background 

Acute pancreatitis (AP) is an inflammatory disorder of the pancreas, 
primarily precipitated by biliary pathologies, alcohol, and hyper
triglyceridemia (HTG) [1–4]. Most patients will develop a mild disease 
course (self-limited), in which moderate fluid resuscitation, manage
ment of pain and nausea, and early oral feeding result in rapid clinical 
improvement [5]. Around 20% of patients will have a severe form of AP, 
with a mortality rate from 19 to 52% [6–9]. The most commonly used 
severity classification system for AP is the 2012 revision of the Atlanta 
classification that offers three categories of mild, moderate, or severe 
[10]. Severe AP (SAP) is initiated by acinar cell injury-mediated local 
inflammation and progresses to the systemic inflammatory response 

syndrome (SIRS), accompanied by the inevitable multiple organ injury, 
and eventually this leads to multiple organ dysfunction syndrome 
(MODS) [11,12]. Over the years, advances have been made in various 
aspects of AP research – for examples, biomarkers identification for 
diagnosis [13–16], etiology definition [4,17–21], severity grading 
[22–32] (Table 1); development of management [15] guideline to 
mitigate the risk and improve performance; as well as discovery po
tential therapeutic agents such as ORAI1 inhibitors GSK-7975A [33] and 
CM4620 [34], and the mitochondrial permeability transition pore 
(MPTP) inhibitor TRO40303 [35]. However, there remain major chal
lenges in AP diagnosis and treatment, including (1) the lack of labora
tory biomarkers for accurate prediction of SAP on admission; (2) the 
determination of risk factors [gallstones, obesity, alcohol, smoking, 

Table 1 
Summary of markers for diagnosis, etiology and severity of acute pancreatitis.  

Application Biomarkers Time 
points 

Cut-off or 
threshold 

Type of study Number 
of 
studies 

Number of 
participants 

AUC Sensitivity Specificity PPV NPV Ref. 

Diagnosis Serum amylase On 
admission 

>3 times 
normal 

Meta-analysis  3  605 NA 0.72 0.93 0.74 0.92 [16] 

Serum lipase On 
admission 

>3 times 
normal 

Meta-analysis  4  678 NA 0.79 0.89 0.68 0.93 

Urinary trypsinogen- 
2 

On 
admission 

>50 ng/mL Meta-analysis  5  841 NA 0.72 0.90 0.67 0.92 

Etiology HTG- 
AP 

Serum 
triglyceride 

NA >1000 mg/ 
dL or >500 
mg/dL and 
lipaemic 
serum or 
history of 
HTG 

Systematic 
review  

38  1979 NA NA NA NA NA [4] 

BAP Serum ALT NA ≥150 IU/L Meta-analysis  NA  NA NA NA NA 0.95 NA [17] 
Within 24 
h of 
admission 

>80 IU/L Prospective 
study  

1  68 NA 0.91 1 1 0.86 [18] 

On 
admission 

>2 times 
normal 

Prospective 
study  

1  213 NA 0.74 0.84 0.88 0.66 [19] 

>3 times 
normal 

NA 0.61 0.91 0.92 0.59 

On 
admission 

>150 IU/L Prospective 
database  

1  464 NA 0.51 0.97 0.80 0.96 [20] 

AAP Serum CDT Within 72 
h of 
admission 

≥22.5 U/L Retrospective 
study  

1  70 NA 0.875 0.852 NA NA [21] 

Serum 
trypsin 

Within 72 
h of 
admission 

152 U/L Retrospective 
study  

1  70 NA 0.60 1 NA NA 

Severity C-reactive protein Within 72 
h of 
admission 

NA Meta-analysis  6  869 0.73 0.71 0.87 NA NA [24] 

Blood urea nitrogen On 
admission 

≥20 mg/dL Prospective 
database  

1  1612 0.65 0.55 0.75 0.35 0.87 [25] 

Hematocrit On 
admission 

≥44% Prospective 
database  

1  1612 0.67 0.59 0.74 0.37 0.88 [25] 

Procalcitonin With 48 h 
or highest 
value 

NA Systematic 
review  

12  826 0.87 0.72 0.86 NA NA [26] 

Interleukin-6 Day 1 >50 ng/mL Systematic 
review  

4  NA 0.93 0.87 0.88 NA NA [27] 

Triglyceride Within 2 
days of 
admission 

>2648 mg/ 
dL 

Retrospective 
study  

1  144 0.71 0.75 0.65 NA NA [28] 

TyG index On 
admission 

4.92 Prospective 
study  

1  395 0.79 0.92 0.374 NA NA [29] 

HOMA-IR On 
admission 

NA Prospective 
study  

1  269 0.72 NA NA NA NA [30] 

NLR 1 day after 
admission 

NA Meta-analysis  10  1713 0.82 0.79 0.71 NA NA [31] 

Calcium On 
admission 

1.97 mmol/ 
L 

Retrospective 
study  

1  128 0.89 0.89 0.75 0.51 0.96 [32] 

Abbreviations: AAP, alcoholic acute pancreatitis; ALT, alanine aminotransferase; AUC, area under curve; BAP, biliary acute pancreatitis; CDT, carbohydrate-deficient 
transferrin; HOMA-IR, homeostatic model assessment of insulin resistance; HTG-AP, hypertriglyceridemia induced acute pancreatitis; NA, not available; NLR, 
neutrophil-lymphocyte ratio; NPV, negative predictive value; PPV, positive predictive value; TyG, triglyceride and glucose. 

Y. Peng et al.                                                                                                                                                                                                                                    



BBA - Molecular Basis of Disease 1867 (2021) 166123

3

genetics, endoscopic retrograde cholangiopancreatography (ERCP)] 
that contribute to the episode of AP; (3) poorly understood pathogenesis 
of AP, mostly derived from animal models and relative lack of knowl
edge in human beings; and (4) no effective therapeutic agent exists to 
ameliorate or prevent AP. Therefore, new approaches dedicated to the 
discovery of specific biomarkers that offer more accurate diagnosis, 
etiological definition and severity stratification in AP, as well as the 
identification of reliable targets that could lead to the development of 
novel drugs are in urgent need [36–38]. 

The recently developed “omics” techniques facilitate high- 
throughput and high-content screening of disease related biomarkers 
in biological samples, of which metabolomics is one of the most prom
ising approaches for precision medicine [39]. Although genetic varia
tion in populations exists at birth, metabolic profiling is responsive to 
environmental factors such as dietary intake, gut microbiota variation, 
physical activity, and environmental exposures, and thus provides a 
highly integrated profile that is the end result of genomic, epigenetic, 
transcriptomic, and proteomic variation [40]. Metabolomics research, 
the comprehensive profiling of small molecule metabolites in biofluids 
or tissues, is aimed at investigating the global changes of numerous 
metabolites (substrates and products of metabolism) in a given sample 
type (e.g., cell, tissue, serum) with various analytical platform tech
nologies, followed by deep data mining and bioinformatic analysis 
[41,42]. Metabolites have various functions in disease development, 
such as producing energies [43], synthesizing or modifying macromol
ecules [44,45], and serving as signaling molecules and hormones 
[46,47]. Metabolite biomarker discovery efforts have shown that the 
elevated levels of plasma trimethylamine N-oxide (TMAO) increased 
atherosclerosis risk [48], oncometabolites including 2-hydroxygluta
rated [49], sarcosine [50], and glutamine [49] linked to tumors devel
opment, as well as branched-chain amino acids (BCAAs) that precede 
insulin resistance and diabetes [51]. Increasingly, dysregulated meta
bolism is also being recognized as a major contributor to a disease not 
traditionally considered as “metabolic” in origin, and even in critical 
illness such as sepsis [52]. Metabolomics has shown the potential to 
predict severity and differentiate sepsis patients from SIRS, and indi
cated energy production pathways that play vital roles in the patho
physiology of sepsis [53]. Thus, metabolomics can serve as a precise and 
noninvasive tool not only to define biomarkers that predict disease 
incidence, severity, and progression, but also to cast new light on un
derlying mechanistic abnormalities [52]. 

With the continuous development of instruments and sample prep
aration methods, advancements have been made in AP metabolomics 
studies over the past two decades. A mini-review recently discussed the 
application of metabolomics in the clinical diagnosis, prognosis, treat
ment, and evaluation of pancreatic diseases [54]; however, it did not 
fully summarize the altered metabolites and dysregulated metabolic 
pathways related to the underlying mechanisms of AP. Therefore, we 
have undertaken a comprehensive review of 22 articles carried out so far 
on AP metabolomics (Fig. S-1). In this review, we addressed and dis
cussed the metabolomics study design and workflows used on AP, and 
outlined the alterations of the metabolome of blood, urine, and 
pancreatic tissue in clinical populations and experimental models. 
Finally, we focused on several abnormal metabolic pathways in AP, 
which may hopefully improve our knowledge on the molecular mech
anisms mediating AP development and aid in the identification of new 
therapeutic strategies for this sudden inflammatory disease. 

2. Metabolomics design and workflows 

The field of metabolomics has undergone a rapid technological 
evolution in the past decades [42,52,55–57]. These advancements in 
metabolomics can lead to an increase in our understanding of patho
physiological mechanisms and identifying potential biomarkers for AP 
diagnosis and prognosis. A good metabolomics study begins with a 
cogitative hypothesis and careful study design scheme to ensure reliable 

results [58] (Fig. 1). Metabolomics can be divided into non-targeted and 
targeted metabolomics according to its research purpose [59,60]. Non- 
targeted metabolomics is best suited as a discovery tool for identifying 
metabolites that change in response to manipulation of a biological 
system rather than providing the exact concentration of a known 
metabolite [61]. It is generally used for hypothesis generation. Targeted 
metabolomics is often used for detecting predefined metabolites driven 
by a specific biochemical question [59]. Nowadays, these two metab
olomics approaches are often combined to achieve the goals of better 
metabolite coverage and reproducibility [62,63]. Generally, the 
metabolomics workflow consists of sample collection, sample prepara
tion, data acquisition, data analysis and biological interpretation/vali
dation [64–67], as depicted in Fig. 1. 

Proper sample collection is one of the most important steps, which 
directly determines the reliability of the entire study [68,69]. A standard 
operation procedure (SOP) for sampling and clinical information 
recording is essential to collecting valid samples of patients and control 
subjects. The blood collection tubes should be carefully selected, since 
the citrate or EDTA additives could influence the measurement of some 
metabolites [70]. A critical individual demographic and clinical infor
mation involves admission time, ethnicity, age, gender, body mass 
index, alcohol and smoking use, diet, medical history, clinical diagnosis 
and severity classification for patients and similar matched information 
for controls. Normally, patient samples collected within the first 24 h of 
admission to hospital (or as soon as possible) and follow-up samples 
collected afterwards at a fix interval for each patient is typically the best 
approach. Early sample acquisition and analysis of metabolic alteration 
in the early phase of AP with different severity can potentially be used 
for assessing risk stratification as well as for elucidating mechanism in 
the acute phase. In comparison to human cohorts, animal models enable 
easier implementation of study protocols for biofluids and tissues har
vesting under anesthesia or euthanasia [40]. It should be emphasized 
that all the samples require rapid collection, aliquoting, quenching, and 
storage at − 80 ◦C or lower, as well as avoidance of multiple freeze-thaw 
cycles [68]. A pooled sample generated by mixing a small aliquot of the 
study specimens can serve as a quality control (QC) to assess the tech
nique precision and correct baseline drift and signal intensity across the 
analysis [71]. Unfortunately, there is no single extraction technique that 
can capture the entire metabolome [72]. As a result, the choice of 
extraction conditions (e.g., liquid-liquid extraction and deproteination) 
is influenced by sample matrix interference and the specific analytical 
platforms used [72–74]. Detailed extraction methods used for AP 
metabolomics have been summarized in Table 2. 

Nuclear magnetic resonance (NMR) and mass spectrometry (MS) are 
two of the most popular analytical tools used in metabolomics 
[67,75–77]. They have different extraction, data acquisition and pro
cessing methods because of various physical and chemical properties 
[77–79]. NMR is non-destructive and requires minimal sample prepa
ration, detects compounds difficult to ionize or derivatize, and is 
amenable to high-throughput, but is less sensitive and typically require a 
larger amount (typically 10–200 mg) of sample [80]. Proton magic angle 
spinning (1H MAS) NMR is specifically designed for intact tissue 
(pancreas) without sample preparation [81]. 

In contrast to NMR, MS offers a highly sensitive and selective 
approach to measure hundreds to thousands of metabolites based on 
their mass/charge ratio and signal intensity, but it requires sample 
extraction procedures and is affected by ionization suppression and 
sample matrix effects [78,82]. Gas chromatography (GC) or liquid 
chromatography (LC) coupled to MS provide separation techniques to 
reduce the complexity of bio-samples [83]. GC–MS is easy to operate 
and has good stability and repeatability; it is most suitable for naturally 
volatile and thermally stable metabolites as well as metabolites made 
volatile by derivatization [78,84]. The two-step derivatization method 
involving oximation and silylation provides for a broad coverage of free 
fatty acids, steroids, sugars and citric acid cycle metabolites (Table 2). 
Unlike GC-MS, LC-MS does not require volatile analytes and often 
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requires minimal sample preparation [84,85]. Reverse phase and hy
drophilic interaction chromatographies are two commonly used sta
tionary phases applied for nonpolar and polar metabolites, respectively 
[86,87]. Various types of MS such as triple quadrupole (QqQ) and high 
resolution (HR) MS have been hyphenated with LC systems [75]. Mul
tiple reaction monitoring (MRM)-based targeted metabolite quantita
tion exhibits high sensitivity, broad dynamic range, and reliable 
accuracy for limited sets of known metabolites [88]. HRMS instruments, 
including time of flight (TOF) and Orbitrap platforms are prevalent due 
to their high resolution and accurate mass determination capabilities 
[67,75,89]. However, the non-targeted TOF and Orbitrap approaches 
rely heavily on availability of spectral databases [85]. Identification of 
unknown features is the major challenge in non-targeted metabolomics 
[60,90]. Methods for definitive identification and currently available 
resources are described in a number of published reviews [91–95]. Most 
of the metabolite feature identifications are putative according to 
spectral matching or retention times based on in-house databases, the 
Human Metabolome Database (HMDB) (https://hmdb.ca/), the Na
tional Institute of Standards and Technology (NIST) (https://www.nist. 
gov/), or the Fiehn lab GC-MS database (https://fiehnlab.ucdavis.edu/). 

After metabolomic data acquisition, the raw data are processed by 
run or batch normalization, missing value imputation, data standardi
zation and data transformation or scaling [96,97]. To identify differ
ential metabolites, univariate statistics [98,99] including the parametric 
test (Student’s t-test and Analysis of Variance) and nonparametric tests 
(Kruskal–Wallis and Mann–Whitney U test) have been applied for 

normally distributed and skewed datasets, respectively. Usually, the 
Benjamini–Hochberg procedure is performed to adjust p-values and 
reduce false discovery errors due to multiple testing. Multivariate sta
tistical analysis [100] including principal component analysis (PCA), 
partial least squares discriminant analysis (PLSDA), orthogonal projec
tion latent structure discriminant analysis (OPLS-DA), and random for
ests (RF) also serves as a discriminating tool to find differential 
metabolite profiles and to build a predictive model. Moreover, use of an 
external validation cohort is essential for biomarker discovery through 
assessing accuracy, sensitivity, and specificity of the established model 
using the parsimonious panel of differential metabolites [101,102]. 
Lastly, the metabolites are often analyzed from the perspective of their 
respective metabolic pathways in order to identify perturbations at the 
pathway level, using software such as MetaboAnalyst (http://www. 
metaboanalyst.ca) [103]. From the disrupted metabolic pathways and 
altered metabolite levels, additional functional exploration based on cell 
biology then need to be performed to verify initial findings. Typical 
methods for functional metabolomics study have been reviewed recently 
[67]. 

3. Metabolomics studies on patients with AP 

With the goal of biomarker discovery to improve diagnosis and 
prognosis, GC-MS and NMR based untargeted metabolomics have been 
mainly implemented using biofluids from AP patients. Over the past 
decade, improvements in HRMS analytical technologies have allowed a 

Fig. 1. Overall study design for metabolomics workflow in AP studies.  
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broader coverage of the metabolome. Most of these studies examined 
blood, e.g., serum accounts for 53%, plasma 20%, followed by urine 
27% of the published literature (Fig. S-1). In the following section, we 
review differential metabolites in blood and urine matrices obtained 
from AP patients that may be useful for diagnosis, disease etiology 
classification, and severity prediction (Table 3). 

3.1. Blood metabolome 

Due to the minimally invasive nature and relatively easy availability, 
most of the untargeted metabolomics studies and one targeted metab
olomic study [104] have been performed using plasma/serum samples. 
In general, the differential metabolites identified as useful for diagnosis 

and prognosis of AP could be classified into five categories: (1) energy- 
related sugars, ketones, and organic acids; (2) amino acids; (3) lipids; (4) 
purines; and (5) gut microbiome metabolites. 

Citrate, a precursor of pyruvate, provides feedback inhibition of the 
tricarboxylic acid (TCA) cycle. An elevation of citrate in blood was 
detected in some AP clinical metabolomics studies [105,106], which 
suggested an impaired TCA cycle and mitochondrial dysfunction. 
Recently, Xiao et al. [106] used GC-MS combined with RF analysis to 
accurately distinguish mild acute pancreatitis (MAP) from SAP [dis
covery group accuracy = 87.50%, sensitivity = 94.44%, and specificity 
= 92.30%; and validation group accuracy = 87.50%, sensitivity =
100%, and specificity = 92.85%] and identified citrate as the metabolite 
with the largest feature importance. Altered levels of citrate have also 

Table 2 
Summary of extraction methods used in AP metabolomic studies.  

Analytic 
platform 

Sample 
type 

Sample 
volume 

Internal 
standard 

Methods Extraction solvent Major metabolites Ref. 

1H NMR Human 
serum 

250 μL TMSP (1:1) Dilution 0.2 M Na2HPO4 Organic acids, amino acids, lipids [113] 

Human 
serum 

300 μL TMSP (1:1)b Dilution 7.5 mM Na2HPO4, 20% D2O, 
0.025% NaN3 

Fatty acids, lipids [119] 

Rat serum 200 μL NAa (1:2) Dilution Saline, 20%D2O Organic acids, sugars [135] 
Rat serum 400 μL NA (4:1) Dilution 0.2 M Na2HPO4, 0.2 M 

NaH2PO4, D2O 
Organic acids, sugars, amino acids, 
nucleotides, lipids, fatty acids 

[136] 

Human 
plasma 

200 μL NA (1:2) Dilution 0.9% Saline, 10% D2O Organic acids, amino acids, sugars, 
lipids 

[108] 

Rat plasma 150 μL TMSP (3:7) Dilution D2O Organic acids, amino acids, sugars, 
lipids 

[133,134] 

Human 
urine 

400 μL TMSP (2:1) Dilution Na2HPO4, 20% D2O Organic acids, amino acids, lipids [108] 

Human 
urine 

1 mL TMSP (2:1) Dilution 0.2 M Na2HPO4 Amino acids, amines, organic acids [113] 

Human 
urine 

1 mL TMSP (2:1) Dilution 0.2 M Na2HPO4, D2O Organic acids, nucleotides [125] 

Rat urine 400 μL TMSP (2:1) Dilution 0.2 M Na2HPO4, 40 mM 
NaH2PO4, 20% D2O, 3 mM 
NaN3 

Organic acids, amino acids, amines [135] 

1H MAS 
NMR 

Rat 
pancreas 

15 mg NA Excised sections D2O Organic acids, sugars, amino acids, 
lipids, nucleotides 

[132] 

GC–MS Human 
serum 

100 μL 2-IPMA (1:3) Protein precipitation 
Oximation, and silylation 

MeOH 
MeOX, BSTFA, 1% TMCS 

Organic acids, amino acids, sugars, 
fatty acids 

[106] 

Human 
serum 

100 μL HDA (1:3) Protein precipitation 
Oximation, and silylation 

MeOH 
MeOX, BSTFA, 1% TMCS 

Organic acids, amino acids, sugars, 
fatty acids 

[122] 

Mouse 
serum 

50 μL 2-IPMA (1:5) Liquid-liquid extraction 
Oximation and silylation 

MeOH:H2O:CHCl3 = 2.5:1:1 
MeOX and MSTFA 

Organic acids, amino acids, sugars, 
fatty acids 

[131] 

Mouse 
serum 

200 μL NA (1:2) Protein precipitation 
Oximation and silylation 

Acetone 
MeOX, BSTFA, 1% TMCS 

Organic acids, fatty acids, amino 
acids 

[139] 

Human 
plasma 

40 μL Ribitol (4:155) Liquid-liquid 
extraction 
Oximation and silylation 

MeOH:MTBE:H2O =
30:100:25 
MeOX, MSTFA 

Organic acids, amino acids, sugars [105] 

Human 
urine 

600 μL L-2-CPA (60:55) Derivatization EtOH:pyridine:ECF = 8:2:1 Organic acids, lipids, benzenoids [107] 

Mouse 
pancreas 

20 mg 2-IPMA (1:50) Homogenization 
Liquid-liquid extraction 
Oximation and silylation 

MeOH:H2O:CHCl3 = 2.5:1:1 
CHCl3:H2O = 9:4 
MeOX, MSTFA 

Organic acids, amino acids, sugars, 
lipids 

[131] 

LC-MS Human 
serum 

100 μL NA (1:3) Protein precipitation MeOH Organic acids, fatty acids, lipids [117] 

Rat serum 150 μL NA (1:4) Protein precipitation MeOH Organic acids, amino acids, sugars, 
lipids 

[137] 

Human 
plasma 

40 μL NA (4:155) Liquid-liquid 
extraction 

MeOH:MTBE:H2O =
30:100:25 

Lipids [105] 

Human 
plasma 

5 μL d5-Try (5:20) Protein precipitation CCl3COOH Amino acids, organic acids [124] 
100 μL NA (10:13) Protein precipitation ACN:H2O = 4:6 3-Hydroxykynurenine 

Mouse 
pancreas 

NA NA Fixing 
(1:4) Homogenization 
(100:4) Protein precipitation 

0.1% HCOOH 
PBS + 10 mM NEM 
HClO4 

Amino acids [104] 

Abbreviations: ACN: acetonitrile, BSTFA: N,O-bis(trimethylsilyl)-trifluoroacetamide, CPA: chlorophenylalanine, ECF: ethyl chloroformate, GC-MS: gas 
chromatography-mass spectrometry, HDA: heptadecanoic acid, IPMA: isopropylmalic acid, L-2-CPA: L-2-chlorophenylalanine, LC-MS: liquid chromatography-mass 
spectrometry, MAS NMR: magic angle spinning nuclear magnetic resonance, MeOX: methoxyamine, MSTFA: N-methyl-N-trimethylsilyltrifluoroacetamide, MTBE: 
methyl tert-butyl ether, NEM: N-ethylmaleimide, NMR: nuclear magnetic resonance, PBS: phosphate buffered saline, TMCS: trimethylchlorosilane, TMSP: trime
thylsilylpropionic acid, Try: tryptophan. 

a NA refers to not available or not mentioned in the literature. 
b Ratio in the brackets refers to the volume-volume ratio or weight-volume ratio of the sample to the solvent. 
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been found in hyperlipidemic AP (HLP) patients and alcoholic subjects 
[107,108]. However, due to its non-specificity, the evaluation of plasma 
citric acid is scarcely used in the diagnosis of human diseases. 

Synthesis and utilization of ketone bodies [acetoacetate, 3-hydroxy
butyrate (3-HBA), and acetone] is thought to play a key role in AP. 
Changes in 3-HBA levels have been detected in several AP metabolomics 
studies (Table 3), and it was elevated in the blood of AP patients in some 

cases [106,108]. However, excessive 3-HBA would affect the pH in 
blood and dysregulate the internal environment balance of body [106]. 
Kabadi showed that ketosis or ketoacidosis secondary to AP is a distinct, 
though previously unrecognized syndrome, which is induced and 
maintained by extremely high levels of pancreatic lipase in the circu
lation [109]. In accordance with these results, Xiao et al. reported 3-HBA 
as a potential prediction marker for SAP [106]. Ketones are also 

Table 3 
Metabolomic studies on AP patients.  

Sample 
types 

Purpose Statistical tools Groups & number Main differentiateial metabolites from AP vs controla Ref. 

Serum Diagnosis M-W U test, PCA, RF, AUROC = 0.99, accuracy 
(98.31%), sensitivity (96.15%), specificity (100%) 

AP (n = 40, validation 
set = 14), HC (n = 37) 

(↑): 3-HBA, citrate, Man, Gal, Glc, PA 
(↓): Phosphate, glycerol, serotonin 

[106] 

Diagnosis PCA, OPLS-DA, SVM, two independent samples 
nonparametric test, CLC: AUROC = 0.865, accuracy 
(100%) 

AP (n = 38), HC (n =
36), CHO (n = 26) 

(↑): SFA, MA, CLC, DLC, glycocholate, dodecanol, L- 
thyronine, 2-TDC 

[117] 

AP (↑) vs CHO: SFA, CLC, MA, DLC, dodecanol, 2-TDC 
AP (↓) vs CHO: Glycocholate, L-thyronine 

Diagnosis PCA AP (n = 17), HC (n =
23) 

(↑): Ile, AGly, TAG, inosine 
(↓): 3-HBA, TMAO, acetate, acetone 

[118] 

Diagnosis K-W test, PCA, OPLS-DA, accuracy (90%) AP (n = 8), CHC (n = 9) AP (↑) vs CHC: PC, PE, choline [119] 
AP (n = 8), CHO (n =
12) 

AP (↓) vs CHO: PC, PE, choline 

Etiology PCA, OPLS-DA HLP (n = 24), HC (n =
39) 

(↑): PA, SA, EA 
(↓): Gly, Ala, citrate, fumarate 

[107] 

Etiology K-W test, PLS-DA Post-ERCP: AP (n = 9), 
non-AP (n = 18) 

(↑): Hypoxanthine, Asp [113] 

Etiology t-Test, RF, accuracy (BAP: 88.6%, AAP: 85.7%, HLP: 
90.6%) 

BAP (n = 27), HC (n =
15) 

(↑): Lys 
(↓): Lactate, Val, phosphate, Gly, AGN, Gal, Glc, 
mannitol, Tyr, Tur, SA, OA, myo-inositol, Cho, G1H 

[122] 

AAP (n = 20), HC (n =
15) 

(↓): Lactate, Gly, AGN, 3-HBA, Glc, mannitol, Tyr, Tur, 
SA, myo-inositol, Trp, Cho, G1H 

HLP (n = 29), HC (n =
15) 

(↓): Lactate, butyrate, oxalate, 3-HBA, Gly, Ser, Thr, Pro, 
ERA, Gln, Phe, Orn, Tyr, SA, PA, Trp, Cho, G1H, AA, LA, 
OA 

Etiology χ2-test, F-test, M-W U test, Wilcoxon signed-rank test AAP (n = 19), AC (n =
20) 

(↑): PA, OA 
(↓): MA, LA, γ-LOA, HA, α-LOA, MEA 

[185] 

Plasma Diagnosis Student’s t-test, PLS-DA, OPLS-DA AP (n = 13), HC (n =
10) 

(↑): Urea, oxalate, citrate, Glc, Lyx, Man, myo-inositol, 
1,5-AS, 9-HP, inosine, β-Ala, PA, PC, TAG 
(↓): Pyruvate, lactate, 3-HBA, hydroxylamine, Pro, Gly, 
Ala, Val, Phe, Orn, phosphate, LPC, CE 

[105] 

Diagnosis PCA, PLS-DA, OPLS-DA, AUROC = 0.86 AP (n = 15), non-AP (n 
= 21) 

(↑): Acetone, 3-HBA, ACA, Glc, choline 
(↓): Val, Ala 

[108] 

Severity PCA, PLS-DA, OPLS-DA MAP (n = 8), MSAP (n 
= 7) 

MSAP (↑) vs MAP: Glc 
MSAP (↓) vs MAP: Ala, Val, choline, Ile, scyllo-inositol 

[108] 

Severity K-W H test, one-way ANOVA, 3-HK: AUC = 21.6 
(11.7–28.0) median (IQR), Trp: AUC = 13,782.4 
(3,789.8) mean (SD) 

SAP (n = 9), MAP (n =
25) 

SAP (↑) vs MAP: 3-HK 
SAP (↓) vs MAP: Trp 

[124] 

Urine Diagnosis PCA, PLS-DA, OPLS-DA, AUROC = 0.91 AP (n = 13), non-AP (n 
= 18) 

(↓): Hippurate, creatine [108] 

Diagnosis K-W test, pairwise Wilcoxon rank-sum test, PCA AP (n = 5), HC (n = 5) (↑): Acetone, Rib [125] 
Etiology PCA, OPLS-DA HLP (n = 24), HC (n =

39) 
(↑): Pro, Leu, tyramine, Phe, Tyr, His, PA, SA 
(↓): Gly, citrate, p-OPL, hippurate 

[107] 

Etiology PCA, PLS-DA, OPLS-DA AAP (n = 8), CAP (n =
5), non-AP (n = 21) 

AAP (↑) vs non-AP: Glc, acetate, ethanol, acetone, EG 
AAP (↑) vs CAP: Acetone, ACA, 3-HIL 

[108] 

Etiology K-W test, PLS-DA Post-ERCP: AP (n = 9), 
non-AP (n = 18) 

(↑): 1-Methylnicotinamide [113] 

Severity PCA, PLS-DA, OPLS-DA MAP (n = 8), MSAP (n 
= 5) 

MSAP (↓) vs MAP: Creatinine, malonate, guanine [108] 

Abbreviations are listed as follows sorted to the sub-catalogs: Statistic tools: ANOVA: analysis of variance, AUROC: area under the receiver operating characteristic 
curves, F-test: Fishers exact test, K-W test: Kruskal-Wallis tests, M-W U test: Mann-Whitney U test, OPLS-DA: orthogonal-PLS-DA, PCA: principal component analysis, 
PLS-DA: partial least-squares discriminant analysis, χ2-test: chi-square test, RF: random forest, SVM: support vector machine; Groups: AAP: alcoholic acute pancreatitis, 
AC: alcoholic control, BAP: biliary acute pancreatitis, CAP: cholelithiasis acute pancreatitis, CHC: cholecystitis, CHO: cholelithiasis, ERCP: endoscopic retrograde 
cholangiopancreatography, HC: healthy control, HLP: hyperlipidemic pancreatitis, MAP: mild acute pancreatitis, MSAP: moderate severe acute pancreatitis, SAP: sever 
acute pancreatitis; Metabolites (see the references for more details): AA: arachidonic acid, ACA: acetoacetate, AGly: acetylglycine, AGN: N-acetyl-D-glucosamine, Ala: 
alanine, 1,5-AS: 1,5-anhydro-D-sorbitol, Asp: aspartate, CE: ceramide, Cho: cholesterol, CLC: capryloyl choline, DLC: decanoyl choline, EA: eicosanoic acid, EG: ethyl 
glucuronide, ERA: erythronic acid, Gal: galactose, G1H: glycerol 1-hexadecanoate, Glc: glucose, Gln: glutamine, Gly: glycine, HA: homo-gammalinolenic acid, 3-HBA: 
3-hydroxybutyrate, 3-HIL: 3-hydroxyisovaleric acid, His: histidine, 3-HK: 3-Hydroxykynurenine, 9-HP: 9H-purine, Ile: isoleucine, LA: linoleic acid, Leu: leucine, LOA: 
linolenic acid, LPC: lyso-phosphatidylcholine, Lys: lysine, Lyx: lyxose, MA: myristic acid, Man: mannose, MEA: mead acid, OA: oleic acid, Orn: ornithine, PA: palmitic 
acid/hexadecanoic acid, PC: phosphatidylcholine, PE: phosphatidylethanolamine, Phe: phenylalanine, p-OPL: p-hydroxyphenylacectate, Pro: proline, Rib: ribose, SA: 
steric acid/octadecanoic acid, Ser: serine, SFA: sphinganine, TAG: triacylglyceride, 2-TDC: 2-tetradecanone, Thr: threonine, TMAO: trimethylamine N-oxide, Trp: 
tryptophan, Tyr: tyrosine, Tur: turanose; Val: valine. 

a Unless specified in the subsection, the upward and downward arrows in the table indicate that the number of metabolites is increased and decreased, respectively, 
compared with the control group. 
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predictive for alcohol-induced AP for which high concentrations of ke
tones have been reported [108]. Ketones are products of the oxidative 
pathway of alcohol metabolites [110], and ketoacidosis is frequently 
attributed to ethanol ingestion [111]. In the case of other etiologies, 
ERCP is the most common cause of iatrogenic AP [112]. Notably, levels 
of two ketones, acetoacetate and 3-HBA, were significantly elevated 
after ERCP in serum, suggesting alterations in pancreatic function and 
insulin resistance resulted from AP [113]. 

The choline metabolism pathway is known to be involved in the 
inflammation response [114]. Choline is the initial point of the synthesis 
of lipids such as lysophosphotidylcholine (LPC) and phosphatidylcho
line (PC) [115], is important as a precursor of acetylcholine, and acts as 
a methyl donor in various biological processes [115]. Both capryloyl 
choline and decanoyl choline are the esterification products of choline 
and fatty acids created by choline acetyltransferase [116]. Their serum 
levels were significantly increased in MAP patients compared with the 
control group，and area under the receiver operating characteristic 
curves (AUROCs) of these two metabolites are higher than other routine 
laboratory indicators including amylase and lipase [117]. The area 
under the curve (AUC) for capryloyl choline was as high as 0.865 [117]. 
A series of LPC, PC and triacylglycerol (TAG) were differentially present 
between the control (healthy or cholecystitis) and AP [105,118,119]. 
This was predictable as the AP progressed with increased energy re
quirements from lipids [105]. Phospholipids are one of the main com
ponents of cell membranes, the change of phospholipid levels in the AP 
group might reflect the decomposition of tissues [105]. Moreover, the 
choline concentration was inversely related to disease severity, which 
could be used as one of the markers for differentiating moderate to se
vere AP (MSAP) and MAP [108]. Multivariate models were established 
based on increased glucose and decreased creatinine, alanine, valine, 
choline and N-acetyl signals from α1-acid glycoprotein and generated a 
strong prediction model for severity of AP (R2Y = 0.96, Q2 = 0.64) 
[108]. 

Abnormal concentrations of sugar alcohols have also been demon
strated in AP patients. Inositol is a precursor molecule for a number of 
secondary messengers including inositol phosphates [120]. Inositol has 
some important stereoisomers; for example, myo-inositol is synthesized 
from glucose and works as an important component of phosphatidyli
nositol [121]. The alteration of inositol not only contributes to dis
tinguishing biliary AP (BAP) and alcoholic AP (AAP) patients from 
healthy control (HC) [122], but also aids in the prediction of AP severity 
[108]. Mannitol is a polyol similar to xylitol or sorbitol, which is used to 
increase diuresis and improve mucus clearance [123]. It was shown that 
reduced mannitol have been detected in BAP patients compared to the 
healthy group [122]. 

Skouras et al. [124] used LC-QqQ based targeted metabolomics to 
quantify tryptophan metabolites in AP patients up to 168 h after 
admission to determine the exact timing and magnitude of the activation 
of the kynurenine pathway to the onset of AP, AP severity and devel
opment of MODS. The standardized AUROC for 3-hydroxykynurenine 
(3-HK) was significantly different between SAP and MAP [124]. 
Plasma concentrations of 3-HK correlated with the inflammation burden 
reflected by contemporaneous CRP and cytokine concentrations like IL- 
1β and IL-6, incidence of organ dysfunction and AP severity [124]. 

3.2. Urine metabolome 

Given its easy, noninvasive sampling, urine is an ideal source of 
biomarkers for clinical analysis. A pilot study was performed by Lusczek 
et al. using 1H NMR to determine how the urine metabolome differed 
between AP, chronic pancreatitis and HC [125]. Level of five metabo
lites, including acetone, adenosine, citrate, ribose and 3-indoxylsulfate 
were found to be significantly different, with adenosine and citrate 
remaining significant after validation by random permutation [125]. 
Adenosine could be a better marker of pancreatic disease since it pos
sesses known anti-inflammatory properties [126]. The decreased 

urinary citrate found in pancreatitis cohorts supported the blood citrate 
changes [125]. 

Meanwhile, Villaseñor et al. have investigated the urinary and 
plasma metabolic phenotype of AP using 1H NMR and multivariate 
modeling [108]. AP could be reliably identified with a high degree of 
sensitivity and specificity (OPLS-DA model R2 = 0.76 and Q2Y = 0.59) 
using a panel of discriminatory biomarkers consisting of guanine, hip
purate and creatine in urine, and valine, alanine and lipoproteins in 
plasma [108]. Urine provided a stronger predictor of AP (AUROC =
0.91) than plasma (AUROC = 0.87) [108]. Hippurate is a well- 
established gut microbial co-metabolite derived from glycine conjuga
tion of benzoic acid [127]. A significant negative correlation was found 
for urinal hippurate and AP. This also fits with the theory of gut bacterial 
translocation in AP, which is thought to explain the high rates of enteric 
bacteria identified in cases of pancreatic necrosis and sepsis [128]. 
Moreover, ketones (acetoacetate and acetone) and 3-hydroxyoxyisoval
erate were found to be predictors for AAP [108]. 3-Hydroxyoxyisovaler
ate is a byproduct of leucine degradation excreted in the urine. Reduced 
urinary creatinine, malonic acid, and guanine were also found in MSAP 
compared to MAP [108]. 

The urine, which contains abundant polar metabolites, is suitable for 
derivatization and GC-MS metabolomic profiling. Zhao et al. employed 
GC-MS combined with multivariate statistical analysis to discriminate 
HLP from HC, and also found notable changes in hippurate and p- 
hydroxyphenylacectate as phenol metabolites of gut flora [107]. Fatty 
acids and aromatic amino acids were also increased in urine, suggesting 
hydrolysis of TAG in or around pancreas for HLP patients [107]. 

4. Metabolomics studies using AP murine models 

In order to understand the biological and patho-physiological 
mechanisms of AP, various attempts have been made to induce AP in 
multiple animal models over the past 100 years [129,130]. Three animal 
models have been used for AP metabolomic studies: endogenous and 
xenobiotic toxins like cerulein (CER), sodium taurocholate (NaT) and L- 
arginine are administered to rodents to accumulate in the pancreas and 
exert an organ toxicity reaction, and the resultant metabolites then 
cause secondary damage. We have summarized these results in Table 4. 
In these animal studies, abnormal metabolic profile changes were 
detectable before the changes in histological structure or function 
occurred. Notably, altered metabolites in AP experimental models were 
similar to those found in AP patients. 

Sakai et al. first investigated the metabolite levels in both serum and 
pancreas from CER- and arginine-induced AP models using GC–MS 
based global profiling [131]. In accordance with the observation from 
the clinical metabolome, higher level of sugar alcohols were found in 
serum from both AP models [131]. Significantly increased arabitol and 
xylitol, and particularly higher ribitol levels were detected in the serum 
of arginine-induced AP model [131]. Significantly altered metabolites in 
the pancreas of two models included elevated serine, lysine, histidine, 
tryptophan, coumaric acid, citric acid/isocitric acid, and adenine; and 
reduced glutamate, O-phosphoethanolamine, and 2-deoxy-D-glucose 
[131]. They are regarded as vital metabolites associated with develop
ment and state of AP [131]. Moreover, supplementation with glutamate 
and O-phosphoethanolamine attenuated the severity of CER-AP, which 
might be due to an increase in the amount of substrate useable for en
ergy requirements and phospholipid synthesis [131]. 

Consistently, studies on arginine- and NaT- induced AP models 
exhibited abnormal choline levels. Ma et al. [132] detected total choline 
including choline, phosphocholine and PC increased in arginine-induced 
AP group using 1H MAS NMR on intact pancreas, which might be a result 
of the blockage of choline kinase and phosphocholine transferase, or 
from the consumption of PC. Li et al. [133,134] found lower levels of 
choline, TMAO, and PC in plasma of 3.5% NaT-induced AP rats by NMR. 

The alteration of ketones was also obvious in those two AP models. 
Increased 3-HBA in blood was detected from three different studies 
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Table 4 
Metabolomic studies on AP animal models.  

Toxins Sample 
types 

Timea Statistical tools Main differential metabolites from AP vs control Ref. 

L-arginine Urine − 16, 0, 8, 24, 48, 72, 96, 
120, 144, and 168 h 

PCA, OPLS-DA 8 and 24 h: 
(↑): Arg, Orn, Cit, Lys, Glu, Gln, Ile, Leu, Val, Ala, Glc, lactate 
(↓): Citrate, 2-OG, succinate, fumarate, HPPA, hippurate, 2-AMA; 
48 h: 
(↑): 4-CG, 4-CS, PAG, creatine, creatinine 

[135] 

Serum 48 and 168 h 48 h: 
(↑): Creatine, lactate, 3-HBA, acetate 
(↓): Glc 

Serum 48 h Two-tailed Student’s t- 
test. 

(↑): Arabitol, xylitol, ribitol, 5-HIAA, G2P, glycerol, KVA 
(↓): Ara, HTau, Phe, Gly, Met, Asn, Ile, β-Ala, AGln, Val, Pro, Tyr, Orn, Sar, 4-OP, 3-HBA, ACA, citrate/isocitrate, succinate, malate, 
fumarate, aconitate, GCA, hippurate, ATA,Tur, xyl, m-Ery, threitol, Fru, Sor, GAD, creatinine 

[131] 

72 h (↑): Arabitol, xylitol, KVA, catechol, phosphate, Glc, lactate 
(↓): HDA, malonate, glutarate, Hcy, Glu, Tyr, HTau, Met, Asn, β-Ala, Galn, Rib, sorbitol, Sor, Fru, Tur, citrate/isocitrate, malate, 
succinate, aconitate, fumarate, ACA 

Pancreas 48 h (↑): Trp, His, Leu, CSA, BCys, lys, Ser, Gly, Cys/Cystine, p-CA, laurate, Glc, F6P, glycerol, 3-PLA, G2P, citrate/isocitrate, adenine, Ara, 
1,5-AG 
(↓): Glu, Asp, Orn, Tyr, 4-OP, ALys, lactate, O-phosphoethanolamine, urea, GCA, ACA, m-Ery, 2-HP, 2-dGlc, Man, prolinamide, orotate, 
creatinine 

72 h (↑): Put, Trp, His, Thr, Ile, Gly-Gly, Phe, Glc, Leu, Val, Lys, BCys, Asn, Ala, Gln, p-Glu, F6P, p-CA, 3-PLA, dopa, laurate, POA, citrate/ 
isocitrate, pantothenate, glycerol, urate, 1,5-AG, xylitol, arabitol, Fru, Rha, galactitol, glucarate 
(↓): β-Ala, ALys, Tyr, O-phosphoethanolamine, 4-OP, 2-picolinate, 2-HP, prolinamide, pipecolate, succinate, creatinine, Man, 2- 
aminoethanol 

Pancreas 12 h PCA (↑): PC, Choline, phosphocholine, Leu, Ile, Val 
(↓): Lactate, betaine, Gly 

[132] 

CER Serum 8 h Two-tailed Student’s t- 
test. 

(↑): Arabitol, O-phosphoethanolamine, xylitol 
(↓): 1,5-AG, 2-DHG, citrate/isocitrate, aconitate, β-Ala, Cysn, Tyr, Glc, Man, Glcn, Fru, Rib, Galn, PA, DHA, CAD 

[131] 

Pancreas (↑): Put, Cit, Ile, Lys, CTH, Phe, Pro, Tyr, Hcy, Eth, His, β-Ala, Gly-Gly, Trp, Gln, Asn, Orn, Ser, Asp, Thr, Lac, aconitate, citrate/isocitrate, 
ACA, p-CA, urate, allantoin, adenine, glycerol, 2-HP, creatinine, 2-AMA 
(↓): Ala, Glu, Gly, phosphate, G2P, O-phosphoethanolamine, suberate, pyruvate, oxalacetate, 2-dGlc, DOMA 

Pancreas 1, 3, 5, and 7 h One way ANOVA, 
Bonferroni test 

(↓): Met, SAM, MTA, CTH, Cys, GSH [104] 

Pancreas 24 h Student’s t-test, M-W U 
test 

(↑): SPA, SFO, S1P, PA, POA, OA, α-LOA, TAG 
(↓): CE, AA, DHA 

[193] 

CER +
HTG 

Serum 12 h Student’s t-test, PCA, 
OPLS-DA 

(↑): Val, Leu, Pro, MA, OA 
(↓): Citrate, malate, Gln 

[139] 

NaT Plasma 12 h PCA, OPLS-DA (↑): Lactate, Val, Gln, Ala, succinate, 3-HBA, creatine 
(↓): PC, glycerol, choline, TMAO, Glc, Gly, Glu 

[133,134] 

Serum 6, 12, and 24 h PCA, PLS-DA (↑): NAD+, 3-HBA, ACA, lactate, PAG, PEP, Val, His, creatinine, UN, adenine, deoxyadenosine, pyrimidine, TMAO, hippurate, IAA 
(↓): Glc, NADH, succinate, formate, pteridine, serotonin 

[136] 

Serum 12 h Student’s t-test, PCA, PLS- 
DA, OPLS-DA 

(↑): Arabitol, Man, Tyr, Arg, Val, Phe, urate, PAM, AA, 3-OPA, DHA, 3-HBA, citrate, succinate 
(↓): Isocitrate, AGly, Hcy, Gln, NAS 

[137] 

Abbreviations were listed as follows sorted to the sub-catalogs: Toxins: CER: cerulein, HTG: hypertriglyceridemia, NAT: sodium taurocholate; Methods: 1H MAS NMR: high-resolution proton magic angle spinning nuclear 
magnetic resonance, HPLC: high-performance liquid chromatography; Metabolites: 1,5-AG: 1,5-anhydro-D-glucitol, AGln: N-acetyl-L-glutamate, ALys: N-β-acetyl-L-lysine, 2-AMA: 2-amino-adipate, ATA: anthranilic acid, 
Ara: arabinose, Arg: arginine, Asn: asparagine, BCys: S-benzyl-L-cysteine, CAD: coniferyl aldehyde, 4-CG: 4-cresol-glucuronide, Cit: citrulline, 4-CS, 4-cresol-sulfate, CSA: cysteine sulfonic acid, CTH: cystathionine, Cys: 
cysteine, Cysn: cysteamine, 2-dGlc: 2-deoxy-glucose, DHA: docozahekaenoic acid, 2-DHG: 2-dehydro-D-gluconate, DOA: dihydroxyacetone, DOMA: 3,4-dihydroxymandelic acid, Eth: ethionine, F6P: fructose-6-phosphate, 
Fru: fructose, GAD: glyceraldehyde, Galn: galactosamine, GCA: glycolic acid, Glcn: glucoronate, Glu: glutamic acid, G2P: glycerol-2-phosphate, GSH: reduced glutathione, Hcy: homocysteine, HDA: heptadecanoate, 5- 
HIAA: 5-hydroxyindoleacetate, 2-HP: 2-hydroxypyridine, HPPA: 3/4-hydroxyphenylpropionic acid, HTau: hypotaurine, IAA: indole-acetic acid, KVA: ketovaline, Lac: lactose, Met: methione, m-Ery: meso-erythritol, MTA: 
methylthioadenosine, NAD+: oxidized nicotinamide adenine dinucleotide, NADH: reduced nicotinamide adenine dinucleotide, NAS: N-acetyl-serotonin, 2-OG: 2-oxoglutaric acid, 4-OP: trans-4-hydroxy-L-proline, 3-OPA: 
(R)-3-hydroxy-hexadecanoic acid, PAG: phenylacetylglycine, PAM: palmitic amide, p-CA: p-coumaric acid, PEP: phosphoenolpyruvate, p-Glu: pyroglutamic acid, 3-PLA: D-3-phenyllactic acid, POA: palmitoleic acid, Put: 
putrescine, Rha: rhamnose, SAM: S-adenosylmethionine, Sar: sarcosine, Sor: α-sorbopyranose, S1P: sphingosine-1-phosphate, SFO: sphingosine, TAG: triglyceride, UN: urea nitrogen, Xyl: xylose; other abbreviations as 
defined in Table 1. 

a For CER-AP, samples were collected at the time which was calculated from first injection of CER, while for the other models, samples were collected at the time calculated from the last dosing of toxins or operation. 
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[135–137], indicating that fatty acids are decomposed to ketones and 
transferred to acetyl CoA in the liver [138]. In addition, serum TCA cycle 
metabolites and fatty acids were significantly changed in lipoprotein 
lipase-deficient heterozygous mice with CER injections in support of 
similar metabolic pathway impacted in HLP patients [139]. 

Creatinine and urea nitrogen levels are standard indicators for the 
evaluation of renal function [140]. SAP is often associated with the 
dysfunction of organs distant form pancreas, like the kidney [141]. 
Acute kidney injury is one of the main complications of SAP, with an 
incidence of 14–16% [142]. Increased levels of creatinine and creatine 
were found in blood or in the pancreas from metabolic profiling in all 
three AP models [131,133–136], and corroborated the alteration of 
these metabolites found in human urine [108]. Arginine is a central 
amino acid in the urea cycle, which serves to continuously eliminate 
potentially toxic ammonia from the body, and is also required for the 
synthesis of creatine [143,144]. Serum urea nitrogen levels were 
significantly elevated 24 h after administration of 4 g/kg arginine, 
indicating its direct impact on the urea cycle; the ammonia generated by 
deamination was directed into increased urea synthesis [135]. In urine, 
the levels of arginine, ornithine, and citrulline from urea cycle, lysine, 
glutamine, and glutamate from transamination were expected to be 
elevated during the first 24 h of arginine-induced AP [135], while high 
levels of creatine and creatinine were presented in urine from arginine- 
administrated rats at 48 h [135]. 

Another potentially important feature of the metabolic derangement 
found in AP models was the gut microbial co-metabolites. Phenyl
propanoic acid contains a benzene ring conjugated to a propanoic acid, 
and is a phenolic acid metabolite formed by the gut microflora [145]. 4- 
Cresol metabolites and phenylacetylglycine are derived from meta
bolism of the aromatic amino acids phenylalanine and tyrosine as a part 
of the putrefactive processes mediated by the colonic microflora [146]. 
Increased levels of hippurate and phenylacetylglycine have been 
detected in biofluids from two necrosis AP models [135,136]. The 
alteration of urinary 3- and 4-hydroxyphenylpropionic acids as well as 
4-cresol-glucuronide and 4-cresol-sulfate appeared in different phases in 
arginine-induced AP [135]. These observations suggest that compro
mised pancreatic function impacts the activity of the gut microbiota and 
gives rise to potential biomarkers for diagnosis [135]. 

5. Altered pathways related to phenotype of AP 

AP causes serious digestive system disturbances, including produc
tion of digestive juices that digest protein, starch, and fat as well as 
balancing the acid in the duodenum. This situation is associated with a 
disruption in the homeostatic metabolism of sugars, amino acids, 
organic acids and lipids in mammalian cells and gut bacteria. The 
relevant systemic impact includes oxidative stress substances, pro- 
inflammatory intermediates, and gut microbiota metabolites which 
may also contribute to secondary damages to pancreas and distant tis
sues. Meanwhile, the inflammatory response of AP triggers a hyper
catabolic state, resulting in increased energy requirements for protein, 
lipid and nucleotide synthesis, and catabolism of major nutrient sub
strates [147]. Although the alteration trends of some metabolites in 
reports (Tables 3 and 4) were contradictory, the pathway topology 
analysis based on differential metabolites provides clues for dysregula
tion of metabolic pathways and biological function. 

Based on the reported ~203 metabolites summarized in AP metab
olomics, we respectively analyzed the metabolic pathways using Homo 
sapiens, Mus musculus, and Rattus norvegicus databases from Metab
oAnalyst 4.0 (www.metaboanalyst.ca) to indicate the most impacted 
pathways in AP patients and murine models. The results are presented in 
Fig. 2, Figs. S-2, and S-3, as well as detailed in Tables S-1, S-2, and S-3. 
More than 30 metabolic pathways with impact values larger than 0 have 
been detected in AP clinical and murine studies. The representative 
metabolic pathways are presented in Fig. 3, and are sorted into three 
major nutrient pathway types ‘carbohydrate metabolism’, ‘amino acid 

metabolism’, and ‘lipid metabolism’, which will be discussed further 
below. Overall, these results gave us a glimpse of the potential metabolic 
alterations in AP and may shed some light on the pathogenesis of AP at 
molecular level. 

5.1. Carbohydrate metabolism 

Hyperglycemia is common in AP, resulting in insulin resistance and 
altered pancreatic function [148]. However, reduced levels of plasma/ 
serum glucose were unexpectedly found in most AP rodents [135], and 
this finding deserves further study. An enhanced anaerobic glycolysis 
state accompanied by increased lactate might occur in the early stage of 
AP due to the decreased energy supply under reduced aerobic respira
tion. The glycolysis pathway could be partially retardant or retro- 
complementate glucose via gluconeogenesis with the development of 
disease. Mizushima et al. reported the increases in gluconeogenesis, 
combined with lower glucose clearance and oxidation, leading to 
glucose intolerance in 40% to 90% of AP patients [149]. Strikingly 
altered lactate, pyruvate, phosphoenolpyruvate, and oxalacetate, as well 
as glucogenic amino acids were closely associated with glycolysis or 
gluconeogenesis. Lactate is the end product of glycolysis under anaer
obic condition and considered an important indicator of ischemia and 
hypoxia in tissue [150]. Recently, Xia et al. reported that elevated 
arterial lactate levels were independently associated with pancreatic 
infection in 503 patients with MSAP [151] and poor outcomes in 329 
patients with SAP [152]. Further, external validation of this finding 
would likely establish elevated lactate as a risk factor. 

AP in the acute phase seems to depend on energy metabolism. Py
ruvate is one of the end products of glycolysis, which is then transported 
to the mitochondria for participation in the TCA cycle [153]. Pyruvate 

Fig. 2. Summary of the metabolomics pathway analysis based on the data from 
AP metabolomic studies of human cohorts performed by MetaboAnalyst 4.0. 
Sixteen important metabolic pathways selected based on impact values ≥0.2 
were identified: (a) Phenylalanine, tyrosine and tryptophan biosynthesis, (b) 
Linoleic acid metabolism, (c) Synthesis and degradation of ketone bodies, (d) 
Glycine, serine and threonine metabolism, (e) Sphingolipid metabolism, (f) 
beta-Alanine metabolism, (g) Starch and sucrose metabolism, (h) Alanine, 
aspartate and glutamate metabolism, (i) Phenylalanine metabolism, (j) Pyru
vate metabolism, (k) alpha-Linolenic acid metabolism, (l) Arachidonic acid 
metabolism, (m) Tryptophan metabolism, (n) Glycerolipid metabolism, (o) 
Histidine metabolism, and (p) Arginine and proline metabolism. 
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has been shown to improve organ function in animal models of oxidant- 
mediated cellular injury, and its analogue ethyl pyruvate is regarded as a 
metabolic substrate to fuel the TCA cycle, scavenge reactive oxygen 
species (ROS) and provide additional ATP [154]. Calcium is used as a 
regulator in the TCA cycle. Physiological calcium mediated signaling 
activates the pyruvate dehydrogenase complex, isocitrate dehydroge
nase (IDH) and α-ketoglutarate dehydrogenase, and increases ATP pro
duction [155]. Conversely, toxic cellular calcium overload or increased 
ROS production can cause mitochondrial damage and a concomitant 
drop in ATP levels [156]. An accumulation of citrate and reduced levels 
of other TCA cycle intermediates in biofluids and the pancreas have been 
indicated in some AP metabolomic studies [105,131], which confirm the 
increased energy demand and reduced ATP levels. 

5.2. Amino acid metabolism 

Disturbed amino acid balances may have negative effects on 
pancreatitis and other severe disease conditions [157–159]. BCAAs can 
be glucogenic (valine), ketogenic (leucine and isoleucine) or both 
(isoleucine), since their end products, succinyl-CoA and/or acetyl-CoA 
can enter the TCA cycle for energy generation and gluconeogenesis or 
act as precursors for lipogenesis and ketone body production through 
acetyl-CoA and acetoacetate [160]. Therefore, apart from an increase in 

ketones in AP patients, elevated BCAAs have been observed in AP pa
tients or murine models (see Tables 3 and 4). BCAA deficiency in the diet 
makes it difficult for animals to maintain pancreatic enzyme activities 
and BCAA-deficient animals were less able to recover pancreatic enzyme 
activity after a 23-h fast [161]. 

Glutamate, aspartate, and alanine are important amino acids for 
transamination. They are catalyzed by two common transaminases 
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) 
[162]. Elevated ALT in BAP has been described in previous clinical 
studies [163,164], which led to a high degree of deamination for most 
amino acids. Glutamine is a precursor for a number of biosynthetic 
pathways required for growth and cell division [165]. It is hydrolyzed to 
glutamate and ammonia, which ultimately serve as substrates for 
gluconeogenesis and urea synthesis. Reduced glutamine levels were 
detected in HLP patients [122], while higher levels of glutamine and 
lower glutamate were found in pancreatic tissue of two murine models 
[131]. It was speculated that there was a large uptake of glutamate in 
pancreas during AP, resulting in large amounts of available glutamine. 

Glycine, mainly synthesized from threonine, choline, and serine, is 
required for multiple metabolic pathways, such as glutathione synthesis 
and regulation of one‑carbon metabolism. Several enzymes, including 
sarcosine dehydrogenase and dimethylglycine dehydrogenase, are 
highly present in the pancreas and crucial for glycine synthesis [166]. A 

Fig. 3. Overview of major metabolic pathways involved in AP. Cells utilize absorbed glucose, fatty acids, branched-chain amino acids (BCAAs), glutamine, and 
tryptophan, and divert them to the tricarboxylic acid (TCA) cycle. Blue rectangles elucidate vital altered pathways. Green ovals signify enzymes. Purple ovals 
represent toxins taken up by acinar cells, which lead to mitochondrial injury through activation of calcium and generation of excess reactive oxygen species. The 
increased generation of some active metabolites are not limited to eicosanoids, S1P, 3-hydroxy-kynurenine (3-HK) and lactate, and such metabolites are released 
outside the cell or into circulation. The solid arrows represent one-step reactions between the two metabolites, while the dashed arrows represent a multistep re
action. The red solid line indicates an enhanced process. 3-HBA, 3-hydroxybutyric acid; 3-HK, 3-hydroxykynurenine; acetyl-CoA, acetyl coenzyme A; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; BAs, bile acids; BCAAs, branched-chain amino acids; CCK, cholecystokinin; DAG, diacylglycerol; dcSAM, 
decarboxylated SAM; F6P, fructose 6-phosphate; G6P, glucose 6-phosphate; IP3, inositol 1,4,5-trisphosphate; KMO, kynurenine 3-monooxygenase; LPC, lysophos
phatidylcholine; MTA, methylthioadenosine; NAD, nicotinamide adenine dinucleotide; ODC, ornithine decarboxylase; P5C, pyrroline-5-carboxylate; PC, phospha
tidylcholine; PDH, pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PI, phosphatidylinositol; PIP2, phosphatidylinositol (4,5)-bisphosphate; PLA2, 
phospholipase A2; PLC, phospholipase C; PUFA, polyunsaturated fatty acid; S1P, sphingosine-1-phosphate; SAH, S-adenosylhomocysteine; SAM, S-adenosylme
thionine; SHMT, serine hydroxymethyltransferase; SPHK1, sphingosine kinase 1; TCA cycle, tricarboxylic acid cycle; THF, tetrahydrofolate; TNF-α, tumor necrosis 
factor-alpha. 
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reduced level of choline and glycine in the pancreas or biofluids is 
evident in the AP studies included in this review (Tables 3 and 4). 
Notably, prophylactic glycine administration has been shown to atten
uate pancreatic damage and inflammation in experimental AP [167]. 

The oxidation of sulfur in the sulfur containing amino acids, methi
onine and cysteine, occurs by both direct oxidation and desulfhydration- 
oxidation pathways in mammals [168]. AP caused dysregulated 
trans‑sulfuration mediated by nitration of cystathionine-β-synthase 
(CBS), leading to depletion of methionine, cystathionine and cysteine 
[104] (Table 4). Taurine, derived from cysteine, has shown beneficial 
effects in CER-AP and related lung injuries by preventing the production 
of oxygen free radicals [169]. In addition, glutathione is synthesized 
from glutamate, glycine, and cysteine, and shown to neutralize ROS in 
AP [170]. 

L-tryptophan administration prevented pancreatic damage through 
activation of central receptors for locally produced melatonin, which 
improved the antioxidant status and reduced inflammation of the 
tissue [171]. Accordingly, the retardation of serotonin formation 
from tryptophan was revealed in both AP clinical and murine model 
studies [106,136]. However, in fact, only a minor fraction (<3%) of 
the tryptophan is utilized for serotonin and melatonin biosynthesis 
[172]. The majority (over 95%) of tryptophan enters the kynurenic 
pathway and is ultimately used for oxidized nicotinamide adenine 
dinucleotide (NAD+) synthesis through the key intermediates 3-HK 
and aminocarboxymuconic semialdehyde [173,174]. Early deple
tion of tryptophan and contemporaneous 3-HK were found in SAP 
patients by the same group [124]. Treatment with specific inhibitors 
of kynurenine 3-monooxygenase (KMO) resulted in therapeutic 
protection against AP-MODS in a NaT-induced rat model via depri
vation of 3-HK [175]. 

Large doses of basic amino acids including L-arginine, L-ornithine, L- 
lysine and L-histidine are widely used in inducing severe pancreatic 
inflammation, however the mechanism is not well understood [176]. 
Possible explanations might be related to early endoplasmic reticulum 
(ER) stress [177], mitochondrial damage [178] and/or polyamine ho
meostasis [179]. However, only arginine-induced AP models have been 
used in AP metabolomics research [131,132,135]. There are two key 
enzymes involved in the metabolism of arginine: nitric oxide synthase 
and arginase. Arginase is a key enzyme in the urea cycle, which hy
drolyzes L-arginine to L-ornithine and urea [180]. Of note, L-ornithine is 
a precursor of polyamines that are aliphatic polycations involved in 
numerous cellular processes [181]. Extensive excretion of arginine, 
ornithine and urea (indicative of enhanced urea cycle activity) were 
observed during the first 24 h in urine [135] of rats administrated with 
arginine. The altered concentration of these basic amino acids was not 
obvious in AP patients; however, these results may have been somewhat 
limited by the sample preparation and the analytical platform used 
(Table 2). 

5.3. Lipid metabolism 

Several metabolomic studies identified disturbed lipid class changes, 
including arachidonic acids (AAs), glycerophospholipids, glycerolipids, 
sphingolipids as well as bile acids (BAs) during AP (see Tables 3 and 4). 
HTG might play a key role in aggravating AP [182]; however, a direct 
relationship between lipid metabolism and AP has not yet been estab
lished. Unsaturated fatty acid (UFA) elevations have been found in AP 
patients [183]. The hydrolysis by lipases causes UFA release from the 
damaged adipocytes adjacent to acinar cells, leading to an inflammatory 
response and necrosis of the pancreas [184]. Toxicity depends on fatty 
acid type, as unsaturated linoleate, oleate and linolenate were found to 
be toxic to acinar cells [184]. Levels of saturated C-16 and C-18 fatty 
acids were elevated in two etiology related studies [107,185], probably 
due to the hypercatabolic state or excessive alcohol metabolism to 

acetyl-CoA. In contrast, reduced UFAs and saturated fatty acids were 
found to be important in the development of AP in a study by Huang 
et al. [122], but the authors did not give a percentage contribution of all 
free fatty acids. 

Phosphatidylinositol (PI) and PC may act as sources of intracellular 
signals in response to extracellular signals which interact with receptors 
on the outer layer of plasma membrane [186]. Both cholecystokinin 
(CCK) hyperstimulation and TNF-α binding to the plasma membrane 
receptor led to activation of phospholipase C [187]. The resultant 
inositol 1,4,5-triphosphate (IP3) and diacylglycerol from PI and/or PC 
are involved in calcium release from the ER and activation of enzyme 
protein kinase C that induce NF-κB activation [188]. 

Eicosanoids are one of the most important precursors of lipid meta
bolism [186]. Intracellular (cytosolic) phospholipase A2 (PLA2) partic
ipates in cellular eicosanoid metabolism, liberating n-3 series 
eicosapentaenoic acid and n-6 series AAs from the sn-2 position of 
phospholipids [189]. AAs released from pancreas during AP were re
ported in early studies [190]. Major findings by Sztefko et al. concluded 
that the level of AA in the free fatty acid fraction was related to the 
severity of AP, and that elevated AA was correlated with increased PLA2 
at the early stage of the disease [183]. 

Ceramide downstream metabolites including sphingosine (SFO) and 
sphingosine-1-phosphate (S1P) from sphingomyelin pathway may be 
useful for diagnosis in the early stages of AP. Li et al. [191] reported a 
positive correlation between sphingosine-1-kinase (catalyzing SFO to 
S1P) expression and the disease severity in 22 patients via a radiometric 
assay and PCR determination. In Konończuk et al. study, elevated SFO 
and S1P were found in patients with MAP and MSAP [192], and 
consistent results (+3.8 fold sphinganine (SFA), +4 fold SFO, and +3 
fold S1P) were observed in CER-AP model too [193] (Table 4). 

Various primary and secondary BAs have been used to induce AP 
[194]. The most abundant BAs in mammals include the primary BAs 
cholic acid (CA) and chenodeoxycholic acid (CDCA), and secondary BAs 
deoxycholic acid (DCA) and lithocholic acid (LCA). In humans, BAs are 
primarily synthesized in the liver, conjugated with glycine or taurine 
before secretion into bile, deconjugated in the intestine, reabsorbed into 
enterocytes at the terminal ileum and lastly secreted into the portal 
circulation system [195]. Principally, hydrophobic bile salts exert 
higher cytotoxicity than hydrophilic bile salts [196]. Taurolithocholic 
acid 3-sulfate (TLCS) was demonstrated to cause large abnormal calcium 
signals in acinar cells via a mechanism that involves depletion of 
intracellular calcium stores and activation of calcium entry as well as 
depolarization of mitochondria [197]. Taurocholic acid elicit dramatic 
calcium responses and necrosis in pancreatic stellate cells [198]. Marked 
elevation of fecal DCA was reported in a recurrent AP case, which was 
resolved by rebalancing the abnormal microbiome ecology [199]. 

6. Summary and future perspectives 

6.1. Merits and limitations in AP metabolomics studies 

Significant advances in analytical methods now enable the investi
gation of AP-related pathological processes and metabolic pathways. As 
a result of genomic, transcriptomic, and proteomic variations caused by 
AP, the metabolome provides a set of altered metabolites in multiple 
biofluids and tissues, which could be used for further biomarker vali
dation and development, biological function studies, and therapeutic 
drug development. Currently, no successful drugs have been reported 
for preventing AP. Thus, an alternative and more effective strategy 
might be the development of specific inhibitors or activators designed to 
directly target the metabolic processes. Nevertheless, metabolomics in 
AP research is still in its infancy, and the identification of unknown 
compounds and accurate detection of an expanded set of metabolites 
remains a huge challenge. Another important issue inherent to the 
metabolomics approach is the heterogeneous nature of the individuals, 
which can affect metabolite levels. The differing elevation and reduction 
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of metabolites might also be attributed in part to the inconsistency of 
experimental designs, analytical platforms and statistic methods used in 
the research to date. The proposed workflow of Fig. 1 is an optimized 
strategy for resolving such inconsistencies. Additionally, limitations for 
AP clinical metabolomics include the relatively small sample size and 
non-inclusion of controls that can masquerade as AP, such as 
cholelithiasis. 

6.2. Future perspectives 

We propose that future clinical metabolomics in AP should aim at 
recruiting larger cohorts from multiple centers with sufficient statistic 
power to identify and validate potential biomarkers. A direct relevance 
analysis of the metabolome between human AP and animal models 
could be performed through MS imaging. Also, a joint analysis of tissue 
and biofluid samples, which were collected over multiple time points 
from AP rodent models, using complementary analytical platforms 
should be employed in parallel to reveal a holistic view of fingerprints 
for more in-depth biological investigations. It is noteworthy that 
metabolite changes caused by microbiome dysbiosis and bacterial 
translocation are strongly associated with progression of AP. New and 
unanticipated metabolites from host-microbe interactions may lead to 
new insights in AP. Additionally, the ultimate challenge is to move 
beyond simply identifying biomarkers, and to start establishing the 
direct functional role of metabolites and their involvement in pheno
typic outcomes, such that better treatments can be proposed and eval
uated. The first steps along this path, require follow-up experiments 
including the use of pathway inhibitors, multi-omics, and stable isotope 
labeling as well as flux analysis. These are valid strategies to define novel 
disease mechanisms and targets. Unambiguous understanding of the 
active metabolites in AP is certain to aid in the translation of metab
olomic findings to clinical precision medicine. 
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