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Introduction
Inflammatory bowel disease (IBD), a chronic 
recurrent inflammatory disease of the gastrointes-
tinal tract, is composed of Crohn’s disease (CD) 
and ulcerative colitis (UC).1 These two disorders 
differ in many respects. CD is characterized by 
dispersed lesions and transmural inflammation 
that can occur anywhere in the gastrointestinal 
tract, with the most frequent symptoms of 
abdominal pain, diarrhea, fistulae, obstruction, 
and/or perianal lesions.2 In UC, the lesions are 
continuous and limited to the mucosal layer of 
the colon and rectum, which can most commonly 
lead to bloody diarrhea and rectal bleeding.3,4

The prevalence of IBD is higher in developed 
countries than developing countries.5 Nevertheless, 
the prevalence and incidence of IBD are increasing 
globally, especially in newly industrialized 

countries.6 Therefore, the disease burden will 
become ever higher in both developed and devel-
oping countries.7 To reduce the disease burden, 
personalized management, including regular mon-
itoring of disease activity, matching the patients 
with the proper treatment, and predicting progno-
sis, is important. Previous studies have referred to 
a variety of serological and fecal biomarkers, such 
as serum C-reactive protein (CRP), interleukin 6, 
fecal calprotectin, and lactoferrin, which serve as 
surrogate markers for the diagnosis and manage-
ment of IBD.8 However, these available biomark-
ers could only assist with the activity monitoring 
and prognosis of IBD to some extent, instead of 
being considered as a gold standard in the person-
alized management of IBD. Additional studies or 
techniques are necessary to discover potential and 
effective biomarkers to guide the management of 
IBD.
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Given that patients with IBD often exhibit spe-
cific metabolomic profiles, metabolomic analysis 
is a potential tool for identifying diagnostic and 
therapeutic markers of IBD.9 Metabolomic analy-
sis is a technique with the advantages of high 
throughput, high sensitivity, and high accuracy 
for the qualitative and quantitative study of small 
metabolite molecules in biological samples, 
including feces, urine, serum, plasma, breath, 
and biopsy samples. Metabolomic analysis covers 
a wide range of metabolites with a molecular mass 
less than 1500 Da, including but not limited to 
sugars, lipids, amino acids, nucleic acids, organic 
acids, fatty acids, and some exogenous chemi-
cals.10 Through metabolomics analysis, promis-
ing metabolites or models based on metabolites 
for facilitating accurate diagnosis and personal-
ized management of IBD will be discovered. 
Although previous studies have summarized the 
role of metabolomics in the identification of diag-
nostic markers for IBD and their possible associa-
tion with pathological mechanisms,9,11–13 few 
other clinical applications of metabolomics have 
been reviewed in detail. Therefore, in the present 
review, we highlight the possible value of metabo-
lomics in evaluating disease activity for IBD, as 
well as its potential in predicting treatment 
response and disease relapse.

Metabolomics
Metabolomics is the qualitative and quantitative 
study of a suite of small metabolite molecules in 
biological samples, which symbolizes the meta-
bolic phenotypes of a living system under specific 
conditions, or in other words, reflects the meta-
bolic response to pathophysiological stimuli or 
even genetic modification at a certain time point.10 
It includes both targeted and untargeted meth-
ods. Targeted metabolomics often focuses on 
specific known metabolic pathways and can be 
used for the quantification of metabolites. 
However, untargeted metabolomics tends to ana-
lyze a large number of metabolites in a sample 
without bias and can be used for the identification 
of unknown metabolites.14,15 In the existing litera-
ture, analytes in metabolomics of IBD involve an 
immense variety of metabolites participating in 
various metabolic pathways in organisms, such as 
the tricarboxylic acid cycle, urea cycle, or fat oxi-
dation. These metabolites can be roughly classi-
fied as endogenous and exogenous substances. 
The former includes organic acids such as citrate 
and succinate, lipids such as sphingolipids and 

glycerolipids, amino acids such as histidine and 
cystine, short-chain fatty acids (SCFAs), glyco-
sylation products, and other endogenous mole-
cules. Exogenous substances including different 
kinds of xenobiotics have also been mentioned in 
some studies.11,13

The primary analytical techniques for metabo-
lomics are nuclear magnetic resonance (NMR) 
spectroscopy and mass spectrometry (MS) cou-
pled with gas or liquid chromatography.16 NMR 
spectroscopy distinguishes metabolites by the res-
onance frequency of nuclei in a magnetic field. 
Since the frequency and pattern of resonance vary 
with the chemical environment, each metabolite 
with a specific molecular structure generates a 
unique resonance, showing characteristic chemi-
cal shifts in the spectra.17 MS, however, ionizes 
and fragments the compounds into smaller mole-
cules of different mass-to-charge ratios, which can 
be measured by a detector and then give rise to 
corresponding mass spectra. Ionization and frag-
mentation are to a large extent determined by the 
chemical structures of metabolites, which enables 
the identification of different compounds. 
Chromatography used prior to MS analysis physi-
cally separates the metabolites so that the detec-
tion of individual molecules can be enhanced.18 
Both NMR spectroscopy and MS coupled with 
chromatography are high-throughput techniques 
and have their own advantages and limitations.19 
As compared to MS, NMR spectroscopy requires 
minimal sample preparation and has a higher 
quantitative ability and reproducibility without 
sample destruction. Nevertheless, signals of 
metabolites with low concentrations may be cov-
ered and cannot be identified due to overlapping 
signals, leading to a lower sensitivity and narrower 
detection range as compared to MS techniques. 
With the help of bioinformatic tools, data acquired 
from NMR or MS can be processed automati-
cally.14 Multivariate statistical techniques, such as 
principal components analysis and partial least 
squares discriminant analysis, are widely applied 
in metabolomics studies to discover distinct 
metabolite profiles in different sample classes.20

Metabolomics for assessing disease  
activity in IBD
The assessment of disease activity in IBD is an 
essential step in judging the stage of the disease, 
selecting an appropriate treatment plan, monitor-
ing the progress of the disease, and evaluating the 
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treatment effect.21,22 Clinical remission and endo-
scopic healing in IBD are recommended as inter-
mediate and long-term therapeutic targets, 
respectively. Histological healing also assists in 
assessing the depth of treatment response in 
UC.23 Therefore, a precise and convenient assess-
ment of disease activity is necessary for the man-
agement of IBD. Studies have found that changes 
in the levels of some metabolites in patients with 
IBD are strongly associated with the severity of 
disease activity, and models based on metabo-
lomic findings are capable of accurately distin-
guishing patients with active disease from those in 
remission. Since researches that focus on metabo-
lomics and clinical disease activity contribute to 
revealing disease characteristics rather than 
patient management, in this section, we just 
review studies aimed at assessing the endoscopic 
or histological activity of IBD through metabo-
lomics (Table 1).

Metabolomic analysis and endoscopic activity
Several studies have revealed that a variety of 
metabolites from different samples are related to 
endoscopic activity in patients with IBD. Bodelier 
et  al.32 conducted a prospective cohort study of 
725 exhaled air samples from 191 patients with 
CD to explore potential volatile organic com-
pounds (VOCs) to discriminate the active and 
remission patients. They found that remission 
patients were characterized with elevated decanal 
level and reduced concentration of other nine 
VOCs. Moreover, in breath samples, ethane was 
mentioned to be positively correlated with the 
endoscopic score of UC in another study.26 
Through metabolomics analysis, several metabo-
lites in urine sample, including ethylmalonate, 
l-3,4-dihydroxy-phenylalanine, levoglucosan, and 
propylene glycol, were demonstrated to associate 
with endoscopic recurrence in CD patients with 
ileocolonic resection.24 In addition, urine metab-
olites associated with endoscopic recurrence dif-
fered between patients with and without the use 
of biological agents. These results suggest the 
impact of biologics therapy in metabolites should 
be considered in future metabolomic researches. 
Furthermore, the association between fecal 
metabolites and mucosal healing (using calpro-
tectin levels as a surrogate) in pediatric CD was 
explored in a recent study.27 As a principal dis-
criminator, fecal pentanoate was detected at 
higher concentrations in the low calprotectin 
group, while fecal lysine was upregulated in the 

high calprotectin group. A similar result was also 
reported in another study.25 The study discovered 
that fecal allantoin and gamma-glutamylcysteine 
in pediatric patients with CD, and fecal aminoad-
ipic acid, carnosine, and ribose-5-phosphate in 
pediatric patients with UC exhibited a high cor-
relation with fecal calprotectin concentration, 
which is a sensitive biomarker to detecting endo-
scopic activity in both CD and UC.35 In mucosal 
biopsies, the levels of several lipid metabolites 
were reported to be discrepant in patients with 
active UC and remission UC.28,29

Besides single metabolites, previous studies have 
reported statistical models based on metabo-
lomics for distinguishing different severities of 
endoscopic inflammation in patients with IBD. 
Predictive models based on mucosal biopsies 
were confirmed to exhibit good performance in 
predicting endoscopic inflammation in UC.30,33 
Probert et al.31 found that the plasma metabolite 
profiles were able to discriminate endoscopic 
remission from endoscopic activity with a sensi-
tivity, specificity, and accuracy of 82%, 82%, and 
77%, respectively. In patients with CD, an estab-
lished statistical model based on the breatho-
grams of 10 discriminatory VOCs from breath 
samples also had a high sensitivity and specificity 
for the identification of remission and active 
patients.32 Moreover, the model combined with 
urine ethylmalonate, l-3,4-dihydroxy-phenylala-
nine, levoglucosan, and propylene glycol was 
accurate to distinguish endoscopic remission 
from endoscopic recurrence after ileocolonic 
resection in patients with CD.24 However, Di 
Giovanni et  al.34 established a model with the 
serum metabolome from patients with CD and 
found that it failed to completely separate the 
high, low, and quiescent endoscopic activity 
groups. Since these studies used different sam-
ples, metabolomic techniques, and definitions of 
remission, further investigations are needed to 
determine whether the metabolomic model can 
identify endoscopic remission in CD.

Metabolomic analysis and histological activity
Histological activity can persist in patients with 
IBD despite endoscopic remission and is now 
considered to be a significant indicator in predict-
ing disease progression in patients with UC.36 
However, only one study has investigated the 
ability of metabolomics to assess histological 
activity.31 Probert et al. performed plasma NMR 
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Table 1. Metabolomic analysis and endoscopic disease activity in IBD.

Patients Activity index Technique Sample Metabolic index/
model

Performance Reference

38 CD Rutgeerts score NMR Urine Levoglucosan Correlated with Rutgeerts score 
(r = 0.33)

Keshteli et al.24

38 CD Rutgeerts score NMR Urine Propylene glycol Correlated with Rutgeerts score 
(r = −0.31).

Keshteli et al.24

69 Pediatric 
IBD

Fecal calprotectin 
(surrogate marker of 
intestinal inflammation)

UPLC-MS Feces Carnosine Correlated with fecal calprotectin 
(r = 0.887).

Kolho et al.25

17 UC Unclear GC Breath Ethane Correlated with endoscopic score 
(r = 0.45) and symptom score 
(r = 0.34).

Sedghi et al.26

25 Pediatric 
CD

Fecal calprotectin NMR Feces Pentanoate 
concentration

1.35-times greater in low 
calprotectin group compared to 
high calprotectin group

Taylor et al.27

25 Pediatric 
CD

Fecal calprotectin NMR Feces Lysine 
concentration

1.54-times greater in high 
calprotectin group compared to 
low calprotectin group

Taylor et al.27

20 UC UCDAI and Mayo score UHPLC-
MS/MS

Colon 
biopsies

Oxylipins, 
endocannabinoids

Significant variance between 
treatment-naïve and deep 
remission groups

Diab et al.28

38 CD Rutgeerts score NMR Urine 4 Metabolites Detecting recurrence (AUC = 0.91; 
100% sensitivity; 84.6% specificity)

Keshteli et al.24

33 UC UCDAI and Mayo score UPLC-MS/
MS

Mucosa 
biopsies

67 Lipids Relative concentration altered 
between treatment-naïve and 
deep remission groups

Diab et al.29

43 UC Mayo score NMR Colon 
biopsies

Metabolomics data 
sets

AUC >0.95 for activity prediction Bjerrum et al.30

40 UC UCEIS and Nancy Index NMR Plasma Metabolite profiles Identifying low and high UCEIS 
(accuracy of 77%);
Identifying low and high Nancy 
score (accuracy of 65%)

Probert et al.31

191 CD Harvey Bradshaw Index 
along with C-reactive 
protein and fecal 
calprotectin

GC-TOF-
MS

breath Model based on 
10 volatile organic 
compounds

Predicting activity with sensitivity 
0.81, specificity 0.80, and AUC 0.88

Bodelier et al.32

28 UC Mayo score GC-
TOF-MS; 
UHPLC-MS

Mucosa 
biopsies

PCA plot Separation between the inflamed 
and noninflamed mucosa

Diab et al.33

35 CD Crohn’s disease 
endoscopic index score

GC-TOF-
MS

Serum Three-dimensional 
PCA plot and PLS-
DA plot

Incompletely separated between 
the three CD groups

Di Giovanni 
et al.34

191 CD Harvey–Bradshaw Index 
along with C-reactive 
protein and fecal 
calprotectin

GC-TOF-
MS

Breath Activity classifying 
score based on 10 
volatile organic 
compounds

22% of samples could not be 
classified (superior to clinical 
parameters)

Bodelier et al.32

AUC, area under receiver operator characteristic curve; CD, Crohn’s disease; GC, gas chromatography; IBD, inflammatory bowel disease; MS, mass spectrometer; NMR, 
nuclear magnetic resonance; PCA, principal component analysis; PLS-DA, partial least squares discriminate analysis; TOF-MS, time-off-flight mass spectrometer; 
UC, ulcerative colitis; UCDAI, ulcerative colitis disease activity index; UCEIS, ulcerative colitis endoscopic index of severity; UHPLC, ultra-high-pressure liquid 
chromatography; UPLC, ultra performance liquid chromatography.
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spectroscopy to study the discrepant metabolite 
profile between patients with UC showing histo-
logical remission and moderate to severe histo-
logical activity. The study found that plasma 
concentrations of five lipoproteins were elevated 
in patients with histological activity, while con-
centrations of valine, glucose, and myo-inositol 
declined. Furthermore, the researchers built a 
model based on these metabolites to identify his-
tological remission with an accuracy of 65%. In 
the future, additional studies are needed to 
explore the abilities of different methods of 
metabolomics or differently sourced samples for 
assessing histological activity in IBD.

Metabolomics for predicting the therapeutic 
response in IBD
Because of the heterogeneity of IBD, there is not 
one specific therapy that can satisfy all the 
patients. Thus, the prediction of therapeutic 
response and matching the right patients with the 
right treatment are essential in clinical practice. 
In this section, distinctive metabolomic signa-
tures that might be useful for identifying different 
responses of patients with IBD after certain thera-
pies are summarized (Table 2).

Metabolomic profiles and therapeutic response 
of biologics
In a recent guideline, anti-tumor necrosis factor 
(TNF) agents, such as infliximab, adalimumab, 
and certolizumab pegol, have been recommended 
to be used in patients with moderate-to-severe 
CD who are refractory to corticosteroids or 
immunomodulators.49 It is also strongly recom-
mended that vedolizumab, tofacitinib, or anti-
TNF therapy including adalimumab, infliximab, 
or golimumab should be used for induction and 
maintenance of remission in moderately to 
severely active UC.50 Nevertheless, around 30–
50% of patients show primary or secondary non-
response to biologics therapy.51,52 Thus, 
prediction of the therapeutic response to these 
biologic agents is important for optimizing dis-
ease management. Through metabolomic analy-
sis, several studies have uncovered that metabolite 
concentration could reflect and even predict the 
therapeutic response of these biological agents in 
patients with IBD. Bjerrum et al.48 conducted a 
retrospective cohort study including 87 patients 
with IBD and 37 healthy controls to investigate 
the variation of serum lipid metabolomic profiles 

after 14-week anti-TNF therapy. They demon-
strated that the lipid profiles of patients with IBD 
were clear discriminated from the healthy con-
trols before anti-TNF therapy. However, only the 
lipid profiles of patients with remission UC, 
instead of nonresponse UC or remission CD, 
became inseparable from the healthy controls 
after 14-week anti-TNF therapy. These results 
indicated that patients with UC who responded 
to anti-TNF treatment had a remarkable serum 
metabolomic change, which may help for discov-
ering potential prognostic metabolites. In addi-
tion to different types of IBD, different biological 
agents also had distinct impacts in serum metabo-
lites. A sustained increase in serum tryptophan 
(TRP) levels was observed in patients with IBD 
who responded to infliximab therapy, while 
patients nonresponding to infliximab or receiving 
vedolizumab therapy did not have a significant 
change in TRP levels.39

Furthermore, metabolomics was capable of 
exploring promising metabolites or models to 
predict therapeutic response to biologics in IBD. 
Ding et al.37 performed a prospective, longitudi-
nal cohort study of 76 patients with CD and 
found that many bile acids from feces, serum, and 
urine manifested differentiated signatures 
between responders and nonresponders. By com-
bining changes in the levels of these representa-
tive markers in each sample type, especially in 
fecal samples, the anti-TNF response could be 
accurately predicted. Moreover, several lipid 
markers in serum and feces were reported to 
exhibit altered concentrations in responders com-
pared to nonresponders, and the fecal lipid profile 
had a higher predictive accuracy than the serum 
lipid profile. Excitingly, another study found that 
response to infliximab in pediatric patients with 
CD could be predicted at baseline through fecal 
metabolomic approach.47 Patients responding to 
infliximab showed relatively high levels of glycine, 
linoleic acid, and l-lactic acid and low levels of 
N-acetylserotonin, methylglutaric acid, adipic 
acid, 4-aminohippuric acid, citramalic acid, 
isovaleric acid, and nicotinic acid before receiving 
infliximab. Thus, the baseline metabolomic pro-
file could separate the responders from nonre-
sponders clearly. In line with this, specific fecal 
lipid metabolites of patients with IBD were also 
mentioned in a prospective study of two cohorts,38 
of which reduced 3-methyl-thiopropionic acid 
and methyl 2-(methylthio) acetate were the repre-
sentative biomarkers detected in remission 
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Table 2. Metabolomic changes can reflect therapeutic response in IBD.

Patients Therapy Technique Sample Sampling time Metabolic index/
model

Performance Reference

76 CD Anti-TNF UPLC-MS Urine Baseline; 3 months 
after therapy

Cysteine Predicting response 
(AUC = 0.70)

Ding et al.37

3 CD/6 UC Anti-TNF or 
vedolizumab

HILIC-LC-MS/MS Feces Baseline; weeks 
2, 6, and 14 after 
induction

Butyric acid Increased uniquely in 
anti-TNF remission 
patients

Aden et al.38

3 CD/6 UC Anti-TNF or 
vedolizumab

HILIC-LC-MS/MS Feces Baseline; weeks 
2, 6, and 14 after 
induction

Ethanol or 
acetaldehyde

Significantly 
associated with 
remission following 
anti-TNF therapy

Aden et al.38

81 CD/67 UC) Infliximab or 
vedolizumab

UPLC-MS Serum Baseline; weeks 2, 
6, and 14; 6 months

Tryptophan Sustained increase of 
levels in Res but not 
in non-Res (Infliximab 
therapy);
no significant effect 
(Vedolizumab therapy)

Nikolaus 
et al.39

15 Pediatric 
CD

EEN A modified 
spectrophotometric 
method

Feces Baseline; 15, 30, 
and 60 days on 
EEN

Change 
magnitude of 
butyric acid and 
total sulfide levels

Increased when non-
Rem were excluded

Gerasimidis 
et al.40

26 Pediatric 
IBD

EEN or 
corticosteroid

Multisegment 
injection-capillary 
electrophoresis-
MS

Urine Baseline; over 8 
weeks

Octanoyl 
glucuronide, 
pantothenic acid, 
and pyridoxic acid

Specific dietary 
biomarkers of EEN for 
clinical remission

Yamamoto 
et al.41

7 Pediatric 
UC

FMT GC-TOF-MS Feces Before and after 
FMT

Short-chain fatty 
acids

Changed in Res after 
FMT

Nusbaum 
et al.42

73 UC FMT High-performance 
GC

feces Baseline; week 8; 
12 months

Short-chain fatty 
acids

No correlation with 
FMT effect

Costello 
et al.43

81 UC FMT UPLC-MS/MS Feces Baseline; week 8 
of FMT

Short-chain fatty 
acid biosynthesis 
and secondary 
bile acids

Increased in Rem 
after FMT

Paramsothy 
et al.44

81 UC FMT UPLC-MS/MS Feces Baseline; week 8 
of FMT

15 Metabolites Independent 
predictors of response 
at baseline

Paramsothy 
et al.44

43 Pediatric 
CD

EEN NMR Feces Baseline; during 
EEN; at end of 
EEN; at follow-up

Individual 
metabolites

Normalized in Res 
but not non-Res at 
follow-up

Diederen 
et al.45

69 CD FMT NMR Urine Pre-first FMT; pre-
second FMT

7 Metabolites Elevated right before 
the second FMT

Li et al.46

76 CD Anti-TNF UPLC-MS Feces Baseline; 3 months 
after therapy

Models of lipids Predicting response 
(AUC = 0.94)

Ding et al.37

76 CD Anti-TNF UPLC-MS Feces Baseline; 3 months 
after therapy

Models of bile 
acids

Predicting response 
(AUC = 0.81)

Ding et al.37

76 CD Anti-TNF UPLC-MS Serum Baseline; 3 months 
after therapy

Models of bile 
acids

Predicting response 
(AUC = 0.74)

Ding et al.37

43 Pediatric 
CD

EEN NMR Feces Baseline; during 
EEN; at end of 
EEN; at follow-up

Metabolic profiles Predicting response 
at baseline (AUC = 0.8)

Diederen 
et al.45

(Continued)
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patients treated with anti-TNF agents. In this 
study, the authors also developed a silico model 
based on fecal metabolomic profiles to identify 
patients who would achieve clinical remission 
after anti-TNF treatment.

Metabolomic profiles and therapeutic response 
of fecal microbiota transplantation
Fecal microbiota transplantation (FMT) is an 
effective method of directly changing the gut 
microbiota of recipients to normalize the compo-
sition, thereby achieving therapeutic benefits.53 
As previous studies have shown that FMT is pro-
posed as a therapeutic approach to induce remis-
sion in patients with CD and UC.54,55 Several 
studies have found that changes in metabolomics 
can reflect disease remission after FMT treat-
ment. One prospective study46 proved that sig-
nificant alterations in urinary metabolic profiles 
of patients with CD who experienced clinical 
improvement or remission were achieved at the 
pre-second FMT compared with those at pre-first 
FMT. In addition, Paramsothy et al.44 found that 
the primary outcome of FMT treatment could be 
predicted at baseline according to the fecal 
metabolomic profiles. The increased levels of 
SCFA biosynthesis and secondary bile acids, as 
well as the decreased levels of heme and lipopoly-
saccharide biosynthesis, were considered as mark-
ers that enabled patients in remission at week 8 to 
be distinguished from those who did not achieve 
remission. Similarly, another study of fecal 
metabolomes of pediatric patients with UC42 

confirmed that in responders after FMT, there 
was a decrease in acetic acid levels and an increase 
in butyric acid levels. However, stool SCFAs, 
such as butyrate, were reported to have no corre-
lation with either anaerobically prepared pooled 
donor FMT effect or disease activity of UC.43 
Hence, whether SCFAs can predict the therapeu-
tic response of FMT is still controversial, and 
additional studies are needed to confirm their 
roles.

Metabolomic profiles and therapeutic  
response of exclusive enteral nutrition
Exclusive enteral nutrition (ENN), a nutritional 
intervention, is the treatment of choice for pediat-
ric CD, the remission of which can be induced in 
up to 80% of cases.56 EEN is effective as a corti-
costeroid in the induction of clinical remission 
and is also superior in inducing mucosal heal-
ing.57 Studies have shown that the fecal metabolic 
profiles of children with CD are associated with a 
response to EEN treatment. A prospective multi-
center cohort study45 showed that the responses 
of pediatric CD patients to EEN could be pre-
dicted at baseline using fecal metabolic profiles. 
Many amino acids and several other metabolites 
in fecal samples were normalized in responders at 
follow-up but not in nonresponders, indicating 
their important role in reflecting therapeutic 
responses. In addition, another study of 15 pedi-
atric patients with CD40 analyzed fecal metabo-
lites and found that at subsequent follow-up 
points during EEN, there was a decrease in the 

Patients Therapy Technique Sample Sampling time Metabolic index/
model

Performance Reference

29 Pediatric 
CD

Infliximab LC–tandem MS Feces Before and after 
treatment

Metabolomic 
profiles

Distinct patterns 
between responders 
and nonresponders 
before and after 
treatment

Wang et al.47

87 IBD Infliximab NMR Serum Baseline; during a 
14-week treatment

Metabolomic 
profiles

Potentially distinct in 
non-Res versus other 
groups

Bjerrum 
et al.48

69 CD FMT NMR Urine Pre-first FMT; pre-
second FMT

Metabolomic 
profiles

Significant difference Li et al.46

Anti-TNF, anti-tumor necrosis factor; AUC, area under receiver operator characteristic curve; CD, Crohn’s disease; EEN, exclusive enteral nutrition; FMT, fecal 
microbiota transplantation; GC, gas chromatography; HILIC-LC-MS/MS, hydrophilic interaction liquid chromatography coupled to mass spectrometry; IBD, inflammatory 
bowel disease; MS, mass spectrometry; NMR, nuclear magnetic resonance; Rem, remission; Res, responders; TOF-MS, time-of-flight mass spectrometer; UC, 
ulcerative colitis; UPLC-MS, ultra performance liquid chromatography mass spectrometry.

Table 2. (Continued)
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levels of butyric acid and an increase in the con-
centrations of total sulfide. The magnitude of 
these changes became larger when excluding the 
patients who did not experience clinical remission 
from the analysis, implying different metabolomic 
characteristics in patients who achieved remission 
after EEN treatment and those who did not. 
Metabolic trajectories of urinary metabolites over 
8 weeks were also monitored in a pediatric retro-
spective cohort study of 26 patients with IBD 
who received corticosteroid or EEN therapy.41 
Urinary octanoyl glucuronide, pyridoxic acid, 
and pantothenic acid were shown as specific die-
tary biomarkers of clinical remission after EEN 
treatment in pediatric patients with IBD. These 
findings offer support for the utility of urinary 
metabolomics in the early therapeutic monitoring 
of pediatric patients.

Metabolomics for predicting disease relapse
IBD is a disease characteristic of a relapsing–
remitting course. Approximately 10–30% of 
patients tend to experience a disease relapse 
annually despite achieving remission.58,59 
Therefore, it is critical to pre-identify patients 
with a high risk of relapse so as to prospectively 
modify the strategies of disease management, 
which make it possible to conduct effective inter-
ventions for relapse prevention in patients. Several 
articles that elaborate the potential metabolic 
markers for the prediction of relapse are presented 
in this section (Table 3).

A prospective cohort study of 40 patients with 
UC showed that a baseline plasma metabolite 
profile performed well in predicting worsening of 
postoperative endoscopic activity with an 

Table 3. Metabolomics in predicting disease relapse in IBD.

Patients Definition of 
recurrence

Technique Sample Metabolic index/
model

Performance Reference

355 UC CAI ⩾5 or 
necessity for 
additional 
treatment

High-performance 
LC-electrospray 
ionization MS

Plasma Histidine HR (1st versus 4th 
quartile) = 2.55

Hisamatsu 
et al.60

108 CD/56 UC Symptomatic 
worsening

LC-MS Serum Propionyl-l-
carnitine

Associated with relapse 
(β = −1.24)

Borren 
et al.61

108 CD/56 UC Symptomatic 
worsening

LC-MS Serum Sarcosine Associated with relapse 
(β = −0.92)

Borren 
et al.61

108 CD/56 UC Symptomatic 
worsening

LC-MS Serum Carnitine Associated with relapse 
(β = −0.95)

Borren 
et al.61

108 CD/56 UC Symptomatic 
worsening

LC-MS Serum Sorbitol Associated with relapse 
(β = 1.06)

Borren 
et al.61

108 CD/56 UC Symptomatic 
worsening

LC-MS Serum Risk score based on 
four metabolites

Predicting relapse 
(AUC = 0.70; OR = 5.79)

Borren 
et al.61

40 UC Increase of 
UCEIS ⩾1

NMR Plasma Baseline 
metabolomic 
profiles

Predicting postoperative 
improvement or 
worsening (74% 
accuracy; 81% 
specificity; 81% 
sensitivity)

Probert 
et al.31

20 UC Partial Mayo 
score ⩾3

Direct infusion/LC-
MS/MS; NMR

Serum and 
urine

Baseline 
metabolomic 
profiles

Predicting relapse 
within 12 months

Keshteli 
et al.62

AUC, area under receiver operator characteristic curve; CAI, Lichtiger Clinical Activity Index; CD, Crohn’s disease; HR, hazard ratio; IBD, 
inflammatory bowel disease; LC, liquid chromatography; MS, mass spectrometry; NMR, nuclear magnetic; OR, odds ratio; UC, ulcerative colitis; 
UCEIS, ulcerative colitis endoscopic index of severity.
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accuracy of 74%.31 Two studies have investigated 
the relationship between the probability of clini-
cal recurrence of UC and the metabolome. A 
total of 355 patients with remission UC were 
observed prospectively in one of the studies,60 
and it was shown that a decreased concentration 
of plasma histidine was associated with an 
increased risk of relapse. In another study,62 
patients with clinical relapse were demonstrated 
to have significantly higher levels of serum 
3-hydroxybutyrate, acetoacetate, acetone, and 
urinary trans-aconitate, while urinary acetamide 
and cystine levels decreased. In addition, a pro-
spective cohort study of 164 patients with IBD61 
identified four serum metabolomic markers, sar-
cosine, carnitine, propionyl-l-carnitine, and sorb-
itol, which were associated with clinical relapse in 
IBD within 2 years. A metabolomics risk score 
developed based on these metabolites was con-
firmed to have a good performance for the predic-
tion of relapse, with an area under the receiver 
operating characteristic curve of 0.70.

Other applications of metabolomic  
profiling in the management of IBD
Some studies have mentioned other possible utili-
ties of metabolomic profiling in IBD manage-
ment. As noted in a prospective follow-up study 
of 535 patients with IBD,39 a lower concentration 
of serum TRP was linked with a higher probabil-
ity of the need for surgery in patients with IBD. 
Moreover, Clerc et  al.63 found the associations 
between plasma glycosylation patterns and dis-
ease progression, and the need for increased drug 
potency or surgery, suggesting a reference for 
therapy and prognosis. In addition, fecal alanine 
levels were found to be significantly different 
between pediatric patients with IBD with high 
perceived stress and low perceived stress.64 Since 
the stress level was considered as one of the 
impact factors of future disease activity in patients 
with IBD,65,66 fecal alanine levels may assist in 
predicting disease progression and recurrence. 
Fatigue has been reported as a disabling symptom 
in many patients with IBD despite being in remis-
sion. Its etiology remains unclear, limiting treat-
ment pertinency.67 In a prospective study of 166 
patients with IBD, 18 serum metabolites, such as 
methionine, TRP, proline, and sarcosine, were 
found to be significantly different between 
patients with and without fatigue, which advanced 
our understanding of the mechanisms of fatigue 

and the possible therapeutic targets.68 Moreover, 
fecal isocaproyltaurine was confirmed as a useful 
joint marker for identifying Clostridioides difficile 
infection in patients with IBD.69

Limitations of metabolomics and 
corresponding solutions
There remain some limitations of metabolomics 
that, to some extent, hamper the transition 
between laboratory research and the clinical 
application of metabolomics in IBD.

Above all, previous studies have demonstrated 
that age, gender, and environmental factors such 
as diet, lifestyle, toxins, and cultural trends can 
influence metabolic phenotypes.70–73 Therefore, 
both clinical research and applications of metabo-
lomics should take the influence of these con-
founding factors into account, especially urinary 
metabolomics, which are thought to be more sus-
ceptible to environmental factors than metabo-
lomics of other sample types.70,72 Otherwise, 
biased results and even erroneous conclusion may 
be drawn. As noted in a prospective study for 
relapse prediction of UC, concentrations of 
plasma histidine and glutamate are affected by 
age and gender in patients with UC.60 After gen-
der and age adjustment, the association between 
histidine and the risk of relapse was more obvi-
ous, while the opposite was true for glutamate. 
Moreover, disease severity, concomitant therapy, 
and genetic variants in patients with IBD are also 
non-negligible confounders in prognostic studies 
with metabolomics.13,74 For example, the metab-
olism and drug toxicity of thiopurine, a widely 
used drug in IBD, is strongly influenced by the 
genetic variants of NUDT15, TPMT, and 
HLA.75–77 If these genetic biomarkers are not 
considered in metabolomics research concerning 
the therapeutic efficacy of thiopurine, biased 
results will be generated. Thus, it is important to 
have an appropriate study design and perform 
robust statistical adjustments for potential con-
founders to make metabolomic profiles reliable 
for application in clinical practice.

In addition, some contradictory results have been 
reported in previous studies, which may result 
from the heterogeneity of cohorts, sampling tech-
niques, or analytical methods. Previous studies 
have revealed that the quality of acquired metab-
olomic data can be strongly influenced by sample 
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preparation and the analytic approaches under-
taken, which is likely to lead to significant varia-
bility in the final metabolomic profiles.78–80 Since 
the metabolome of an organism is highly com-
plex, there is no single and uniform strategy to 
analyze all metabolites,81 resulting in distinct ana-
lytic methods and instruments used for different 
sample types and research purposes, which makes 
it difficult to compare and integrate the results 
from different studies. Therefore, it is necessary 
to further verify the role of metabolites that have 
been identified as predictive biomarkers in the 
disease management and prognosis of IBD fol-
lowing the standardized procedures from sample 
preparation to analysis, and to determine the 
most appropriate sampling and analytical meth-
ods according to the properties of the target 
metabolites for clinical application.

Another limitation of metabolomics is that metab-
olomic profile alterations in patients with differ-
ent disease activity or prognosis are hard to 
interpret since the mechanism behind these 
changes remains unknown. Fortunately, the inte-
gration of metabolomics and other omics, espe-
cially the microbiome, can provide more 
comprehensive and profound insights into meta-
bolic characterization. Metabolites are down-
stream of the genome–transcriptome–proteome 
and are affected by the metabolism of various 
microbiota in vivo, so that multiomics studies cre-
ate an opportunity to explore the interactions of 
genes, proteins, metabolites, and microbiota and 
to uncover the pathophysiological mechanisms 
behind the characteristics of metabolomics.11,82,83 
This enables to explain the causes of metabolic 
changes in patients with IBD. In addition, the 
integration of multiomics may enable the identifi-
cation of an optimal set of biomarkers for the 
management of IBD. For instance, a multivaria-
ble model combining metabolomic and prot-
eomic risk scores to predict clinical relapse in IBD 
exhibited a superior performance to a metabo-
lomic or proteomic model alone in a prospective 
cohort study.61 Similarly, another study revealed 
that a model of baseline clinical, proteomic, 
metabolomic, and metagenomic markers showed 
a higher predictive value in predicting the biologic 
therapeutic response than a model of microbial 
taxa alone.84 Therefore, metabolomics is still a 
promising and reliable technology to facilitate the 
personalized managements in IBD when address-
ing these limitations.

Conclusion
Owing to the advantages of satisfactory sensitivity 
and precision, high throughput, convenient sam-
pling, and noninvasive characteristics, metabo-
lomics has attracted increasing attention in IBD 
research in recent years. The potential of metabo-
lomic profiling in the management of IBD is 
gradually being recognized. Many metabolites 
from different types of samples were found to be 
candidate predictors of disease activity, therapeu-
tic response, or relapse. Several statistical models 
based on some of the representative metabolites 
were considered to have good performance in dis-
tinguishing patients with active IBD from those in 
remission or in identifying responders from non-
responders during treatment. Much of this evi-
dence shows that high-throughput and 
high-sensitivity metabolomics technology not 
only allows for the quantification of small changes 
in a single metabolite but can also integrate the 
changes of multiple metabolites with the help of 
multivariate analysis to obtain a comprehensive 
judgment of metabolic characteristics. This assists 
in monitoring the progress of the disease and in 
evaluating the therapeutic effect, which has broad 
prospects in the clinical management of IBD.

Although previous studies showed the promising 
role of metabolomics in the personalized manage-
ment of IBD, more efforts are warranted for 
adopting metabolomics in real-world medicine. 
On one hand, the predictive ability and generali-
zation of established metabolomic profiles need 
further validation in research with large sample 
sizes because of the numerous variables in the 
metabolomic profiles and the heterogeneity of 
IBD. On the other hand, the mechanisms of 
metabolite alteration in IBD patients with differ-
ent disease activity or prognosis should be eluci-
dated through basic research or multiomics 
studies, so that clinicians can perform a more tar-
geted management with a profound interpretation 
of metabolomic profiles. Fortunately, the fact that 
metabolomics can be applied in clinical practice 
has been supported by the routine employment of 
the targeted metabolomic profiling of some 
metabolites, such as steroids, organic acids, amino 
acids, biogenic amines, and acylcarnitines, in 
newborn screening, especially in detecting inborn 
metabolism errors.85–88 Furthermore, metabo-
lomics also exerts an important role in personal-
ized medicine with respect to diabetes and 
cancer.78 All of these applications in other fields 
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provide references for the clinical establishment of 
metabolomics in IBD. It is believed that the adop-
tion of metabolomics in practical medicine of IBD 
will be witnessed in the near future.
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