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Ulcerative colitis (UC) has seriously impaired the health of citizens. Accurate diagnosis of UC at an early 
stage is crucial to improve the efficiency of treatment and prognosis. In this study, proton nuclear mag- 
netic resonance (1H NMR)-based metabolomic analysis was performed on serum samples collected from 
active UC patients (n = 20) and healthy controls (n = 19), respectively. The obtained spectral profiles were 
subjected to multivariate data analysis. Our results showed that consistent metabolic alterations were 
present between the two groups. Compared to healthy controls, UC patients displayed increased 
3-hydroxybutyrate, b-glucose, a-glucose, and phenylalanine, but decreased lipid in serum. These findings
highlight the possibilities of NMR-based metabolomics as a non-invasive diagnostic tool for UC. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction 

Ulcerative colitis (UC), one of the two variation s of inflamma-
tory bowel diseases (IBDs), is characterized by chronic and relaps- 
ing inflammation of the large intestine [1,2]. Despite sharing 
similar symptom s, UC is distinct from Crohn’s disease (CD) which 
belongs to another form of IBDs. Due to the high prevalence in 
the population, UC increasingl y becomes a huge burden for pa- 
tients and society [3–5]. It has been generally accepted that UC is 
a multifactorial disease which involved hereditary, environmental 
and microbiologi cal factors and abnormal immune responses [6–
8]. Nevertheles s, the exact pathogenes is of UC still remains to be 
fully elucidated. Currently, the diagnostic methods for UC include 
endoscopic, radiologic and histological techniqu es [9,10]. However ,
all of these are time-con suming and invasive methods. Conse- 
quently, it is urgent to develop novel minimally invasive methods 
for accurate and early diagnosis of UC. 

Nuclear magnetic resonance (NMR) spectroscopy based meta- 
bolic profiling of biofluids, such as serum and urine, has been 
widely used in characterizing potential biomarkers in a variety of 
diseases [11–13]. This approach requires only small amounts of 
sample to generate metabolic profiles. More importantly, it is a
non-invasiv e method. Recently, several groups have reported the 
application of NMR spectroscopy based metabolomic analysis in 
IBDs research. NMR-based metabolic profiling of urine [14,15] and
fecal extracts [9,16] has been successfully used in discriminati ng 
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IBD patients from healthy subjects. Moreove r, it has been demon- 
strated that this approach could also be used in a mouse model of 
UC [17]. However , metaboli c profiling of serum is relatively rare. 
One study has investigated serum metabolic profiles of IBD 
patients using gas chromatography /mass spectrometry (GC/MS).
Unfortunate ly, this study did not restrict recruitment to active 
IBD patients [18]. More recently, Schicho et al. have reported that 
NMR-based metabolic profiling of serum, plasma, and urine dis- 
criminates between patients with IBD and healthy individuals 
[19]. However, these samples were collected from patients with 
long disease duration (5.5 years). Thus, the obtained results may 
not reflect metabolic changes in the early stages of UC. Addition -
ally, due to the gender imbalance in sample recruitment, the influ-
ence of gender on metaboli c profiles cannot be totally ruled out. 

In the current study, we used high-resoluti on 1H NMR-based 
metaboli c profiling of serum to determine metabolic alterations 
between UC patients and healthy controls. We recruited active 
UC patients with short disease duration (2.7 years) and minimized 
gender imbalance by enrolling a substantially balanced number of 
male and female subjects in our present study. The main objective 
of this study was to determine whether NMR-based metabolomics 
could be used as an effective non-invasive method for early stage 
diagnosis of UC. 
2. Materials and methods 

2.1. Subjects 

All subjects were recruited from Shengjing Hospital of China 
Medical University. This study was approved by the Ethics 

http://dx.doi.org/10.1016/j.bbrc.2013.03.012
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Table 1
Characteristics of UC patients and healthy contr ols. a

UC Controls 

No. of subjects 20 19 
Gender (male/female) 9/11 9/10 
Age, years, (mean, range) 42 (22–62) 37 (22–58)
Age at diagnosis (<37 years/>37 years) 9/11 –
Years with disease (62 years/>2 years) 11/9 –
Disease duration, years (mean, range) 2.7 (0.08–10) –
Mayo-score (mean, range) 8.6 (5–12) –
Inflammation (P/PS/LC/PC) 6/6/1/7 –
Extra intestinal manifestations 

(present/never present)
1/19 –

Medications
Gentamicin 20 –
Mesalamine 19 –
Methylprednisolone 2 –
Dexamethasone 17 –
Xilei-san 18 –
Kangfuxing 1 –
Hemocoagulase 9 –

a P, proctitis; PS, proctosigmoiditis; LC, left-sided colitis; PC, pancolitis. Extra 
intestinal manifestations from skin, eyes, liver and/or joints: present/never present. 
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Committee of China Medical Universit y, and written informed con- 
sent was obtained from each participa nt. Serum samples were col- 
lected from active UC patients (n = 20) and healthy controls 
(n = 19), respectively. Each patient had been diagnose d with UC 
according to well-establi shed criteria on the basis of clinical, histo- 
logical and endoscopic techniques. Patients with quiescent UC, se- 
vere mental illness, age over 75 years or below 18 years, clinical 
evidence of active infections, were eliminated from this study. 
Additionally , patients who were pregnant or taking antibiotics re- 
cently (within two weeks) were also excluded. The characterist ics 
of all subjects are summarized in Table 1.

2.2. Sample collection and preparation 

To minimize dietary influence, serum samples were obtained 
from all subjects after overnight fasting. Blood samples were col- 
lected from each participant into tubes with sodium-heparin. Cen- 
trifugation was performed at 12,000 rpm, 4 �C, for 15 min. 
Approximatel y 1 mL supernat ant was obtained and stored at 
�80 �C. At the time of NMR analysis, serum samples were thawed 
at room temperat ure. After centrifugation, 100 lL D2O was added 
to 400 lL supernat ant to provide a field frequency lock. Subse- 
quently, the homogenized mixture was transferred to a 5 mm 
NMR tube. 

2.3. NMR measuremen ts 

All 1H NMR spectra were acquired on a Varian Inova 600 MHz 
spectromete r (Varian Inc., Palo Alto, CA, USA) operating at 
599.93 MHz for 1H observation and equipped with a CryoProbe 
at 298 K. In this study, Carr–Purcell–Meiboom–Gill (CPMG) 1H
NMR spectra were acquired using the following parameters: spec- 
tral width 8000.0 Hz, relaxation delay 2.1 s, acquisition time 1.0 s, 
total spin-echo time 100 ms, and 128 scans. 

2.4. Data processing 

The obtained spectral data were phased and baseline-correcte d
using TopSpin software package (version 3.0, Bruker Biospin, 
Rheinstetten, Germany). These NMR spectra were referenced and 
scaled to the lactate signal at 1.33 ppm. After calibration, the 
spectral region of 9.5–0.5 ppm was integrated into bins with equal 
width of 0.004 ppm using AMIX software package (version 3.9.11, 
Bruker Biospin). The spectral regions correspondi ng to the signal of 
residual water and urea (6.87–4.2 ppm), and ethanol (1.23–1.10
and 3.69–3.62 ppm) were excluded. All spectra were normalized 
to the total spectral area prior to pattern recognition analyses. 

2.5. Multivari ate statistica l analysis 

Multivar iate statistical analysis was applied to a total of 39 
spectra using SIMCA-P+ software package (version 11.0, Umetrics, 
Umea, Sweden). Principal component analysis (PCA), partial least 
squares discriminant analysis (PLS-DA) and orthogonal projections 
to latent structures (OPLS)-DA were utilized to analyze the ob- 
tained spectral data. The first and second principal components 
were used for all above-ment ioned analyses. After mean-cente ring, 
the unsupervised PCA was performed. Subsequentl y, the super- 
vised PLS-DA was carried out using unit variance scaling approach .
The quality of PLS-DA models was validated by the leave-one-out 
cross-val idation procedure. R2X and Q2 parameters were used to 
describe the quality of these models. In addition, a 200-times per- 
mutation test was performed to further assess the validity of these 
PLS-DA models. Finally, OPLS-DA was employed using unit vari- 
ance scaling method. The correlation coefficient loading plot was 
generate d by Matlab7.0 software package. The significance test of 
the Pearson’s product-moment correlation coefficient was carried 
out to determine metaboli tes with significant difference between 
groups. The coefficient of |r| > 0.456 was used as the cut-off value 
which was calculated based on discriminati on significance at the 
level of p-value = 0.05 and df (degree of freedom) = 17. 
3. Results 

3.1. 1H NMR spectroscopy of serum samples 

Serum samples were obtained from active UC patients (n = 20)
and healthy subjects (n = 19), respectively. Typical 600 MHz CPMG 
1H NMR spectra of serum from a UC patient and a healthy subject 
are shown in Fig. 1. The endogenous metabolites detected in the 
spectra consisted of various amino acids including valine, leucine, 
isoleucine, alanine, lysine, glutamine, histidine , tyrosine, and phen- 
ylalanine, and several short chain fatty acids, for instance, acetate 
and butyrate. Besides, energy metabolism related molecules such 
as lactate, citrate and creatine, and membran e metabolites includ- 
ing glycerophosphoch oline and choline, were also detected in 
these NMR spectra. However, the high interindividual variability 
makes it impossibl e to obtain consistent comparis ons between 
UC patients and healthy controls. Thus, multivariate statistical data 
analysis was applied to the NMR data in order to find out metabolic 
alteration s between these two groups. 

3.2. Multivari ate data analysis of NMR spectra 

To discover intrinsic clusters and outliers within the data set, 
the unsupervised PCA was first performed with the normalized 
NMR spectral data. The first and second principal components 
(51.9% and 21.2%, respectively ) were used to generate PCA models. 
As shown in Fig. 2A, one serum sample from UC patients was iden- 
tified as an outlier and removed for further analysis. While com- 
plete separation was not observed, a trend of discrimination 
between UC patients and healthy controls was indicated according 
to the final PCA results (Fig. 2B).

To improve the separation, the supervised PLS-DA was further 
carried out. Likewise, PLS-DA models were created using the first
and second principal components (25.4% and 9.1%, respectively).



Fig. 1. Representative CPMG 1H NMR spectra of serum obtained from (A) a UC patient and (B) a healthy subject. The region of d 9.0–5.0 (in the dashed box) was magnified 16 
times as compared with corresponding region of d 4.7–0.5 for the purpose of clarity. Keys: 1, lipid; 2, valine; 3, leucine; 4, isoleucine; 5, ethanol; 6, lactate; 7, alanine; 8, 
acetate; 9, lysine; 10, N-acetyl-glycoprotein (NAG); 11, glutamate; 12, glutamine; 13, succinate; 14, 3-hydroxybutyrate (3-HB); 15, citrate; 16, creatine; 17, choline; 18, 
phosphorylcholine (PC); 19, glycerophosphocholine (GPC); 20, trimethylamine-N-oxide (TMAO); 21, b-glucose; 22, a-glucose; 23, urea; 24, histidine; 25, tyrosine; 26, 
phenylalanine; 27, formate. 

Fig. 2. PCA scores plots based on 1H NMR spectra of serum obtained from UC patients and controls. (A) One serum sample from UC patients was identified as an outlier and 
thus removed for further analysis. (B) PCA was performed after excluding the outlier. 

Fig. 3. PLS-DA scores plot and permutation test. (A) PLS-DA scores plot generated from 1H NMR spectra of serum obtained from UC patients and controls. (B) PLS-DA models 
were validated by permutation test (n = 200).
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The quality of these models was validated by the leave-one-out 
cross-validati on procedure and described by R2X and Q2. These 
two parameters represent the explained variation and the predict- 
ability of the model, respectivel y. As shown in Fig. 3A, a good sep- 
aration was achieved between patients with UC and healthy 
controls (R2X = 0.32, Q2 = 0.43). Furthermore, PLS-DA models were 
validated using permutation test with 200 permutations (Fig. 3B).
However, these models still lack detailed information about the 
differenc e between clusters. Consequently, OPLS-DA was em- 
ployed to maximiz e the separation and to determine the metabolic 
alteration s between UC patients and healthy controls. A clear sep- 
aration between these two groups was observed (R2X = 0.36, 
Q2 = 0.47) after OPLS-DA was performed (Fig. 4A). In addition, 
metaboli tes responsible for discrimin ating patients with UC from 
healthy controls were shown in the correspondi ng coefficient load- 
ing plot (Fig. 4B). Here, the direction of the peaks is associated with 



Fig. 4. OPLS-DA scores plot and corresponding coefficient loading plot. (A) OPLS-DA scores plot generated from 1H NMR spectra of serum. (B) Coefficient loading plot created 
from OPLS-DA modeling of serum. Peaks in the positive direction denote increased metabolites in UC patients, while peaks in the negative direction indicate elevated 
metabolites in healthy controls. The color scaling map on the right-hand side of the coefficient loading plot represents the contribution of metabolites in discriminating UC 
patients from healthy controls. For key, see Fig. 1 caption. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.)

Table 2
OPLS-DA coefficients derived from the NMR data of metabolites in serum obtained 
from UC patients and healthy controls. 

Metabolites ra UC vs.
control 

Lipid: 0.85 (mb), 0.89 (m), 1.27 (m), 2.03 (m), 1.77 (m), 5.30 
(m)

�0.692 

3-HB: 1.20 (d), 2.31 (dd), 2.38 (dd), 4.23 (m) 0.734 
b-Glucose: 3.19 (dd), 3.34 (t), 3.40 (m), 3.43 (t), 3.84 (dd),

4.48 (d)
0.636 

a-Glucose: 3.36 (t), 3.47 (dd), 3.65 (t), 3.67 (m), 3.77 (m),
5.16 (d)

0.675 

Phenylalanine: 7.33 (m), 7.38 (m), 7.42 (m) 0.753 

a Correlation coefficients, positive and negative signs indicate positive and neg- 
ative correlation in the concentrations, respectively. The coefficient of |r| > 0.456 
was used as the cut-off value which was calculated based on discrimination sig- 
nificance at the level of p-value = 0.05 and df (degree of freedom) = 17. 

b Multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublets; 
m, multiplet. 
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the relative concentratio n of specific metaboli tes in the cluster of 
interest as compared with other clusters in the established models. 
The color scaling map on the right-hand side of the coefficient
loading plot indicates the significance of metabolites in discrimi- 
nating between UC patients and healthy controls. For instance, 
metabolites with red color contribute more to the separation be- 
tween different groups than do those with blue. The coefficients
indicating the significance of metaboli tes contributing to the sepa- 
ration between these two groups are summarized in Table 2. Here, 
the coefficient of 0.456 was used as the cut-off value which was 
calculated based on discriminati on significance at the level of 
0.05 (P 6 0.05). According to the loading plot, UC patients con- 
tained relatively higher serum 3-hydrox ybutyrate (3-HB), b-glu-
cose, a-glucose and phenylalanine levels than healthy controls 
(Fig. 4B and Table 2). In addition, lipid was decrease d in UC pa- 
tients as compared with healthy controls. 

4. Discussion 

Metabolom ic profiling of biofluids, such as serum and urine, has 
been extensively used in characterizi ng potential biomarker s in a
variety of diseases, including IBDs [14,15,18,20 ,21] . In accordance 
with previous findings [19], our results demonst rate that NMR- 
based metabolic profiling of serum can be used to discrimin ate be- 
tween patients with active UC and healthy controls. 

Regarding to the choice of biofluid, there are more studies fo- 
cused on urine than those on serum in IBDs research. It has been 
shown that NMR-based metabolic profiling of urine samples 
collected from CD and UC patients and controls can be used to 
distingui sh the cohorts [14]. Similar results have been reported 
in a mouse model of UC [17] or CD [22]. On the contrary, Bjerrum 
et al. found that the metaboli c profiles of urine does not allow a dif- 
ferentiati on between active UC, inactive UC, and controls [20].
Moreove r, another group also suggested that distinguishing UC 
from CD via urine metabolite profile analysis may be difficult
[15]. Therefore, we focused on metabolic profiling of serum sam- 
ples to assess the potential applicati on of NMR-based metabolo- 
mics in early and accurate diagnosis of UC. All serum samples 
were obtained after overnight fasting to avoid the potential influ-
ence of dietary factors. In regard to gender, a substantially bal- 
anced number of male and female subjects were recruited in the 
current study. We found that no gender-related clustering was ob- 
served based on the results of PCA. Compared to the significant
metaboli c alterations found in a previous report [19], we detected 
less marked changes in metabolite composition between UC pa- 
tients and healthy controls. A possible explanation for the varia- 
tions is that our results reflect metaboli c changes in the early 
stages of UC, because serum samples obtained from UC patients 
with short disease duration (2.7 years) were used in the present 
study.

In conjunction with multivari ate data analysis, we found that 
patients with UC displayed increased 3-HB, b-glucose, a-glucose
and phenylalani ne, whereas decreased lipid as compared with con- 
trols. 3-HB, a ketone body, is synthesized in the liver from acetyl 
coenzyme A and can be used as an energy source by the brain 
when blood glucose is low [23]. While higher concentration of 3- 
HB has been found in serum from a mouse model of UC [17], we 
report here that this metabolite is significantly increased in UC pa- 
tients compared with healthy subjects. The strong increases of ke- 
tone bodies such as 3-HB in serum of UC patients may reflect the 
high demand of the body for energy. Interestingl y, another group 
reported that 2-HB is increased in serum of IBD patients compared 
to controls [19]. In relation to glucose, our results further con- 
firmed the findings described by a previous investiga tion [19]. Fur- 
thermore , high levels of glucose have been discovered in extracts of 
macrosco pically uninvolved colonic mucosa of IBD patients [24].
Intriguin gly, a study by Le Gall et al. found that residual glucose 
is somewhat higher in UC fecal extracts than in controls [16]. How- 
ever, it is still not known why UC patients contain a high concen- 
tration of glucose in serum since they display malnutrition [25].
Recently , it has been shown that variations in the levels of some 
amino acids may be involved in the pathogenes is of IBD [26]. In 
contrast to the findings presented here, serum concentratio n of 
phenylalani ne was not changed between UC patients and controls 
in a previous study [18]. Interestingly, increased phenylalanine 
was found in serum from a mouse model of UC [17]. Lipids can 
be used as stored energy and structural components of cell mem- 
branes [27]. Decreased lipids may reflect chronic and extensive 
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colonic inflammation associated with UC patients. Despite of the 
above-ment ioned metabolites , it should be noted that the total 
number of altered metabolites is relatively low in the present 
study.
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