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Abstract

Background Inflammatory bowel disease is a group of pathologies characterised by chronic inflammation of the intestine
and an unclear aetiology. Its main manifestations are Crohn’s disease and ulcerative colitis. Currently, biopsies are the most
used diagnostic tests for these diseases and metabolomics could represent a less invasive approach to identify biomarkers
of disease presence and progression.

Objectives The lipid and the polar metabolite profile of plasma samples of patients affected by inflammatory bowel disease
have been compared with healthy individuals with the aim to find their metabolomic differences. Also, a selected sub-set
of samples was analysed following solid phase extraction to further characterise differences between pathological samples.
Methods A total of 200 plasma samples were analysed using drift tube ion mobility coupled with time of flight mass spec-
trometry and liquid chromatography for the lipid metabolite profile analysis, while liquid chromatography coupled with triple
quadrupole mass spectrometry was used for the polar metabolite profile analysis.

Results Variations in the lipid profile between inflammatory bowel disease and healthy individuals were highlighted. Phos-
phatidylcholines, lyso-phosphatidylcholines and fatty acids were significantly changed among pathological samples sug-
gesting changes in phospholipase A, and arachidonic acid metabolic pathways. Variations in the levels of cholesteryl esters
and glycerophospholipids were also found. Furthermore, a decrease in amino acids levels suggests mucosal damage in
inflammatory bowel disease.

Conclusions Given good statistical results and predictive power of the model produced in our study, metabolomics can be
considered as a valid tool to investigate inflammatory bowel disease.
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1 Introduction
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coupled with biopsies. Furthermore, discrimination between
the two manifestations, UC and CD, is particularly com-
plicated given the similarity of the symptoms, resulting in
10-15% of cases lacking a defined diagnosis (undefined coli-
tis) (Kumar and Clark 2016). Different causative agents have
been proposed in the past for CD and UC diagnosis. One of
these theories is based on the T-cell pathway, that proposes
the idea that T cells activation is due to a confluence of
genetic and environmental factors that causes an immune
imbalance, ending with the characteristic inflammation,
prerogative of these diseases (Maul et al. 2005). Moreover,
change in the intestinal flora, has been suggested as a crucial
factor that can trigger the emergence of IBD (Weinstock
et al. 2002; Summers et al. 2003). However, it is clear that
most of the symptoms that occur during the progression of
disease are common for both pathologies.

Metabolomics and lipidomics could both represent use-
ful tools in elucidating the mechanisms and suggesting
diagnostic and therapeutic approaches for IBDs. Metabo-
lomics is the study of metabolites in a biofluid, cell, tis-
sue or organism to understand the mechanism behind the
response to a given stimulus/condition. By extension lipi-
domics aims to understand how lipid metabolism is per-
turbed by a biological stimulus. A number of studies have
recently used metabolomics and lipidomics to examine
IBD, demonstrating differences in the metabolic profile of
IBD patients when compared with healthy individuals (Lu
et al. 2012) or, in a smaller number of cases, discriminating
between IBD subtypes (Storr et al. 2013; Lin et al. 2011).
Lipid species are also altered in these diseases, with Fan
et al. (2015) demonstrating that triaclyglycerol and choles-
terol levels were significantly higher and lower in CD when
compared with UC, respectively. These alterations of lipid
profiles, including suggested changes in plasmalogens may
contribute to the pathogenesis of IBD (Balasubramanian
et al. 2009). Moreover, Agouridis et al. (2011) highlighted
lower total cholesterol and high density lipoprotein choles-
terol levels in IBD samples when compared with healthy
individuals, while low density lipoprotein cholesterol levels
were higher when compared with healthy patients. Santoru
et al. 2017 have reported higher levels of several lipids like
diacylglycerol (18:0/22:2), diacylglycerol (16:0/18:2) and
n-acylphosphatidylethanolamines (18:1/16:1/18:0) in IBD
patient when compared with healthy individuals, while uro-
bilin, phosphatidylcholine (16:0/3:1), urobilinogen, phos-
phatidic acid (19:0/16:1), phosphatidylserine (22:2/18:0),
phosphatidylcholine (22.2/14:1) and ceramide (18:1/22:0)
were decreased. Recently, Scoville et al. (2018), studying the
metabolomic profile of the serum of IBD patients, showed
variations in a number of lipid, amino acid, and tricarboxylic
acid cycle related in IBD patients: for example deoxycho-
late, sphingomyelin, glycochenodeoxycholate glucuronide,
taurolithocholate 3-sulfate, dehydroepiandrosterone sulfate,
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as well as long chain, polyunsaturated, branched chain, and
monohydroxy fatty acids were significantly decreased in
CD when compared with healthy individuals. Also several
compound related to the tricarboxylic acid cycle, like citrate,
aconitate, o-ketoglutarate, succinate, fumarate and malate
were found decrease in CD and UC when compared with
healthy individuals.

A major challenge in the field of lipidomics is the iden-
tification of individual lipid species, in part reflecting the
similar chemical structure across the class of compounds as
well as the high proportion of isobaric species. To address
these issues, several analytical methods have been proposed
including tailored condensed phase separations coupled
to MS or tandem mass spectrometry strategies (Han and
Gross 2005, Fahy et al. 2007; Sud et al. 2006, Niemela and;
Sjostrom 1986). In this respect ion mobility-mass spectrom-
etry (IM-MS) has been suggested as one such technique that
could improve the separation of a wide range of lipid spe-
cies (Kliman et al. 2011; Hinz et al. 2018). In addition, drift
tube ion mobility (DTIM) allows calculation of the ion’s
collision cross section (CCS), a physicochemcal parameter,
when travelling through an inert gas such as nitrogen. In
this study, with the aim to create a metabolomic fingerprint-
ing profile for the diagnosis of IBD, metabolomic variations
of the compound’s levels in CD, UC and healthy plasma
samples were investigated by either ultra high performance
liquid chromatography coupled with a DTIM time of flight
mass spectrometer for lipidomics, or a high performance lig-
uid chromatography coupled with a triple quadrupole mass
spectrometer system for polar metabolomics.

2 Materials and methods
2.1 Patients

Patients were recruited at the Department of Gastroenterol-
ogy of the Policlinico Universitario di Monserrato (CA),
Italy. All patients were fasted from 8 to 12 h before the
blood test. The whole blood samples were collected into
tubes containing ethylenediaminetetraacetic acid to avoid
blood coagulation. Samples were then centrifuged to obtain
the plasma fraction which was transferred into an eppendorf
tube, delivered to the laboratory within 3 h and stored at
—80 °C until use. All clinical information of patients are
reported in supplementary materials (Table S1). Briefly, the
78 UC patients (31 females, 47 males) showed ranges of age
and body mass index (BMI) of 20-76 and 15.7-35.6, respec-
tively (averages of age and BMI were 48 + 13 and 24 +4,
respectively), while the same ranges for the 50 CD patients
(28 females and 22 males) were 21-78 and 16-31, respec-
tively (averages of age and BMI were 47 + 12 and 24 +4,
respectively). Furthermore, patients had their diagnosis
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confirmed by endoscopic, histological and radiographic data
(Agouridis 2011; Nikolaus 2007; Schroeder 1987; Harvey
1980) resulting in 21 CD and 39 UC samples to be in a
quiescent or inactive phase of the disease, 8 CD and 25 UC
samples to have a moderate activity, and 21 CD and 14 UC
samples to show a severe activity.

Also, patients were under a different course of therapies:
14 CD and 6 UC were under the Adalimumab treatment,
9 CD and 12 UC were under the Azathioprine treatment,
4 CD and 7 UC were using Infliximab, 16 CD and 48 UC
were under a traditional therapy (corticosteroids, 5-amino-
salicylates), while 7 CD and 5 UC were not under a therapy.

The healthy volunteers (n=60, 21 females and 39 males)
were recruited locally (Sardinia, Italy). These individuals
showed ranges of age and body mass index (BMI) of 24—66
and 18.9-31.2, respectively (averages of age and BMI were
40+ 13 and 23 + 3, respectively) Exclusion criteria were age
above 80 or below 20 years, recent use of antibiotics or pro-
biotics and pregnancy.

2.2 Materials

Methanol, chloroform, dichloromethane, isopropanol,
acetonitrile and analytical standards were purchased from
Sigma Aldrich (Milan, Italy).

2.3 Internal standards

A mixture of 26 deuterated lipids (methanol solution) con-
taining phosphatidic acid (PA), phosphatidylcholines (PC),
phosphatidylethanolamines (PE),phosphatidylinositols
(PI), phosphatidylserines (PS), sphingomyelins (SM), cera-
mides (Cer), triacylglycerols (TAG) and fatty acids (FA)
at the conenctration of 28.57 uM was used for the plasma
lipid profile analysis (Avanti Polar Lipids, Inc., Alabama
35007-9105).

A mixture of seven standards containing D3-proline,
D8-valine, D10-leucine, U-'3C lysine, U-3C Glutamic acid,
D5-phenylalanine and D4-serotonin (2018 Merck KGaA,
Darmstadt, Germany; Cambridge Isotope Laboratories,
Inc., Cambridge,United Kingdom), at the concentration of
10 uM, dissolved in a 0.1 M solution of HCI, was used for
the plasma polar profile analysis.

2.4 Sample preparation for untargeted lipidomics

Plasma samples were centrifuged at 5139g for 10 min at
4 °C and 400 pL of supernatant was transferred to eppen-
dorf tubes. A modified Folch method was used to extract
the lipophilic compounds. Quality control (QC) samples,
which contained 20 pL of each plasma sample analysed,
were also prepared using the same method. Briefly,
400 pL of each plasma sample was mixed with 600 pL of

methanol, 600 puL of chloroform and 175 pL of Milli-Q
water and centrifuged at 5139g for 30 min. at 4 °C. The
high volume of plasma was chosen with the aim to use
a single extraction protocol to analyse also the aqueous
metabolic profile designated for the gas chromatography-
MS and 'H NMR analysis (experiments from an unpub-
lished study). The lipid chloroform phase was separated
and dried under a gentle stream of nitrogen. Samples were
suspended in 1 mL of methanol, vortexed for 3 min and
sonicated for 5 min. After sonication, 50 uL of the sam-
ples was transferred into vials and diluted with 50 pL of
internal standard and 75 pL. of Chromasol ultrapure water.

2.4.1 Solid phase extraction of the lipid fraction

Ten folch extracts from each class (CD, UC and C) were
submitted to chromatographic separation by solid phase
extraction (SPE) to obtain three different fractions each
containing different lipid classes: neutral lipids, fatty acids
and phospholipids. Each class was formed of five males
and five females without other pathologies, no smokers
and with a normal BMI (18.5-24.9 kg/m?). The dried
organic phases from the Folch extracts were reconstituted
in 800 pL of chloroform and subjected to ultrasound for
5 min to dissolve and mix the lipids. After sonication,
20 pL of samples was transferred into a vial and diluted
with 100 pL of internal standard lipid mixture. The solu-
tion was sequentially dried under a gentle stream of nitro-
gen and then suspended in 800 pL of chloroform. Chro-
mabond aminopropyl-modified silica NH, (1 mL/100 mg)
columns from Macherey—nagel were conditioned with
3 mL of hexane. After conditioning, 800 uL of samples
were added and eluted using: 1 mL of chloroform: isopro-
panol 2:1 (v/v) solution for the neutral lipids extraction;
1 mL of diethyl ether: acetic acid 98:2 (%) solution for the
fatty acids and 1 mL of methanol for the phospholipids.
All the samples were then dried and suspended with 50 uL.
of a mixture of isopropanol: acetonitrile: water (2:1:1 v/v).

2.5 Sample preparation for the polar phase analysis
of plasma samples

From the plasma sample 20 uL were transferred into an
Eppendorf tube and 100 puL of theinternal standard mix
solution for the polar metabolites analysis was added. Sam-
ples were sonicated for 5 min and centrifuged for 5 min
at 5139g. The obtained solution was dried under a gentle
stream of nitrogen. Samples were then suspended in 100 pL.
of a 10 mM ammonium acetate solution, vortexed, sonicated
for 5 min and centrifuged 5 min at 5139g. Samples were
then transferred to a 96 multi-well plate for LC/MS analysis.
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«Fig. 1 a Extracted ion chromatogram of the most discriminant com-
pounds from the positive ionization analysis. b Extracted ion chroma-
togram of the most discriminant compounds from the negative ioni-
zation analysis

2.6 LC/DTIM-QTOF analysis

An Agilent Infinity I UPLC coupled to a 6560 Ion mobil-
ity QTOF was used with an Agilent Jetstream source,
operated in the positive and negative ion mode while, the
capillary potential was set to 60 V and the needle at 20 k'V.
High purity Nitrogen (99.999%) was used as a drift gas
with a trap fill time and a trap release time of 2000 and
500 us, respectivelly. Before the analysis, the instrument
was calibrate using an Agilent tuning solution at the mass
range of m/z 100-1700. Samples were evaporated with
Nitrogen at the pressure of 48 mTorr and at the tempera-
ture of 375 °C, while an Agilent reference mass mix for
mass re-calibration was continuously infused during the
run schedule. An Agilent tuning mix solution was injected
every ten samples to perform PTCCSy, re-calibration.
Full-scan spectra were obtained in the ranges of 1001700
amu for the lipid plasma extracts, setting the detector
at 1500 V. The organic fractions were analysed using a
Waters Acquity CSH C18 column (100X 2.1 mm 1.7 um).
The mobile phase for positive ionization mode consisted of
(A) 10 mM ammonium formate solution in 60% of milliQ
water and 40% of acetonitrile and (B) 10 mM ammonium
formate solution containing 90% of isopropanol, 10% of
acetonitrile. The mobile phase was pumped at a flow rate
of 400 puL/min as follows: initially 60% of A, then a linear
decrease from 60 to 50% of A in 2 min then at 1% in 5 min
staying at this percentage for 1.9 min and then brought
back to the initial conditions in 1 min. The Agilent Mass-
Hunter LC/MS Acquisition console from The MassHunter
suite was used for data acquisition. The mobile phase for
negative ionization mode differed only for the use of
10 mM ammonium acetate instead of ammonium formate.
Identical DTIM parameters were used for the SPE extracts
analysis, while the mobile phase was pumped at a flow rate
of 400 uL/min using the following gradient: initially 60%
of A, then a linear decrease to 50% of A in 2.10 min and
decreased to 30% of A in 10 min and to 1% of A in 6 min
maintaining these condition for 0.1 min, back to the initial
conditions in 2 min. Identifications of the most important
compounds were confirmed by the use of a targeted MS/
MS using different collision energies (20, 30 and 40 V)
and comparing the fragmentation pattern with the LIPID
MAPS and METLIN libraries (The Scripps Research Insti-
tute, La Jolla, CA). An overlay of the extracted ion chro-
matograms of all the identified species is shown in Fig. 1,
while their retention times, °TCCSy, and fragmentations
are reported in Table 1.

2.7 LC/MS/MS QqQ analysis of plasma samples

Samples were analysed by a Thermo scientific
UHPLC + series coupled with a TSQ Quantiva mass spec-
trometer (Thermos Fisher Scientific, Waltham, Massachu-
setts, United States). The electrospray voltage was set to
3500 V for positive ionisation mode and to 2500 V for the
negative ionisation mode. The aqueous phases were ana-
lysed with an ACE Excel 2 C18 PFP (100A. 150 % 2.1 mm
5 W) column. The mobile phase contained 0.1% of formic
acid water solution as solvent A and 0.1% of A formic acid
acetonitrile solution as solvent B. The mobile phase was
pumped at a flow rate of 500 pL/min initially at 100% of A
for 1.60 min, then a linear decrease from 100 to 70% of A in
2.4 min and to 10% in 0.5 min, then constant for 0.5 min and
brought back to initial condition after 0.1 min. The Xcalibur
software (Thermos Fisher Scientific, Waltham, Massachu-
setts, United States) was used for data acquisition. Putative
recognition of all detected metabolites was performed using
a targeted MS/MS analysis and relative comparisons of frag-
mentations with analytical standards. Calculated masses and
mass fragments of the measured compounds are reported in
supplementary materials (Table S2).

2.8 Data processing

Data acquired with the Agilent 6560 DTIM Q-TOF LC-MS
in LC/DTIM-QTOF mode was pre-processed with a set of
software from the MassHunter Workstation suite (Agilent
Technologies, Santa Clara, USA) to perform mass re-cali-
bration, DTCCSNZ re-calibration, and deconvolution, yielding
a matrix containing all features present across all samples.
This matrix was further processed with KniMet (Liggi et al.
2017, 2018), a pipeline based on the KNIME analytic plat-
form (Berthold et al. 2007) for the post-processing of metab-
olomics MS-based data. Features were filtered based on their
presence in blanks and QC samples (threshold =40%) (Dunn
et al. 2011, 2012). The remaining features were subjected to
missing values imputation with Random Forest and Proba-
bilistic Quotient Normalisation (Dieterle et al. 2006) based
on QCs. Finally, data was annotated based on accurate mass
match with the LIPID MAPS database (Fahy et al. 2007;
Schmelzer et al. 2007).

2.9 Multivariate statistical data analysis

All the multivariate statistical analysis (MVA) were per-
formed using the SIMCA software 14.0 (Umetrics, Umes3,
Sweden). Principal component analysis (PCA) was used
along Hotelling’s T? and DmodX tests to evaluate distribu-
tion of the samples and evaluate the presence of any possible
outliers. This was followed by partial least square-discri-
minant analysis (PLS-DA) with its orthogonal extension
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Table 1 Discriminant lipids of IBD plasma samples identified by DTIM-C-MS/MS

Lipid Adduct m/z experimental m/z theoretical Appm Fatty acid composition tp (min) PTCCSy, (A% Product ion (m/z)

LysoPC 18:2 +H* 520.3351 520.3398 10 18:2 1.0 226.1 337.3,258.1, 184.1,
104.1

LysoPC 16:0 +H* 496.3393 496.3398 2.1 16:0 1.2 228.5 313.3,258.1, 184.1,
104.1

LysoPC 18:1 +H* 522.3543 522.3554 3.1 18:1 1.3 231.3 339.3,258.1, 184.1,
104.1

LysoPC 18:0 +H* 524.3706 524.3711 1.9 18:0 1.8 236.0 341.3,258.1, 184.1,
104.1

Unknown 356.352 1.8*% 200.9

PC 36:4 +H* 782.5638 782.5694 7.8 18:2,18:2 4.4 285.0 599.5,520.3, 337.2,
263.2,184.1

PC 38:7 +H* 804.5511 804.5538 4 18:3, 20:4 4.4 287.9 621.5, 544.3 527.3,
502.3,277.4, 184.1

PC 34:3 +H* 756.5536 756.5538 0.9 16:1, 18:2 4.5 282.1 573.4,476.4,494.3,
184.1

PC 34:2 +H* 758.5684 758.5694 2 16:0, 18:2 4.6 281.5 575.5,502.3, 478.3,
337.2,313.3,184.1

SM 36:2 +H* 729.5857 729.5905 7 16:1, 20:1 4.6 285.9 546.3,237.1, 184.1

PC 38:6 +H* 806.6038 806.5913 14 18:3,20:3 4.9 2922 624.5, 528.3, 500.3,
184.1

PC 36:4 +H* 782.572 782.5694 2.6 16:0, 20:4 4.7 287.6 599.5, 526.3, 496.3,
313.3,184.1

PC 38:6 +H* 806.5677 806.5694 2.8 16:0, 22:6 4.9 291.6 623.5,550.3, 313.3,
184.1

PC 40:6 +H* 834.6008 834.6007 0.5 18:0, 22:6 4.9 296.6 651.5,341.3, 184.1

SM 42:2 +H* 813.6823 813.6844 32 18:2,24:0 5.8 303.3 629.5,337.3, 184.1

PC 32:1 +H* 732.5529 732.5538 1.9 16:1, 16:0 6.93* 2794 549.5,479.3, 477.3,
184.07

PC 38:5 +H* 808.5829 808.5851 33 16:0, 22:5 7.2% 290.2 625.49, 552.49, 341.30,
313.3,184.07

Unknown 369.3484 7.4 202.19

PC 36:3 +H* 784.5841 784.5851 1.9 16:0, 20:3 7.96% 2875 601.5, 528.3, 478.3,
184.07

PC 36:2 +H* 786.6003 786.6007 1.2 18:0, 18:2 9.8% 289.3 603.53, 502.3, 506.38,

520.36, 524.39,
341.30, 184.07

PC 36:1 +H* 788.616 788.6164 1.2 18:0, 18:1 12.2% 291.8 605.53, 504.35, 524.36,
184.07

Unknown 698.255 8.74% 295.7

PC 34:1 +H* 760.585 760.5851 0.8 16:0, 18:1 9.2% 285.7 571.5,504.3, 478.3,
339.2,313.3, 184.1

PC 36:2 +H* 786.5990 786.6007 2.8 18:1, 18:1 9.4% 289.5 604.53, 504.38, 522.36,
184.07

PC 38:3 +H* 812.6151 812.6164 22 18:0, 20:3 10.6* 294.0 629.56, 527.37, 506.37,
341.6,267.1, 184.07

TAG 56:7 +NH4* 922.7844 922.7858 2.1 18:1, 18:2, 20:4 6.9 323.6 601.5, 625.5, 361.2,
339.2,337.2,287.2,
265.263.2

TAG 52:3 +NH4* 874.7833 874.7858 34 16:0, 18:1, 18:2 7.1 318.1 575.1,577.1, 601.1,

339.3,337.2,313.2,
265.3,263.2,239.2

TAG 52:1 +NH4* 878.8144 878.8171 3.7 16:0,18:0, 18:1 7.5 322.0 603.5,577.5, 339.3,
313.3,265.3,247.2

FA 16:0 -H~ 255.231 255.2330 9 - 1.9 165.3 -
FA 18:2 -H~ 279.232 279.2330 5 - 1.6 171.9 -
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Table 1 (continued)

Lipid Adduct m/z experimental m/z theoretical Appm Fatty acid composition tp (min) PTCCSy, (A% Product ion (m/z)
FA 24:2 -H~ 363.251 363.2541 10 - 1.9 226.6 -

FA 16:1 H™ 253,217 253.217 0 - 1.5 213.7 -

PC 36:2 +OAc™ 844.608 844.6073 0 18:0, 18:2 5.2 304.3 770.5, 283.3,279.2
FA 18:0 -H~ 283.262 283.2643 10 - 2.6 207.6 -

FA 22:1 -H~ 337.236 337.2384 8 - 1.9 222.3 -

FA 24:3 -H~ 361.235 361.2384 10 - 1.5 191.2 -

PC 38:6 +0Ac™ 864.576 864.5760 0 16:0, 22:6 4.5 296.4 790.5,327.2,255.2
FA 18:1 -H~ 281.243 281.2486 10 - 1.9 173.3 -

PC 36:3 +0OAc™ 842.592 842.5917 0 18:1, 18:2 4.9 294.1 768.5,281.3,279.2

*Retention time related to the SPE LC/MS method

(OPLS-DA), which was used as classificatory model to visu-
alize and evaluate the differences between samples. Statisti-
cal power of the models, as well as the possible presence of
overfitting, were evaluated by considering the R?X, R?Y and
Q? parameters along with permutation test and cross valida-
tion analysis. From the PLS-DA, the variable importance in
the project (VIP) and the coefficient analysis were used to
provide, respectively, the contribution of the components to
the separation of sample groups and the expression of how
strongly the variable class is correlated to the systematic part
of each of the metabolites. Further, the discriminant com-
pounds highlighted by the VIP and loadings analyses were
compared with those found in the S-plot from the OPLS-DA
that combines the modelled covariance and correlation in a
scatter plot (Eriksson 2013).

2,10 Univariate statistical analysis

GraphPad Prism software (version 7.01, GraphPad Soft-
ware, Inc., CA, USA) was used to perform univariate sta-
tistical analysis of the data. To verify the significance of
metabolites obtained using multivariate statistical analysis,
a Mann—Whitney U test was performed (Ruxton 2006). For
the analysis of the samples subjected to SPE extraction,
all the univariate statistical results were obtained using a
one way non parametric test with the Bonferroni correction
(Steinbach et al. 1994). Variables with a p value lower than
0.05 were considered statistically significant.

3 Results and discussion

3.1 Untargeted lipid analysis of IBD samples
revealed changes in the levels of phospholipids

The lipid profile of IBD and healthy samples was studied by
LC/DTIM-QTOF. Data processing yielded 1038 (498 anno-
tated as lipids) and 607 (104 annotated as lipids) features

for positive (PTA) and negative ionization analysis (NIA),
respectively, which were subjected to MVA. The extract
composition consists of lipids from the following classes:
7 free FA, 23 lysophosphatidylcholines (LPC), 106 PC, 45
PS, 10 PE, 92 diacylglycerols (DAG), 26 cholesteryl esters
(CE), 49 SM, 10 Cer and 234 TAG. The unsupervised analy-
sis of both (PIA) (PCA R?’X=0.69, Q*>=0.44) and (NIA)
(PCA R*X=0.5 and Q*>=0.4) ion mode features did not
indicate any clusters related to gender, age, BMI, therapies,
state of disease and localization of inflammation associated
with the samples (Fig. S1). Also, trying to forcing classifica-
tions through the use of a supervised analysis no one of the
models based on the above cited classifications showed sig-
nificant statistical result. DmodX and Hotelling’s T analysis
showed 7 outliers for PIA, which were removed from the
subsequent analysis, while no outliers were identified for
NIA. Three different OPLS-DA were performed: CD vs C,
UC vs C and CD vs UC. Models displayed a clear separation
between healthy subjects and both pathological classes in
the two-way comparisons (Fig. 2, OPLS-DA model for PIA
data of CD and healthy patients, R%2Y =0.67, Q2 =0.51 (A);
OPLS-DA model for PIA data of UC and healthy patients
R%Y =0.71, Q*=0.33 (B); both models passed permutation
test with Q? of —0.48 and —0.14, respectively). For the NIA,
OPLS-DA also discriminated between the healthy controls
and both disease groups (Fig. 2, OPLS-DA model for NIA
of CD and healthy patients, R*Y =0.7, Q*=0.7 (C), OPLS-
DA model of NIA of UC and healthy patients, R>Y =0.7,
Q?=0.5 (D); both models passed permutation test with
Q2 =—0.20 and —0.31, respectively). In contrast, the com-
parison between the two pathological classes did not show
separation between groups for both ionization modes (data
not shown). The most discriminant compounds highlighted
by the VIP list, the loadings and the S-plot where subjected
to MS/MS analysis and cross-referenced to the LIPID MAPS
and METLIN (The Scripps Research Institute, La Jolla,
CA) libraries to further confirm their identities (Table 1;
Fig. 3.) Additional confidence in these identifications was
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Fig.2 Scores plot from the LC/DTIM-QTOF analysis. a Scores plot
from the PIA OPLS-DA of CD samples (red filled circles) vs control
samples (grey filled circles): R?Y =0.7, Q*=0.5; b Scores plot from
the PIA OPLS-DA of UC samples (black filled circles) vs healthy
patient samples (grey filled circles). R?Y =0.7 Q*>=0.3. ¢ Scores plot

obtained by comparing the PTCCSy, values of these com-
pounds with those available in recent literature (Paglia et al.
2015; Stow et al. 2017; Zhou et al. 2017; Kyle et al. 2018),
resulting in an average relative standard deviation of 0.6%
(Table S3). The statistical significance of the discriminant
compounds from the MVA analyses were confirmed by
the Mann—Whitney test. Regarding the results obtained
for CD samples in PIA, LysoPC 18:0, LysoPC 18:1,
LysoPC 18:2, PC 18:0/18:1, PC 18:1/18:1, PC 18:2/18:2
and PC 18:3/20:4 were decreased in CD samples, while
PC16:0/22:6, PC18:0/22:6, PC 18:3/20:3, SM 16:1/20:1,
TAG 18:1/18:2/20:4 and TAG 16:0/18:1/18:2 were increased
in CD samples. Similar results were obtained for UC samples
in PIA where LysoPC 18:1, LysoPC 18:2, PC 18:0/18:1, PC
18:1/18:1, PC 18:2/18:2, PC 18:3/20:4, TAG 14:0/16:0/18:2
and TAG 16:0/18:0/18:1 were decreased for UC samples,
while PC 16:0/20:4, PC 16:0/22:6, SM 18:2/24:0 and TAG
18:1/18:2/20:4 were increased in UC samples. On the other
hand, analysis of the NIA data showed that PC 18:1/18:2,
PC 16:0/22:6 and PC 18:0/18:2 were decreased in CD sam-
ples, while free fatty acid including oleic acid, linoleic acid,
palmitic acid and palmitoleic acid were increased in CD and
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from the NIA OPLS-DA of CD samples (red filled circles) vs control
samples (grey filled circles): R2Y =0.70 Q2=0.5; d Scores plot from
the NIA OPLS-DA of UC samples (black filled circles) vs control
samples (grey filled circles): R?Y =0.7 Q*=0.5

UC samples. Only PC 18:1/18:2 was decreased in UC sam-
ples (Fig. 4, Table S4).

Among the most discriminant compounds, LysoPC (18:0,
18:1 and 18:2) were found to be decreased in pathological
samples. The major pathway for the production of LysoPC,
such as 18:0, 18:1 and 18:2, all of which decreased in the
disease state, is the hydrolysis of fatty acids from PCs by
phospholipases such as phospholipase A, (PLA,). PLA, has
been reported to be relevant during different inflammatory
processes, including IBD pathogenesis (Schaloske et al.
2006), and the expression of its activator antigen was found
to be increased in the monocytes and granulocytes of IBD
intestinal sections (Peterson et al. 1996). In addition, one of
our previous studies showed a modification of the PLA, met-
abolic pathways in IBD faecal samples (Santoru et al. 2017).
Therefore, the decrease in LysoPC in plasma derived from
IBD patients observed in this study may suggest a higher
PLA, activity. In addition, levels of saturated and mono-
unsaturated PCs containing 18:0, 18:1 and 18:2 fatty acids
were decreased in plasma samples of UC and CD patients,
where increased levels of PCs containing polyunsaturated
fatty acids such as arachidonic and docosahexaenoic acid
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Fig. 3 Example of MS/MS fragmentation patterns for different lipid categories: a LysoPC 18:2, b PC 36:4, ¢ SM 42:2, d TAG 52:1. Rn carboxylic chain
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Fig.4 Venn diagram related to
the most discriminant com-
pounds of both untargeted

and targeted analysis for the
main two pathological classes:
Crohn’s disease and ulcerative
colitis

LysoPC(18:0)
PC(18:3/20:3)
PC(18:0/22:6)
PC(18:0/18:2)

SM(16:0/18:1/18:2)
FA18:0
FA22:1
FA24:3

citric acid
histidine
proline
tyrosine
hydroxy proline
methionine
methionine sulfoxide
threonine
valine

were also found. As these fatty acids represent substrates
for the generation of eicosanoids and other oxylipins, both
of which are important during inflammatory responses, this
result may indicate a higher demand for these lipids in IBD
patients. In support, Ehehalt et al. (2004) also highlighted an
increase of PC and LysoPC (PC 16:0/18:1, PC 16:0/18:2, PC
18:0/18:1, PC 18:0/18:2, LysoPC 16:0 and LysoPC 18:0) in
the rectal mucus of UC patients compared to CD and healthy
individuals. On the other hand, some PC levels were found
decreased in the pathological samples when compared with
controls, and this trend can be explained by a change of the
lipid composition in the intestinal mucosa as already sug-
gested by Bischoff et al. (2014).

3.2 Class-specific analysis of lipids showed changes
in the lipid profile

Analysis of the lipidome did not highlight any difference
between CD and UC samples, which could be related to the
high intra-class variability as well as the similarity between
these two pathological conditions which could reflect also
in their lipid profile. To increase the class specificity of our
untargeted approach and provide a more in-depth analysis of
potential differences between the UC and CD, we performed
SPE on a sub-set of the samples matched for age, gender,
BMI and therapy. This separated lipids into three fractions,
fatty acids, neutral lipids and phospholipids prior to LC-MS
analysis.

The LIPID MAPS database was used to annotate com-
pounds based on accurate mass match, resulting in 98 TAG,
44 glycerophosphocolines, 43 free FA, 28 SM, 42 DAG,
32 Cer, 11 LysoPC and 9 CE. One-way ANOVA test was
performed for the 3 classes of samples CD, UC and C by
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expressing each lipid as the ratio of the total signal for that
particular class of lipids and applying a Bonferroni correc-
tion. Statistical analysis of the results from SPE of the phos-
pholipid fraction showed an increase in PCs in UC samples
when compared with CD samples, while unsaturated PCs
were decreased in CD samples when compared with UC.
Furthermore, saturated DAGs were increased in samples
from CD patients compared to UC. MVA of this fraction
did not show any outliers or clusters (PCA R*X =0.50,
Q?=0.3), and OPLS-DA comparing IBD samples vs healthy
individuals reported the same results of the untargeted analy-
sis described above (data not shown). However, unlike the
analysis of the untargeted lipidomics data, the model com-
paring CD vs UC for the phospholipid fraction reported good
validation parameters (R*Y =0.7, Q*=0.3, and passed per-
mutation test). Twelve lipids were identified as significantly
increased by both multivariate statistics and the univariate
Mann—Whitney test for UC samples when compared to
healthy individuals, while only one was increased in CD
samples when compared with UC. For the UC group the
identified compounds were: PC18:2/18:0, PC18:1/18:0,
PC22:5/16:0, PC20:3/18:0, PC16:0/18:2, PC16:0/18:1, PC
18:1/18:1, PC16:0/20:3 and PC16:1/16:0 (Table 2). From
the analysis of the neutral lipid fraction, the only category
that was found significantly altered was CE, which was
increased in UC compared with CD. At last, the analysis
of the fatty acid fraction showed a significant increase of
unsaturated FA in CD compared to controls (Fig. 5). MVA
was performed also for the neutral lipid and FA fractions,
however, no significant differences were found comparing
CD vs UC (data not shown). Among these findings, vari-
ations in CE levels can be correlated with a change in the
lipoprotein system (Bruce et al. 1998). In fact, lipoprotein
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Table 2 Discriminant

. Var ID (lipid MWp  Class

rnetgbohtes from the Mann— maps annota-

Whitney U 'test of SPE plasma tion)

phospholipid fraction
PC 18:0:18:2  0.0002 UC
PC 18:0/18:1 0.0007 UC
PC 16:0/22:5 0.0011 UC
PC 18:0/20:3 0.0015 UC
PC 16:0/18:2  0.0029 UC
PC 16:0/18:1 0.0039 UC
PC 18:1/18:1 0.0039 UC
PC 18:0/22:6  0.0068 UC
PC 16:0/20:3 0.0089 UC
Unknown 0.01 CD
PC 16:0/16:1 0.01 ucC
Unknown 0.04 ucC
UC ulcerative colitis, CD

Crohn’s disease, MWp Mann—
Whitney p value. The class col-
umn indicates the class where
these compounds were found
discriminant

levels are known to be affected by a range of physiologi-
cal and pathological conditions (Ansell et al. 2003), and
these findings were confirmed by a study of Biyyani et al.
(2010) where, in a lipoprotein profile comparison between
IBD patients and controls, lower total cholesterol and high-
density lipoprotein cholesterol levels were detected in IBD
patients. Furthermore hypocholesterolaemia is a common
symptom in patients with various types of acute disease,
including surgery, trauma, burn injury and sepsis, with it
suggested that chemokine action might drive this variation
(Fraunberger et al. 2000). Chemokines are chemotactic
cytokines that stimulate leukocytes migration to areas of
inflammation and lead cell activation events (Banks et al.
2003). It has been reported that the local inflammation and
tissue damage in UC and CD is caused by a local expression
of specific chemokines in IBD tissues (Banks et al. 2003).
Further experiments are recommended to understand why
the levels of CEs were increased in UC when compared with
CD.

3.3 Alterations in the amino acid metabolism

Fifty-five polar compounds from 166 plasma samples were
identified and measured from the LC/MS/MS analysis. Data
was processed by first dividing the detected area of the most
abundant ion by that of the related ion from the internal
standard. Group means for these ratios were compared using
the Mann—Whitney U test. Overall, 16 and 21 compounds
were found to be significantly changed when samples from
the CD vs healthy groups and UC vs healthy groups were

compared, respectively. f-amino isobutyric acid, a-hydroxy
butyric acid, histidine, creatine, isocitric acid and citric acid
levels were increased in CD samples, while alanine, betaine,
citrulline, threonine, hydroxyproline, proline, valine,
methionine, tyrosine, methionine sulfoxide where decreased
in CD when compared with healthy samples(Fig. 2S). For
the UC group cysteine, f-amino isobutyric acid, AMP,
a-hydroxybutyric, cAMP, creatine, isocitric acid, GMP,
citric acid, uridine, GABA, B-hydroxy isovaleric acid and
ketoleucine were increased, while arginine, alanine, betaine,
citrulline, threonine, proline, methionine, tyrosine and tryp-
tophan were decreased when compared with healthy samples
(Figs. 3S, 4). The levels of cAMP, found to be increased in
UC are consistent with the results of Moore et al. (1995),
who described how the production of cAMP in leucocytes
is due to 3-adrenergic catecholamines, histamine and the
E series prostaglandins by a receptor coupled activation of
adenylate cyclase. In vitro studies have also reported that
the agents responsible for the increase of cAMP levels were
implicated in the reduction of several inflammatory meta-
bolic pathways, including the release of histamine as well as
leukotrienes and the proliferation of lymphocytes (Harvarth
1991, Rivkin et al. 1977). Moreover, a profound decrease of
amino acid levels was found in IBD patients, confirming the
results already reported by Hisamatsu et al. (2012) that sug-
gested a multivariate analysis comprising plasma amino acid
profiles as a novel, non-invasive approach for the diagno-
sis and monitoring of IBD. Similarly, Scoville et al. (2018)
reported alteration on the levels of several amino acids in
the serum of CD subjects compared to both control and UC
samples, while no variation occurred when comparing UC
with control samples. These amino acid changes in IBD
samples could be linked to the mucosa damage, character-
istics of these disease, and is corroborated by the decreased
plasma levels of citrulline, a marker of extensive mucosal
barrier injury of the small intestine (Blijlevens et al. 2004).
Moreover, these amino acid variations could reflect the use
of proteins as a catabolic energy source in the inflammatory
state (Hong et al. 2009). In fact, T and B cells utilize amino
acids, glucose and lipids as energy sources during oxidative
phosphorylation and mitogenic stimulation (Kominsky et al.
2010.). In addition, it has been noticed how a specific protein
intake in IBD patients can cause changes in the intestinal
health by modulating the quantity and the nature of both
amino acids absorbed and undigested proteins delivered to
the large intestine (Vidal-Lletjos et al. 2017).

4 Conclusions
In this study, both metabolomics and lipidomics provided

good classification not only between healthy and diseased
samples but also in separating samples from UC and CD
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Fig.5 Graphs indicating the levels of lipid categories from the SPE
plasma samples examined by one-way ANOVA test between CD vs
UC vs C samples with a Bonferroni correction. Variable intensities

patients. From this study, the most discriminatory metabo-
lites associated with UC and CD were several amino acids
such as arginine, alanine, betaine, citrulline, threonine,
proline, methionine, tyrosine and tryptophan and several
lysophosphatidylcholines (18:2, 16:0, 18:1, 18:0), phos-
phatidylcholines (36:4, 38:7, 34:3, 34:2, 36:2, 38:6, 40:6,
42:2,32:1, 38:5, 36:3,, 36:1, 34:1, 38:3) triacylglycerol
(56:7, 52:3, 52:1) and free fatty acids (16:0, 18:2, 24:2,
16:1, 18:0, 22:1, 24:3, 18:1). However, to validate these
potential biomarkers would require a validation cohort
of comparable size and further consideration of any con-
founding factors.
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