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Abstract
Ample studies have shown that perturbation of metabolic phenotype is correlated
with gene mutation and pathogenesis of colorectal cancer (CRC) and rheumatoid
arthritis (RA). Mass spectrometry (MS)-based metabolomics as a powerful and stable
approach is widely applied to bridge the gap from genotype/metabolites to phenotype.
In CRC suffers, KRAS mutation accounts for 35%-45%. In previous study,
SLC25A22 that encodes the mitochondrial glutamate transporter was found to be
overexpressed in CRC tumor and thus to be essential for the proliferation of CRC
cells harboring KRAS mutations. However, the role of SLC25A22 on metabolic
regulation in KRAS-mutant CRC cells has not been comprehensively characterized.
We performed non-targeted metabolomics, targeted metabolomics and isotope kinetic
analysis of KRAS-mutant DLD1 cells with or without SLC25A22 knockdown using
ultra-high performance liquid chromatography (UHPLC) coupled to Orbitrap MS and
tandem MS (MS/MS). In global metabolomics analysis, 35 differentially regulated
metabolites were identified, which were primarily involved in alanine, aspartate and
glutamate metabolism, urea cycle and polyamine metabolism. Then targeted
metabolomics analysis on intracellular metabolites, including tricarboxylic acid (TCA)
cycle intermediates, amino acids and polyamines, was established by using
LC-MS/MS coupled with an Amide BEH column. Targeted metabolomics analysis
revealed that most TCA cycle intermediates, aspartate (Asp)-derived asparagine,
alanine and ornithine (Orn)-derived polyamines were strongly down-regulated in
ii

SLC25A22 knockdown cells. Moreover, the targeted kinetic isotope analysis using
[U-13C5]-glutamine as isotope tracer showed that most of the

13

C-labeled TCA cycle

intermediates were down-regulated in SLC25A22-silencing cells. Orn-derived
polyamines were significantly decreased in SLC25A22 knockdown cells and culture
medium. Meanwhile, accumulation of Asp in knockdown of GOT1 cells indicated
that oxaloacetate (OAA) was majorly converted from Asp through GOT1. Exogenous
addition of polyamines could significantly promote cell proliferation in DLD1 cells,
highlighting their potential role as oncogenic metabolites that function downstream of
SLC25A22-mediated glutamine metabolism. SLC25A22 acts as an essential
metabolic regulator during CRC progression as promotes the synthesis of TCA cycle
intermediates, Asp-derived amino acids and polyamines in KRAS-mutant CRC cells.
Moreover, OAA and polyamine could promote KRAS-mutant CRC cell growth and
survival.
Rheumatoid arthritis (RA) is a chronic, inflammatory and symmetric
autoimmune disease and a major cause of disability. However, there is insufficient
pathological evidence in term of metabolic signatures of rheumatoid arthritis,
especially the metabolic perturbation associated with gut microbiota (GM). Based on
consistent criteria without special diet and therapeutic intervention to GM, we
enrolled 50 RA patients and 50 healthy controls. On basis of the platform of
UHPLC-MS and GC-MS, were performed for the non-targeted metabolomics to
investigate alterations of endogenous metabolites in response to RA inflammation and
iii

interaction with GM. 32 and 34 significantly changed metabolites were identified in
urine and serum of patients with RA, respectively. The altered metabolites were
identified by HMDB, METLIN database or authentic standards, and mostly
metabolites were attributed into tryptophan and phenylalanine metabolism, valine,
leucine and isoleucine biosynthesis, aminoacyl-tRNA biosynthesis and citrate cycle.
To obtain alterations of more components in tryptophan and phenylalanine
metabolism, we developed and validated a targeted metabolomics method of 19
metabolites by using LC-QqQ MS. Combining the results of targeted metabolomics
with global metabolomics, significantly up-regulated kynurenine (KYN), anthranilic
acid (AA) and 5-hydroxylindoleacetic acid (HIAA) simultaneously in urine and serum
was found to implicate the activation of tryptophan metabolism under the condition of
RA, which acted pro-inflammatory roles in inflammation and was closely correlated
with GM. IDO/TDO functioned as a pro-inflammation mediator was overexpressed in
RA patients. Urinary kynurenic acid and serum serotonin that have impacts on
anti-inflammation in immune system were down-regulated in RA patients.

The

levels of phenylacetic acid and phenyllactic acid serving as a pro-inflammatory and an
anti-inflammatory agent, respectively, increased in serum of patients with RA.
Moreover, certain essential amino acids (EAAs), and mostly conditional EAAs were
decreased in RA patients, which have been reported to inhibit cell proliferation of
immune cells. In particular, deficiency of branched chain amino acids (BCAAs, valine
and isoleucine) was observed in serum of patients with RA, which may lead to muscle
iv

loss and cartilage damage. The specificity of all altered metabolites resulted from RA
was considerably contributed through the GM-derived metabolites. The findings
revealed that GM-modulated RA inflammation was mainly resulted from tryptophan
and phenylalanine metabolism, and amino acid biosynthesis, which may provide more
information for better understanding the RA mechanism.
Key words: Metabolomics, mass spectrometry, colorectal cancer cell, rheumatoid
arthritis, gut microbiome
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Chapter 1 Introduction

1.1 Metabolomics: bridging from small molecules to human health
The first metabolomics study was traced back to 1971, when Pauling conducted
the study “quantitative analysis of urine vapor and breath by gas-liquid partition
chromatography” [1]. The term of “metabolomics” was first used by Oliver in 1998 ,
and defined the object as “metabolome” [2]. In the same study, the technique is to
denote the group of metabolites consisting mostly small molecule metabolites, which
amplify the product of upstream molecular changes in the transcriptome and the
proteome (shown in Figure 1.1). In practice, terms of “metabolomics” and
“metabonomics” have been interchangeable [3].

1

Figure 1.1 Metabolomics and system biology (reproduced with permission from [4]).
Systems biology aims to discover interactions based on levels of DNAs, RNAs,
proteins and metabolites, and provides views of biological process and pathological
differences on human diseases.

Specifically speaking, metabolomics is the quantitative and systematic analysis
of all metabolites. Metabolome changes are perturbed responding to inherent genetics
(monogenetic or multigenetic) mutant or external stimulus (microbiomes, disease,
drug, diet or physical activity) in biological cell, tissue, organ or organism [5].
Metabolomics has been proved to be an acceptable and reproducible technology.
2

Components of endogenous metabolites may vary diverse compound classes with
molecular weight less than 1000 Da or 1500 Da, e.g. lipids, peptides, steroids,
alkaloids, nucleic acids, organic acids, amino acids, carbohydrates, vitamins, and so
on, presenting with different polarity and dynamic ranges. Because metabolites are
closely correlated with the phenotype of organism or human homeostasis,
metabolomics study has attracted extensive attention on bridging the gap between
human genotypes and phenotypes through small molecules (Figure 1.2) [6], and on
providing integrated evidences of key molecular signatures and characteristics for
diseases diagnosis and progression at different stages [7].

3

DNA
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RNA
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Metabolite
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Monogenetic,
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…..

Microbiome,
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environment…

Metabolomics

Figure 1.2 Metabolomics is a powerful tool to bridge the gap from genotype/stimulus to
phenotypes. Metabolite as the downstream product of DNA, RNA and protein, is the
subject of metabolomics, which can reflect abnormal phenotypes responding to
perturbations of genetics or exogenous stimulus.

There are four approaches to investigate the metabolome [6, 8]: (1)
metabolomics: quantification of “all” metabolites at a defined time under specific
environmental conditions; (2) metabolite profiling: quantification of a group of related
compounds or metabolites in a specific pathway; (3) metabolic fingerprinting: pattern
recognition to classify samples by shifts in “global” metabolite composition; (4)
targeted metabolomics: quantification of a number of known metabolites in clusters
with similar chemical structures.

4

It is clear that as a branch of interdisciplinary scientific field [9, 10],
metabolomics relies on novel, stable and powerful platforms for data acquisition,
bioinformatics and network interpretation. In clinical research, metabolome is
potential to become biomarkers for early diagnosis, prognosis and therapeutic
assessment of cancer [11-14], cardiovascular biomarker discovery [15, 16], drug
monitoring and assessment [7, 17], autoimmune disorders [18-20], etc. Therefore,
metabolomics study links laboratory to clinic. In this introduction, we summarized the
approaches of global metabolomics and targeted metabolomics analysis, and their
applications in CRC cells and RA.

1.1.1 Nontargeted metabolomics
Non-targeted metabolomics study aims for quantification of all or as many as
metabolites, making contributions to reveal gene function and to discover potential
biomarkers for disease diagnosis, prognosis, progression or therapeutic intervention.
There is no single technology that enables to cover the whole complex metabolome.
Mass spectrometry (MS) and nuclear magnetic resonance (NMR) are two major
approaches for metabolomics study. The workflow of MS-based metabolic profiling
analysis is shown in Figure 1.3 [21-24]. After collection of biological samples (urine,
plasma, serum, feces, cells or others), sample extraction is performed with different
organic solvents for liquid chromatography (LC) and/or derivatization for gas
5

chromatography (GC) analysis. Subsequently, data acquisition is conducted using
UHPLC-high resolution (HR) MS (both in positive and negative ion modes) and/or
GC-MS. Of note, data processing and metabolites identification are the
time-consuming steps. Data processing involves assessment of data quality, peak
picking, alignment, normalization and retention time correlation, aiming to extract all
real metabolic features from biological sample. Multivariate analysis includes
principal component analysis (PCA), partial least squares discriminant analysis
(PLS-DA) or orthogonal partial least squares discriminant analysis (OPLS-DA) after
mean-centering and scaling [25], aiming to find out significant features. Identification
of metabolites is performed by comparing retention time, MS/MS fragmentation and
isotope pattern of biological sample generated by HR MS with those of authentic
standard or database, the result of which can be further used for pathway analysis,
correlation analysis, etc. Eventually, investigations of dysregulated endogenous
metabolites and their roles in mechanism could lead us to a better understanding of
the gene function or diagnosis, progression of disease.
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Figure 1.3 Workflow of MS-based non-targeted metabolomics study in biological
samples.

Qualified sample is a prerequisite for discovering reliable potential biomarkers
and significant metabolic pathway [26]. Sample preparation method is essential to
non-targeted metabolomics since it can directly affect metabolite contents. However,
this step is sometimes overlooked in metabolomics study. The choice of sample
pretreatment method depends on purpose of analytical platform. Generally speaking,
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characteristics of a good sample preparation for global metabolomics are as follows
[27]: (1) wide coverage of metabolites; (2) simple and fast operation for preventing
the loss or degradation of unstable metabolites and insuring high-throughput; (3) good
reproducibility; (4) simultaneous accomplishment metabolites extraction and
quenching for cells or microbes.
Moreover, there are some concerns in biological sample pretreatment. Yin et al
[28] evaluated factors which could affect the sample quality in pre-analytical phase,
and recommended the following tips for human biological sample, in particular for
blood sample. (1) Test quality of biofluid collection tube before use, considering
EDTA plasma tube was recommended for blood collecting but not suitable for NMR
analysis; (2) remove hemolyzed samples; (3) kept samples at -80 ℃ by multi-aliquots
of biobank to reduce metabolites differences due to over 3 times of freeze-thawing
cycles; (4) place blood immediately in ice blocks after collection until further
processing (for a fixed time; ideally not longer than 2 h) ; (5) weigh and exclude
unqualified blood samples using sphingosine 1-phosphate (S-1-P) as a pre-analytical
biomarker. Based on LC-MS platform, suggested common pretreatment of biological
samples are shown in Figure 1.4.
For data acquisition, NMR and MS with chromatographic separation are two
widespread complementary approaches for metabolic profiling study [5, 22]. Each
8

technique possesses its advantages and disadvantages (shown in Table 1.1). NMR is
based on the magnetic properties of specific atomic nuclei, such as 1H,

13

C or

31

P,

which could provide chemical structure and abundance of metabolites in biological
samples (biofluids and tissues) [15]. Due to broad dynamic ranges, simple sample
pretreatment and capacity of structure elucidation, NMR is extensively applied for
metabolic profiling of biological samples, such as screening molecular toxicity,
biomarker discovery [34, 35], assessment of diagnostic [36, 37], disease stage [38],
treatment [39], etc. However, NMR is limited application due to its lower sensitivity
in comparison with MS, which could be coupled to GC or UHPLC for metabolite
separation.
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(a)

(b)

(c)

Figure 1.4 Suggested pretreatment of (a)plasma/serum/urine [22, 29-31], (b) tissue [21,
30] and (c) cell [24, 32, 33].
IS: internal standard, ACN: acetonitrile, CHCl3: trichloromethane, AA: acetic acid,
DCM: dichloromethane.
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Table 1.1 Pros and cons of NMR and MS (GC-MS and LC-MS) in metabolomics study.

Technique
NMR

Pros

Cons

[3, Non-invasion

36, 40, 41]

Poor sensitivity

Simple sample preparation

Spectral deconvolution

Capable of detect metabolites of
intact tissues
Provide structure information
MS *

Good sensitivity

Sample destruction

[5, 41]

Selectivity from high resolution

Component bias

Excellent separation
Less sample size
GC-MS Good sensitivity

Component bias

[42-44] Identical database for metabolite

Sample destructive

identification

Laborious and time-consuming

Less samples size
Good separation
LC-MS Excellent sensitivity

Component bias

[21, 22, Multiple and flexible choice of

Sample destructive

29, 40] separation

No shared database

Minimize sample size
Notes:
*represents characteristics of MS compared to NMR, then the pros and cons of
GC-MS and LC-MS are respectively listed.
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Regarding mass spectrometry, outstanding analyzer integrated with excellent
ability of separation exerts good sensitivity, selectivity and reproducibility for
metabolome study with diverse physio-chemical properties and large dynamic range
in complicated biological matrix [22]. GC-MS is an useful analytical platform for
metabolomics study due to its high sensitivity, good peak resolution and good
reproducibility [45]. GC-MS is applied to detect volatile, thermally stable and
nonpolar compounds. In addition, it is suitable for detecting polar compounds after
derivatization, including amino acids, organic acids, nuclear acids, carbohydrates,
amines and alcohols [42-44]. Unlike the electrospray ionization coupled with LC,
electron impact (EI) can provide stable and reproducible spectrum for metabolites
identification and is also less prone to matrix effects [42]. Moreover, better separation
ability of multi-dimensional capillary column coupled to (hybrid) high resolution
quadrupole time-of-flight (Q-TOF) MS perform broaden the coverage of metabolome
due to excellent ability of qualification and quantification [46, 47]. However, the
chemical derivatization of biological sample for improving the non-polarity, volatility
and thermostability, including silylation, alkylation and acylation, is a laborious and
time-consuming procedure [42]. Particularly, most silylation reagents are sensitive to
moisture or trace amount of water [45].
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Comparing with NMR and GC-MS, LC-MS performs better sensitivity (10-100
fold) and selectivity on nontargeted metabolomics, due to multiple choice of
chromatography separations and high resolution MS (HRMS) analyzer. Currently,
widely

applied

chromatography

separations

include

reversed-phase

liquid

chromatography (RPLC), hydrophilic interaction chromatography (HILIC) [48], ion
pair chromatography (IPC) [49], and so on. Reversed-phase column, like traditionally
C18 column, coupled with HILIC column (e.g. amide, amino propyl), enhances
separation ability of semi-polar and polar compounds, respectively. Additionally,
hybrid mass spectrometers, such as Q-TOF, linear trap quadrupole-Orbitrap
(LTQ-OT), Fourier transform-ion trap (FT-IT) mass spectrometry plays extraordinary
performance on metabolite identification, owing to their high resolution and mass
accuracy (< 5 ppm) [29]. Moreover, integrating different mechanism of separation [40]
(like RP×HILIC) with HR MS contributes to the increase of peak capacity and
coverage of biological samples. Nevertheless, LC-MS doesn’t have strong
informative libraries like GC-MS based on collision-induced dissociation (CID) mass
spectra, cause diverse LC column and MS construction result in different
performances [22, 50]. With regards to metabolite identification based on MS data,
three approaches were recommended: (1) spectral matching. Under the specific
condition of LC-MS equipment and column, comparing MS/MS or MSn fragments in
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hand with open or commercial accessed, in- or out-house data libraries, e.g. HMDB
and METLIN [23]. (2) Parent ion matching. Super accurate parent ions are obtained
by employing HR MS, e.g. orbitrap MS using MALDI as ionization method [51]. (3)
Standard matching. Retention time, accurate mass ion and MS/MS fragmentation of
sample are extremely similar to those of authentic standards.
The selectivity and the dynamic linear range of LC-MS (~ 106) does not satisfy
the requirement of biological samples coverage (over 1012) [41]. Nowadays,
integrated GC-MS and LC-MS, the two complementary techniques, sometimes in
combination with NMR, is more likely to provide changes of metabolites with both
low-molecule-weight and medium-to-high-molecule-weight, which is critical for
mapping complex metabolic pathways correlated with the phenotype of human [7,
52].
Due to less sample size and excellent separation of column prior to detection,
LC-MS can facilitate metabolites identification and quantitation. Taken together,
development of separation techniques including HPLC/UPLC [50, 53, 54], GC [40,
52], and capillary electrophoresis (CE) [55], as well as parameter optimization of MS
analyzer [41], could improve ability of qualification and quantification of
metabolome.
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1.1.2 Targeted metabolomics based on LC-MS/MS
Non-targeted and targeted metabolomics study focus on global comprehensive
metabolome and specific interested metabolome, respectively [56]. Significantly
perturbed metabolites discovered in non-targeted metabolomics analysis are attributed
into significant pathways for diagnosis and progression of diseases or gene function,
which also provide insights into targeted metabolomics analysis [57]. Targeted
quantification of metabolomics includes relative quantification and absolute
quantification. Due to diverse physiochemical properties of endogenous metabolites, a
robust, sensitive and reproducible platform is necessary for targeted metabolic
analysis. On basis of LC-MS platform, the triple quadrupole mass spectrometer using
selected reaction monitoring (SRM) mode coupled to UPLC with different columns is
widely applied.
Triple quadrupole (QqQ) detector is used to acquire MS/MS data by using SRM
transitions with unit resolution. Precursor ions are set to be selected in Q1 after the
pre-scanning of m/z range, then generate fragmentation by collision gas (argon or
helium) in Q2. Finally product ions are detected in Q3 [22]. Additionally, HRMS as
an alternative choice for targeted metabolomics analysis, can not only provide
sensitive and selective response for metabolic features quantitation in complex
bio-mixture, but also provide high accurate ions for metabolites quantification [58].
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However, good separation behavior of metabolites is the prerequisite to sensitive and
selective detection in MS analyzer.
Generally, liquid chromatography system is suited to analyze polar and
semi-polar metabolites. Reversed-phase LC, using conventional C18-bonded silica
and high-strength silica (HSS) column, is commonly used for detecting medium-polar
and non-polar analytes, but not for polar metabolites due to poor retention behavior of
analyte in stationary phase [22]. Hence, HILIC has been emerged as a complementary
routine to elute polar and ionic metabolites such as carbohydrates, organic acids,
amino acids, bioamines, etc. with increasing percentage of aqueous mobile phase. The
approach has the advantage of avoiding void volume [48, 59, 60]. Mechanism of
HILIC is that analytes are retained by their hydrophilic interactions, cationic/anionic
interactions and hydrogen bridges with stationary phase [61]. HILIC stationary phase
is divided into three types: neutral (no electrostatic interactions), charged (strong
electrostatic interactions) and zwitterionic (weak electrostatic interactions). Among
them, Zwitterionic stationary is suited for metabolic profiling, while in targeted
analysis appropriate stationary phase should be chosen based on expected analytes.
pH, additive and mobile phase play important roles in retention behavior of
metabolites [62]. For example, alkaline mobile phase is recommended when using
polymer-based zwitterionic hydrophilic interaction chromatography (ZIC-pHILIC)
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column to capture metabolites in cells, including amino acids, nucleotides, organic
acids, phosphates, etc [63]. Owing to higher proportion of organic solvent, HILIC
coupled with MS showed better ionization efficiency and sensitivity [60]. However,
HILIC column is not robust enough as RP column, representing as poor
reproducibility of retention time and short column lifespan.
Ion-pair reversed phase chromatography is an alternative method for determining
ionic and polar molecules in biological mixtures. Ion-pairing chromatography lies in
the addition of ion-pairing reagents with opposite charge to targeted analytes. Mobile
phases of ion-pairing chromatography are meant to improve ion pairs with ionic
components and to format hydrophobic region to help enhancing the retention.
Tributylamine (TBA) and trimethylamine (TEA) are popularly used in anionic
metabolites, such as phosphorylated carbohydrates [64, 65], nucleotides [66], and
carboxylic acids [64]; while heptafluorobutyric acid (HFBA) is suitable for cationic
analytes, like polyamines [67], amino acids [68], vitamins [69], etc. Ion-pairing
chromatography have relative good reproducibility, resolution, metabolite coverage
and sensitivity in light of good peak shape [65]. Comparing with HILIC approach,
ion-pairing chromatography showed better separation ability, especially for co-eluted
biological isomers [65]. However, IPC has a disadvantage of ion suppression to MS
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detector, which requires a long-time cleaning cycle when switching between positive
and negative ion modes.
HILIC or IPC technology coupled to mass spectrometer are widely used to
quantify intracellular metabolites [64, 65, 70, 71], such as TCA cycle intermediates,
amino acids, nucleotides, etc. The approach avoids the derivatization of polar
metabolites [72]. In addition, targeted quantification of nonpolar and polar
metabolites could be carried out by using RP and HILIC or IPC combined separations
coupled to tandem mass spectrometry [73].

1.2 Applications of targeted/non-targeted metabolomics in diseases
Metabolomics is a powerful platform to comprehensively investigate altered
metabolic components responding to human (patho-) phenotypes simulated by gene
mutation or diseases [74]. Series of analytical platforms (LC-MS, GC-MS and NMR)
are capable of monitoring alteration of small molecules in biological samples, which
help with discovering biomarkers of disease diagnosis [75-77], severity and risk
assessment [78, 79] and therapeutic or prognosticate effect [13, 74].

1.2.1 Metabolomics study on colorectal cancer (CRC)
Colorectal cancer (CRC) is the third prevalent cancer worldwide and second
cause of cancer death in developed countries with poor diagnostic rate at early stage
[80]. In the previous serum metabolomics study, 2-hydroxybutyrate, aspartic acid and
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kynurenine were discovered to establish prediction model for early stage diagnostic
efficiently [77]. In metabolic profiling studies of CRC tumor and matched normal
tissue and biofluids (serum, urine) by using NMR, GC-MS and UPLC-MS, enhancing
ability of tissue hypoxia, biosynthesis of glycolysis, nucleotide, amino acid and lipid
occurred in CRC biological samples, which provide insights into stage discriminating
and prognostic [13, 79] and help to understand the mechanism of CRC [81-84].
Targeted metabolomics analysis of small molecules is an important approach to
uncover CRC patho-mechanism. There are many reports revealed sorts of important
metabolites by comparing biological samples (tissue, plasma) of colorectal cancer and
those of healthy volunteers. Quantitative metabolites analysis of colon cancer cells
indicated enhanced glycolysis activity representing as low glucose, high lactate and
glycolytic intermediates, which is in consistent with Warburg effect. In contrast, most
amino acids accumulation in cancer cells might be ascribed to autophagy degradation
of proteins and activation of glutaminolysis [85]. Additionally, Bener et al. [86] found
that essential amino acids apart from histidine and arginine showed higher levels in
plasma of colorectal cancer patients without significant differences except threonine
(p <0.012) and methionine (p <0.0001); whereas nonessential amino acids (NEAAs)
include ornithine, glutamic acid, taurine, proline, serine, glycine, and alanine showed
higher levels in the cancer patients with significant differences (p <0.0001).
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1.2.2 Metabolites and pathways related to CRC
Otto Warburg [87, 88] showed that most cancer cells primarily produce energy
through a high rate of glycolysis (to generate pyruvate) and by fermenting lactate in
cytoplasm, which is different from normal cells via low rate of glycolysis followed by
oxidative phosphorylation of pyruvate in mitochondria, which known as Warburg
effect (showed in Figure 1.5).

Figure 1.5 Schematic of oxidative phosphorylation, anaerobic glycolysis and aerobic
glycolysis (Warburg effect or Warburg hypothesis) (reproduced with permission from
[88]).
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Glutamine metabolism consists of glutaminolysis (oxidative carboxylation) and
reductive carboxylation, beginning with transformation of glutamine (Gln) to
glutamate (Glu) and the conversion of glutamate into α-ketoglutarate (α-KG) [89]. In
glutaminolysis pathway, α-KG is oxidized into tricarboxylic acid cycle (TCA)
intermediates in mitochondria and decarboxylated to pyruvate; while in reductive
reactions, α-KG is metabolized into isocitrate by reduction, finally generate lipids,
which also named de novo lipogenesis.
On basis of Otto Warburg, cancer cells tend to consume more glucose and
produce more lactic acid in comparison with normal cells or tissues. Warburg effect is
caused by oncogenic activation of glucose uptake, such as phosphoinositide 3-kinase
(PI3K). However, these tumor cells are also replying on exogenous glutamine for
survival [90]. Glutamine could donate its amide (γ-nitrogen) and converts into
glutamate in the purine and pyrimidine synthesis, and glutamine-derived glutamate
supports nitrogen for non-essential amino acids [90, 91], the latter reaction is shown
in Figure 1.6. Compounds showed in red, containing carbon, not nitrogen; while
metabolites showed in blue containing carbon and nitrogen originated from glutamine
and/or glutamate. Glutamic acid is transferred the amine group (original from
glutamine’s α-nitrogen) to α-ketoacids, namely carbon catabolites of glucose and
glutamine, such as pyruvate, 3-phosphoglycerate, oxaloacetate, and glutamic acid
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gamma-semialdehyde, which generate NEAAs (alanine, serine, aspartate, and
ornithine). Glycine and cysteine are biosynthesized from serine, while asparagine
generated from aspartate with amide group donating by glutamate. Of note, tyrosine
as one NEAA, is not metabolized from glucose or glutamine, but from phenylalanine
of EAA.

Figure 1.6 Glucose and glutamine can support the synthesis of the nonessential amino
acids as carbon and nitrogen sources (reproduced with permission from [90]).
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Figure 1.7 Pharmacologic targets in glutamine metabolism (reproduced with
permission from [90]). The compounds in red are medicines that enable to affect
glutamine metabolism.

Figure 1.7 showed the relation between glutamine and critical kinase, genes and
metabolites. The transcription factor c-Myc [92] could increase glutamine uptake
from extracellular via the up-regulation of SLC1A5 or ASCT2 encoding glutamate
importer and direct target and high affinity of the Myc oncoprotein. On the other hand,
Myc converts glutamine into glutamic acid when glutaminase (GLS) up-regulated.
However, glutamine uptake could be decreased by depleting extracellular glutamine
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with L-asparaginase and phenylbutyrate or via inhibiting ASCT2-dependent uptake
with L-γ-glutamyl-p-nitroanilie (GPNA). Glutamine participates into glutaminolysis
to generate NADPH or is exported to promote TOR kinase activation after glutamine
enters cells. In addition, conversion of glutamic acid into α-ketoglutarate would be
inhibited by amino-oxyacetic acid (AOA). Then less α-KG produces down-regulated
citrate and its product of oxaloacetate (OAA) in mitochondrial. So that the reduction
of OAA which is converted into malate, results in less pyruvate and NADPH by the
oxidation of malate to pyruvate via malic enzyme (ME). OAA can be replenished by
high rate of glutamine metabolism when sufficient glutamine is provided (NAD+
would be generated). Biguanides, phenformin and metformin can inhibit the process.
Thus, activities of amino acid exchanger LAT1 and TOR using glutamine as substrate
are also suppressed by some medicine.
Recent years, metabolic flux analysis studies of cancer cells esp. with
13

C-labeled glucose and

13

C-glutamine are emerging to attract extensive attentions.

The findings revealed dysregulation of proposed pathway under specific conditions or
treatment, such as hypoxia or mitochondria dysfunction caused by gene mutation.
Figure 1.8 showed the metabolic flux analysis of cancer cells under hypoxia and
mitochondrial dysfunction, using

13

C-glucose (marked in red) and

13

C-glutamine

(marked in green) as isotope tracers. According to the schematic, carbon skeleton of
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glycolysis and TCA cycle intermediates would be labeled with different numbers of
13

C-carbon in glycolysis or glutamine metabolism (both oxidative reaction and

reductive reaction). Besides, cancer cells conduct a metabolic flux of lipid synthesis
(de novo lipogenesis) (marked in yellow), that five carbons labeled glutamine
generate 13C-lipid acids via 13C4-α-ketoglutarate.

Figure 1.8 Overview of metabolic flux analysis of cancer cell metabolism with
13

C-glucose (marked in red) and

13

C-glutamine (marked in green) as isotope tracers

(adapted from Figure 2 in reference [87] ).
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1.2.3 Metabolomics study on rheumatoid arthritis (RA)
Rheumatoid arthritis is a chronic, inflammatory, systemic autoimmune disease
mainly presenting in 30-50 years population and leads to painful swelling, irreversible
joint destruction and even disability [93]. According to incidence and prevalence
study, about 0.5-1% of adult suffers from RA worldwide [94, 95]. RA is predicted as
a major cause of chronic disability in the following 10-20 years. Of note, about 79 %
of RA patients are female [96]. Moreover, RA is affected by complicated interplay of
multigenetic (HLA-DR4 alleles, PTPN22, STAT4, CTLA4, cytokines, etc.) and
environmental factors (i.e. smoking, microorganisms, stress, etc.) [95, 97]. As shown
in Figure 1.9, individuals with genetic susceptibility environmental factors may
activate immunological response, which is associated with the progression of disease
[93, 97]. Generally, the American College of Rheumatology criteria (1987) is used for
diagnosis of rheumatoid arthritis, which is a patient who meets at least 4 in 7 criteria
might suffer rheumatoid arthritis. So far, a single test is unable to confirm diagnosis of
RA. In laboratory, some parameters including blood cell count, rheumatoid factor
(RF), erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) and anticyclic
citrullinated peptide antibody are helpful for diagnosis of RA. However, the accurate
diagnosis of RA is difficult at early course, since its onset is insidious [98].
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Figure 1.9 Longitudinal course of RA (adapted from Figure in reference [98]).

Metabolomics study is useful to help to understand the metabolome variation and
antirheumatic drug responding to progression and/or therapeutic effect of RA. As
reported, comparing urinary or serum metabolic profiling of RA patients or RA model
animals with healthy controls, perturbed metabolites included TCA cycle
intermediates (e.g. succinic acid, citric acid), amino acids or derivatives (e.g. histidine,
phenylalanine, phenylacetylglycine), vitamins (e.g. pantothenic acid), carnitines, etc.,
which are attributed to TCA cycle, tryptophan metabolism, phenylalanine and
tyrosine metabolism, biosynthesis of carnitines, bile acids and fatty acids metabolism
[19, 99, 100]. TCA cycle activity could be perturbed by damaged cartilage or
chondrocytes. Some amino acids, such as tryptophan and histidine, could scavenge
free radicals [101]. Branch-amino acid (BCAA) levels were decreased in
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collagen-induced arthritis (CIA) rats which might be resulted from increased
oxidation [102]. Traditional Chinese Medicine (TCM) treatment of rheumatoid
arthritis have been reported that TCM could restore arthritis syndrome to some extent,
such as Huang-Lian-Jie-Du-Tang and Wu-tou decoction [99, 100]. Additionally,
anti-tumor necrosis factor (TNF) is usually used to control RA activity and suppress
joint damage. Metabolic profiling approach is able to separate the good responders to
anti-TNF treatment after 6 months from non-responders [103].
Previous findings via high throughput microbial DNA sequencing advanced our
understanding of the interaction between microbes and hosts, which provide novel
evidence into that the microbiomes participate into the pathogenesis of RA.
Microbiomes presenting as ten-fold of human cells and sharing our spaces [104],
serve

the physiological, metabolic and immune capacities of host through

exchanging nutrients from human body [105]. Micro-organisms dysfunction in hosts
could trigger autoimmune disorders or diseases, such as obesity, stroke and
cardiovascular disease [106, 107]. Particularly, despite of progress on the molecular
pathogenesis of RA, its etiology is still unclear. Recent reports have shown that the
presence and species of microbiomes were perturbed in RA animal model [108, 109]
and patients [110, 111]. Moreover, the oral and gut bacteria could be restored after
RA treatment [111]. Intriguingly, some abnormal metabolites and pathways
associated with gut microbiome have been discovered in RA-suffered hosts [99, 112,
113]. Further studies focusing on metabolites alteration in RA patients are required.
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1.3 The aims of project
Based on the above summarization, MS metabolomics is a powerful tool to
broadly applied in elucidation of gene function and mechanism of CRC and RA. In
our previous study, it is first time to discover that SLC25A22 gene is overexpressed in
CRC patients with KRAS mutation. However, the metabolic effects of SLC25A22
gene on KRAS-mutant CRC cells is unclear. Considering RA as an autoimmune
disease, there are insufficient evidence of metabolites perturbation in urine and serum
responding to RA inflammation. Moreover, in view of metabolome, quite a few of
study focused on the correlations of RA with GM. Therefore, my thesis aimed to the
following four concerns.
(1) Based on the MS platform of global metabolomics, we aimed to investigate the
metabolic effect of SLC25A22 gene on the KRAS mutant CRC cells, and to discover
the importantly perturbed pathways.
(2) Based on the MS platform, we aimed to establish reliable targeted metabolomics
method to characterize the altered polar intracellular metabolites in CRC cells by
using LC-QqQ MS. In further, we aimed to quantify the abnormal metabolites and
trace the metabolite fates by comparing knockdown of SLC25A22 CRC cells with
controlled CRC cells with KRAS mutant, which further provided insights into the
pathogenesis of CRC with KRAS mutation.
(3) Based on the platform of global and targeted metabolomics, we aimed to discover
the urinary and serum metabolic features alteration in RA patients by comparing with
health volunteers.
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(4) Based on abnormal urinary and serum metabolites in patients with RA, we aimed
to reveal the correlation of metabolic dysfunction with arthritis phenotype,
particularly the relationship of GM with RA, which could further uncover the roles of
abnormal small molecules associated with GM in RA.
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Chapter 2 Non-targeted Metabolomics Revealed SLC25A22 as Essential
Regulator in KRAS-mutant Colorectal Cancer

2.1 Introduction
Colorectal cancer (CRC) is the third most common cancer worldwide
[114]. KRAS oncogene, mutated in approximately 30 % - 50 % of CRC
patients [115, 116], presents both as a prognostic and predictive marker for
targeted therapy of CRC [117, 118], and mutations in KRAS results in
non-response to anti-EGFR inhibitors [118-120]. In our previous study, we
identified SLC25A22 is overexpression in CRC tumor with KRAS mutation.
SLC25A22, which as one member of mitochondrial transporter family
(SLC25) and encodes a mitochondrial glutamate transporter, is a novel
oncogene essential for the viability of CRC cell lines with simultaneous
mutations in APC or CTNNB1 and KRAS [121]. Apart from its role in CRC
tumorigenesis, SLC25A22 has also been found to be mutated in
encephalopathies, which frequently involved in altering the highly conversed
amino acids that will completely abolish glutamate carrier activity [122, 123].
However, the full spectrum of metabolic effects of SLC25A22 on
KRAS-mutant CRC cell lines not yet comprehensively characterized.
Metabolomics analysis plays a crucial role in the discovery of potential
metabolic biomarkers during the development of drug and diagnosis, as well
as in revealing gene function during the cell metabolism [120, 125-127].
Global and targeted metabolomics, which respectively aims to profile the
entire and specific components of the metabolome, providing signatures for
various metabolic phenotype and aids in the understanding of the mechanism
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of action of drugs or genes in biological systems at the level of metabolites.
Nuclear magnetic resonance (NMR) or mass spectrometry (MS) coupled to gas
chromatography (GC) or liquid chromatography (LC) are widely used to identify
and quantify the metabolome on a global scale [128, 129]. Therefore,
metabolomics has become promising strategy to further elucidate metabolic
pathways regulated by SLC25A22 in KRAS-mutant CRC and provide insights into
the therapy of CRC with KRAS mutation.
In the study, global metabolomics based on UHPLC-MS was utilized to
evaluate the effects of SLC25A22 on cellular metabolism in KRAS-mutant CRC
cells. Global metabolome profiles of control (pLKO) and SLC25A22 knockdown
DLD1 cells (shSLC25A22) were obtained by using UHPLC-Orbitrap-MS. The
workflow was shown in Figure 2.1. Our analyses unrevealed alanine, aspartate
and glutamate metabolism and nitrogen metabolism were perturbed significantly
due to knockdown of SLC25A22 in KRAS mutant CRC cell.
2.2 Materials and methods
2.2.1 Chemicals and reagents
Pure water was prepared by Milli-Q system (Millipore, USA). Methanol
(MeOH), acetonitrile (ACN) and formic acid (FA) were of LC grade. All
authentic standards were obtained from Sigma (St. Louis, US).
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Figure 2.1 The workflow of global metabolomics analysis.
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2.2.2 Cell culture
DLD1, HCT116 and SW1116 cell line was obtained from American Type
Culture Collection (ATCC, Rockville, MD). All cells were routinely cultured in
the Dulbecco’s modified eagle’s medium (DMEM) medium supplemented with
10 % fetal bovine serum (FBS) and 100 unit/mL penicillin-streptomycin. DLD1
cells stably expressing pLKO (control, n=15) and shSLC25A22 (SLC25A22
knockdown, n=13) were cultured in the presence of puromycin (2 µg/mL). Cells
were seeded at 5×106 per 10 cm dish for 24 h prior to global metabolomics
analysis and targeted metabolomics analysis (in the chapter 3). In the glutamine
(Gln)-dependent experiment, different concentrations of glutamine were added
into the cell medium.
2.2.3 shRNA-mediated knockdown, colony formation and apoptosis
SLC25A22 shRNA lentiviral vector was obtained from the RNAi
Consortium (TRC) shRNA library (Open Biosystems, Huntsville, AL). The clone
ID

was

TRCN0000044569

and

the

antisense

sequence

was

5’-GTGGTGTACTTCCCGC TCTTT-3’.
Cells were plated in 24-well plates at 100-500 cells per well in 0.5 mL of
complete media. At the end point, cells were stained with 0.1% crystal violet and
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number of colonies was counted. Cell growth curves were obtained using the
xCelligence system (ACEA Biosciences, San Diego, CA).
Apoptosis was conducted using the Annexin-PE/7-aminoactinomycin D
(7-AAD) staining kit (BD Biosciences, CA). The part of work was conducted
by collaborators in Chinese University of Hong Kong (CUHK).
2.2.4 Sample preparation
Culture medium was aspirated and the cells were washed twice in
ice-cold PBS and once in pure water. The cells were extracted by adding 1
mL chilled methanol and H2O (v/v, 8:2) containing 0.1 µg/mL
4-chloro-phenylalanine as the internal standard (IS). The cells were then
incubated at -80 oC for 60 min, scraped and transferred into Eppendorf tubes.
Cell extracts were subjected to three freeze-thaw cycles using liquid nitrogen
and ice. The supernatant was transferred into a new tube after centrifugation
for 10 min at 16000 g, 4 oC. The residues were then extracted by 0.5 mL
methanol, and the supernatants were pooled for lyophilization. The residues
were stored at -80 oC until analysis prior to analyses.
Samples were reconstituted in 200 μL MeOH: H2O (v/v, 85:15); 100 μL
was diluted to 50 % MeOH (v/v) in water for non-targeted metabolomics
study, followed by 30 μL pooled together from each participant as a quality
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control (QC) sample; and the other 100 μL for targeted metabolomics. All
samples were detected within 24 h after reconstitution.
2.2.5 Data acquisition of global metabolomics
The data was acquired from Ultimate 3000 rapid separation liquid
chromatography (RSLC) coupled with Q Exactive Focus MS (Thermo Scientific,
USA) for global metabolomics analysis. Acquity UPLC HSS T3 (2.1 × 100 mm,
1.8 μm, Waters) was used to separate metabolites at 30 °C. The mobile phases
were water (A) and ACN (B), both with 0.1 % FA (formic acid, v/v). The
injection volume was 10 μL. The LC gradient program was as follows: 0 min, 2 %
B; 1 min, 2 % B; 19 min, 100 % B; 21 min, 100 % B; 21.1 min, 2 % B; 25 min, 2 %
B. The flow rate was 0.3 mL/ min. The QE Focus MS was equipped with a heated
electrospray ionization (HESI) source. The MS parameters were as follows. The
spray voltages were 3.5 kV for positive ion mode and 3 kV for negative ion mode,
respectively. The pressure of sheath and auxiliary gas was set at 45 arb and 10 arb,
respectively. The temperatures of capillary and auxiliary gas were both 320 °C.
The S-lens RF level was 60%. The scan range was 70-1000 (m/z). The resolution
was 35,000. The maximum inject time (max IT) was 100 ms. Automated gain
control (AGC) was set at 1×e6 ions.
Data was acquired both in positive and negative ion mode. Cell samples were
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analyzed at random, and the sequence was performed in a “3 samples-1 QC”
order after 5 QC sample injections. The QC samples were applied for
analytical quality assurance and signal correlation [130].
2.2.6 Data processing and metabolites identification of global metabolomics
The raw data of metabolic profiling acquired in UHPLC-Orbitrap-MS
was firstly converted into CDF data format by using Xcalibur workstation
(Thermo Scientific, USA), and metabolic features were extracted by running
XCMS package under R version 3.2.2 with chromatographic alignment and
matching [131]. The noise level of global metabolomics data of XCMS
parameters was set at 50,000 in positive and 20,000 in negative ion mode,
respectively. Subsequently, a three-dimensional csv-format document
involving m/z, retention time (RT) and peak intensity was obtained. Next,
data was filtered using “80% rule” [132], and normalized by the IS
(4-chlorophenylalanine) and protein content. Finally, the data was subjected
to multivariate statistical analysis by SIMCA-P 13.0 (Umetrics, Sweden)
after mean-centering and scaling to the standard deviation.
The potential biomarkers were identified by comparing exact m/z,
retention time and MS/MS pattern of samples with those of authentic
standards or those in database, such as Metlin (https://metlin.scripps.edu) and
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human metabolome database (HMDB, http://www.hmdb.ca) [133]. We applied 10
ppm as mass error and ± 6 s as retention time error for feature grouping and
matching. Moreover, MS/MS pattern of potential biomarkers were collected at the
resolution of 70,000, the isolation width of 0.6 amu, IT of 100 ms and the
collision energies of 10, 20 and 30 eV. Pathway and enrichment analysis were
conducted by MetaboAnalyst (http://www.metaboanalyst.ca/) [134].
2.2.7 Statistical analysis
In the global metabolomics analysis, differential metabolites between
DLD1-pLKO cells and DLD1-shSLC25A22 cells were chosen by VIP (Variable
importance for the projection) over than 1 in the PLS-DA (partial lease
squares-discriminant analysis) model, coupled with fold change (FC) of
shSLC25A22/pLKO more than 1.1 or less than 0.8 with significant differences (p
< 0.05) in Student’s t-test.
2.3 Results and discussion
2.3.1 KRAS mutant CRC cells addicted on glutamine
Because SLC25A22-encoding transporter functions as glutamate (Glu)
uptake into mitochondrial, we proposed that SLC25A22 affects the mitochondrial
tricarboxylic acid (TCA) cycle which is resulted from glutamate flux malfunction.
It needs to confirm that whether KRAS mutant CRC cells are dependent on Gln.
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Figure 2.2 A showed that KRAS mutant cells (DLD1, HCT116 and SW1116)
were inhibited obviously by glutamine deprivation, while KRAS wild-type
cells, showed relatively resistant to Gln deprivation, indicating that KRAS
mutant cells were addicted in glutamine. Moreover, glutamate (2 mM)
supplementation could partially rescue cell proliferation (upper in Figure
2.2B) and suppress apoptosis (lower in Figure 2.2 B) of KRAS mutant cells in
the Gln-free medium. Whereas, glutamate could restore cell growth in
control cells without glutamine, but not in SLC25A22-silenced cells,
suggesting that SLC25A22 is required for pro-survival effect of glutamate
(Figure 2.2 C).
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(A)

(B)

(C)

Figure 2.2 KRAS mutant CRC cells were addicted in glutamine. (A) Cell growth in
different levels of glutamine (Gln) deprivation obviously inhibited KRAS mutant
cell growth, but not KRAS wild-type cells. (B) Relative cell colony and apoptosis
with or without supplication of Gln and Glu. (C) Cell growth of control and
SLC25A22-silencing cells. (The part of work was conducted by collaborators in
CUHK).
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2.3.2 Statistical analysis of global metabolomics
Due to the wide dynamic range and good reproducibility, UHPLC-MS is a
powerful tool for metabolomics and is capable of systematic profiling of
endogenous metabolites to uncover the complex metabolic alterations that arise
from gene mutation or aberrant gene expression [136, 137]. In the study, 15
pLKO and 13 shSLC25A22 cell extracts by chilled 80% MeOH were analyzed for
global and targeted metabolomics analysis [138].
In the global metabolomics analysis, a total of 6,195 and 5,260 metabolic
features were obtained in positive and negative ion mode, respectively (TIC was
shown in Figure 2.3 A). In the score plot of PLS-DA model (Figure 2.3 B and C),
pLKO samples were separated clearly from the shSLC25A22 samples, suggesting
significantly changed features made great contributions to the separation.
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Figure 2.3 Total ion chromatography (TIC) and score plot of PLS-DA model. (A)
The TIC of control (pLKO, upper) and knockdown of SLC25A22 (shSLC25A22,
lower) cells in positive ion mode of UHPLC-MS. (B) and (C) Score plot in the
positive and negative ion mode. [t1]: component 1, [t2]: component 2. Green dot:
pLKO sample, blue dot: shSLC25A22 sample.

Among the extracted features, 267 metabolites (175 in positive and 92 in
negative mode) were identified. Eventually, 35 metabolites, out of which 16 were
confirmed by comparing with authentic standards, were significantly altered with
FC of shSLC25A22/pLKO more than 1.1 or less than 0.8 (t-test: p < 0.05)
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through volcano plot screening (Figure 2.4 A) and VIP over 1.0. In the volcano
plot, the X-axis was plotted on log2 scale of FC of shSLC25A22/pLKO, while the
Y-axis plotted the -log10 scale of p-value. Venn diagram (Figure 2.4 B) showed
that 22 and 20 metabolites were found in positive and negative mode of LC-MS,
respectively. There were 7 metabolites were simultaneously detected in two
modes.

1 5 .0

- lo g 1 0 ( P - v a lu e )

F C > 1 .1 w ith p ≤ 0 .0 5

(A)

(B)

F C < 0 .8 w ith p ≤ 0 .0 5
1 0 .0

p > 0 .0 5

5 .0

p = 0 .0 5
0 .0
- 2 .0

0 .0

2 .0

L o g 2 ( F o ld c h a n g e )

Figure 2.4 Volcano plot in positive mode and Venn diagram.
(A) Volcano plot of global metabolomics in positive mode. (B) Venn diagram of
identified metabolites both in positive and negative ion mode of UHPLC-MS.
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2.3.3 Differentially expressed metabolites for SLC25A22 knockdown
Overall, specific sets of metabolites were considerably altered in
shSLC25A22 cells compared to pLKO cells (p < 0.05), such as amino acids,
nucleotides, carnitines, lipids, fatty acids, and their derivatives (Table 2.1). The
heatmap of top changed 15 metabolites was shown in Figure 2.5. The fold change
between shSLC25A22 and pLKO of glutamine and glutamate were 1.33 (p = 2.6
e-5) and 1.29 (p = 1.1 e-4), while the FC of Asp and N-acetyl-aspartic acid (Ac-Asp)
were of 0.55 (p = 2.4 e-8) and 0.71 (p = 5.7 e-13), suggesting reduced metabolism
of Gln and Glu to Asp. As an essential precursor amino acid, Gln can support
cancer proliferation [91]. Furthermore, Asp-derived metabolites, particularly
asparagine (Asn) and alanine (Ala), were down-regulated in SLC25A22-silenced
cells (asparagine, FC = 0.79, p = 9.8 e-5; alanine, FC = 0.75, p = 4.2 e-9) as
compared to DLD1-pLKO cells.
In previous reports, some metabolites such as TCA cycle and urea cycle
intermediates, nucleotides were found to be up-regulated in CRC patients [77, 85].
Notably, specific amino acids were differentially regulated in colorectal tissues of
cancer patients. Alanine, asparagine, glycine, proline and serine were up-regulated,
whilst glutamine and glutamate were down-regulated in CRC compared with
healthy controls [86, 139]. Alanine was reported to function as alterative carbon
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source that fuels tumor metabolism [140]. Moreover, alanine secretion and
aspartate could promote pancreatic stellate cell proliferation through autophagy
[140] and mitochondrial electron transport chain (ETC) [141]. Asparagine was
found to be up-regulated in KRAS-mutant CRC via the overexpression of
asparagine synthetase (ANSN) and it promotes protein biosynthesis in cancer cells
by serving as an amino acid exchange factor regulating the uptake of amino acid
and cell proliferation [142, 143]. Consistent with the oncogenic function of
SLC25A22 in CRC, knockdown of SLC25A22 down-regulated the biosynthesis
of TCA cycle metabolites and up-regulated Asp-derived amino acids (alanine,
asparagine and glycine) in CRC, which in turn, impair KRAS-mutant CRC cell
growth.
Of note, AICAR (5-aminoimidazole-4-carboxyamide ribonucleoside) with
the largest FC of 2.8 (p = 1.7 e-6) is an activator of AMP-activated protein kinase
(AMPK) pathway, which inhibits cancer cell growth [144, 145]. Importantly, N1,
N12-diacetylsmpermine (DAS) was reduced in SLC25A22 knockdown cells (FC
=0.76, p =2.4e-2). Johnson et al. found that polyamines, especially DAS as an
end-product of polyamine metabolism, was strongly up-regulated in CRC tumor
tissues compared to adjacent normal tissues using metabolomics approaches [127].
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Here, our global metabolomics analysis showed that DAS was reduced in
SLC25A22 knockdown CRC cells.
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pLKO
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shSLC25A22
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Indole
Sphingosine
L-Threonine
L-Glutamic acid
Pyrroline hydroxycarboxylic acid
L-Glutamine
N-Acetylglutamic acid

AICAR
Pantothenic acid
L-Methionine
N-Formyl-L-methionine
L-Aspartic acid

N-Acetyl-L-aspartic acid
Creatine
L-Alanine

Figure 2.5 Heatmap of the top 15 significantly changed metabolites in the shSLC25A22-silencing cells. The X-axis (column) is sample (ctr: control
cell, sh25: shRNA25A22-knockdown cell, the Y-axis is metabolite.
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Table 2.1 List of identified metabolites changed significantly between shSLC25A22 and pLKO cell (in the order of descending fold change).

FC(s/p)
No. Compound name

m/z

RT/min

P-value

MS Pattern

△ppm

Mode

Classes

1.7E-06

110.0352, 97.0283,

6.0

+/-

Nucleotides and

a

1

AICAR

339.0680 1.51

2.82

127.0614,206.0568

derivatives

2

N-Acetylglutamic acid

190.0699 2.09

1.60

9.9E-06

190.0710, 172.0600, 130.0500

5.8

+/-

AAs and derivativesb

3

Sphingosine

300.2879 13.38

1.54

2.4E-06

282.2783, 252.2679,

5.9

+

Glycosphingolipids

5.5

+

AAs and derivatives

5.2

+

AAs and derivatives

56.0497,69.0698
4

Glutamine*

147.0756 0.90

1.33

2.6E-05

147.0762, 130.0495, 84.0448,
56.0500

5

Pyrroline hydroxycarboxylic acid

130.0492 0.91

1.31

9.2E-05
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84.0447, 130.0493, 56.0505

6

Glutamic acid*

148.0595 0.92

1.29

1.1E-04

84.0446, 102.0547, 130.0497,

6.3

+

AAs and derivatives

6.4

+/-

Peptides

148.0600
7

Glutathione*

308.0891 1.58

1.22

1.6E-02

308.0934, 233.0610, 162.0235,
76.0238

8

Indole

118.0644 6.05

1.21

6.9E-04

118.0648, 91.0540, 65.0386

6.0

+

AAs and derivative

9

Threonine*

120.0649 0.91

1.17

3.6E-02

56.0497, 74.0599, 102.0547,

5.5

+

AAs and derivatives

5.8

+

Glycerophosphocholines

5.5

+

AAs and derivatives

5.9

+/-

Vitamins

120.0653
10

Glycerophosphocholine

258.1086 0.91

1.15

1.4E-02

104.1067, 124.9995, 184.0729
86.0962

11

Methionine*

150.0575 1.53

1.13

1.1E-02

150.0574, 133.0314, 104.0528,
61.0113

12

Pantothenic acid*

220.1167 4.79

1.10

3.2E-02
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90.0548, 220.1175, 202.1069,

184.0964, 72.0443
13

Creatine*

132.0760 0.95

0.80

0.7E-4

132.0768, 90.0555, 87.0557

5.6

+/-

Carboxylic acids

14

Butyrylcarnitine

232.1530 5.00

0.79

3.5E-03

232.1565, 173.0821, 85.0295

5.7

+

Carnitines

15

Asparagine*

133.0599 0.90

0.79

9.8E-05

133.0602, 87.0551, 74.0242, 70.0293

6.8

+

AAs and derivatives

16

Histidine*

154.0612 0.86

0.78

1.2E-04

154.0613, 93.0446, 137.0346,

6.5

-

AAs and derivatives

5.9

+

AAs and derivatives

110.0711
17

Gamma-glutamyl-L-leucine

261.1430 5.56

0.78

8.2E-07

261.1450,198.1120, 132.1020,
86.0964

18

Xanthine

151.0252 2.04

0.78

1.2E-02

151.0250, 108.0199

6.4

-

Xanthines

19

ADP*

426.0227 1.48

0.78

7.3E-03

426.0227, 158.9245, 78.9575,

1.4

-

Nucleotides and

134.0462, 328.0456, 272.9573
20

Tyrosine*

180.0659 4.28

0.77

5.0E-08
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119.0490, 180.0659, 136.0757,

derivatives
3.9

-

AAs and derivatives

163.0391, 93.0332
21

Phenylalanine*

164.0706 4.28

0.77

7.0E-08

147.0442, 164.0707, 72.0080

6.9

-

AAs and derivatives

22

N-Acetyl-L-methionine

190.0538 5.68

0.77

1.7E-06

148.0428, 142.0499, 190.0537,

2.7

-

AAs and derivatives

84.0441, 98.0599
23

N1, N12-Diacetylspermine*

287.2440 0.91

0.76

2.4E-02

100.0763, 171.1498

0.5

24

Gamma Glutamylglutamic acid

277.1014 1.51

0.76

5.5E-03

84.0442, 148.0600, 130.0496,

5.9

+

Peptides

1.4

-

Nucleotides and

Polyamines

168.0651, 277.1021
25

Uridine diphosphate glucose

565.0485 1.75

0.75

3.6E-02

323.0290, 565.0483, 384.9848,
241.0118, 78.9575, 96.9682

26

N-Formyl-L-methionine

176.0380 5.31

0.75

3.5E-11

98.0234, 128.0342, 176.0379,

derivatives
4.1

-

AAs and derivatives

5.5

+

Carnitines

84.0441, 70.0283
27

Acetylcarnitine

204.1219 1.51

0.75

8.9E-08
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85.0282, 204.1227, 60.0809,

145.0493
28

Alanine*

90.0545

0.90

0.75

4.2E-09

90.0544

5.3

+

AAs and derivatives

29

Oxidized glutathione*

613.1558 2.43

0.74

5.0E-02

613.1592, 538.1252, 484.1162,

5.7

+/-

Oligopeptides

5.1

-

AAs and derivatives

6.0

+

AAs and derivatives

1.8

-

Nucleotides and

355.0727, 231.0418
30

N-Acetyl-L-aspartic acid

174.0399 1.01

0.71

5.7E-13

88.0390, 130.0499, 58.0282,
174.0399, 156.0291

31

Gamma-Glutamyltyrosine

311.1219 4.76

0.69

8.5E-08

311.1240, 248.0920, 182.0810,
136.0760

32

Uridine

606.0754 2.67

0.69

4.7E-04

diphosphate-N-acetylglucosamine

606.0750, 384.9849, 282.0388,
402.9953, 323.0287, 158.9244,

derivatives

78.9574
33

Aspartic acid*

132.0291 0.90

0.55

2.4E-08

52

132.0291, 115.0025, 88.0399,

8.7

-

AAs and derivatives

71.0136
34

Taurine

126.0213 0.91

0.49

1.9E-06

126.0214, 108.0109

5.4

+/-

Primary amines

35

3-Sulfinoalanine

152.0013 0.92

0.48

1.9E-03

88.0390, 152.0017

6.7

-

AAs and derivatives

Notes:
a

FC (s/p) represents fold change between shSLC25A22 and pLKO cells.

b

AAs and derivatives represent amino acids and their derivatives.

* Represents the metabolite was identified by authentic standard and database, while the unmarked metabolite was identified by database.
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2.3.4 Pathway analysis and enrichment analysis of altered metabolites
In the plot of pathway analysis, the larger and darker bubble represents the more
significant metabolism. The Pathway analysis of altered metabolites in SLC25A22
knockdown CRC cells compared with control CRC cells uncovered significantly
altered metabolites, including Gln, Glu, Ac-Asp, aAsp, Asn and Ala, are involved in
the alanine, aspartate and glutamate pathway with pathway impact over than 0.6
(Figure 2.6 A). Additionally, enrichment analysis further demonstrated that altered
metabolites were involved in protein synthesis, ammonia recycling, urea cycle,
glutamate metabolism, glutathione metabolism and aspartate metabolism (Figure 2.6
B), which further confirmed the significant importance of alanine, aspartate and
glutamate metabolism, as well as ammonia metabolism to conduct on the targeted
analysis.
The overview of alanine, aspartate and glutamate and ammonia pathway was
shown in Figure 2.7. Alanine, aspartate and glutamate metabolism is a part of
glutaminolysis, which has been reported as a target for cancer therapy [146]. The
alanine, aspartate and glutamate pathway highlighted in green catabolizes glutamine
to generate derived amino acids, such as alanine and aspartate (Figure 2.7). Glutamine
is taken up by the cells and is converted into glutamate by removing one molecular
ammonia. Then glutamate passes through mitochondria via the SLC25A22-encoding
glutamate transporter, transforms into α-KG to enter the TCA cycle, generating OAA,
aspartate, alanine and asparagine, which could promote cell proliferation. The
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pathway highlighted in blue is ammonia metabolism, which includes urea cycle,
polyamines biosynthesis and certain amino acids (e.g. aspartate and asparagine). Urea
cycle and polyamines are linked by ornithine, which is generated in mitochondria.
Polyamines are required for growth of normal and cancer cells, and their levels are
frequently up-regulated in carcinogenesis [147, 148].
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Figure 2.6 (A) Plot of pathway analysis and (B) enrichment analysis.
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Figure 2.7 Overview of two important pathway due to SLC25A22 knockdown.
Green represented alanine, aspartate and glutamate pathway, blue represented
ammonia metabolism, including urea cycle and polyamine metabolism. Glu,
glutamate; TCA, tricar-boxylic acid; α-KG, α-keto-glutarate; Suc: succinate; Fum，
fumarate; Mal, malate; OAA, oxaloacetate; Cit, citrate; Isocit, isocitrate; Citr,
citrulline; Orn, ornithine; Arg, arginine.

2.4 Chapter summary
Cell colony and apoptosis results showed that KRAS mutant cells (DLD1,
HCT116 and SW1116) were addicted on Gln, even Glu could partially restore cell
proliferation and suppress apoptosis. On the basis of LC-MS platform, global
metabolomics analysis of shSLC25A22 cells and pLKO cells uncovered significantly
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altered metabolites were attributed to the two metabolism (1) alanine, aspartate and
glutamate pathway and (2) ammonia metabolism (including urea cycle and
polyamines metabolism). In knockdown of SLC25A22 cells, Gln-related amino acids
were altered, presenting increased Glu but decreased Asp, Asn and Ala. Methionine,
N-acetyl-methionine and DAS attributing to ammonia metabolism were perturbed
significantly owing to knockdown of SLC25A22. Therefore, to confirm the alteration
and source of metabolites, the targeted metabolomics analysis and kinetic isotope
analysis, focusing on TCA cycle intermediates, amino acids and polyamines, were
conducted

by

liquid-chromatography

coupled

with

triple-quadrupole

mass

spectrometer (LC-QqQ MS), which could help better to trace fates of metabolic
features caused by overexpression of SLC25A22.

*This Chapter was mainly from my published papers where I am the first and
third author as follows:
1. Li X, Wong CC*, Cai Z*, et al. LC-MS-based metabolomics revealed SLC25A22
as an essential regulator of aspartate-derived amino acids and polyamines in
KRAS-mutant colorectal cancer. Oncotarget. 2017, 8(60): 101333–101344
2. Wong CC, Qian Y, Li X, et al. SLC25A22 Promotes Proliferation and Survival of
Colorectal Cancer Cells With KRAS Mutations and Xenograft Tumor Progression in
Mice via Intracellular Synthesis of Aspartate. Gastroenterology.2016, 151 (5):
945-960.e6
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Chapter 3 Targeted Metabolomics Revealed SLC25A22 as Essential Regulator of
TCA Cycle, Aspartate-derived Amino Acids and Polyamines in KRAS-mutant
Colorectal Cancer
3.1 Introduction
Based on metabolic profiling of shSLC25A22 cells and pLKO cells, the alanine,
aspartate and glutamate metabolism and ammonia metabolism (urea cycle and
polyamine) were changed significantly due to knockdown of SLC25A22 of KRAS
mutant CRC cells. Therefore, we focus on figuring out alterations of more metabolites
in the above-mentioned metabolism by using LC-QqQ MS-based targeted
metabolomics, including TCA cycle intermediates, glutamine-derived amino acids,
urea cycle intermediates and polyamines. Moreover, the metabolite fates of TCA
cycle and derived amino acids, urea cycle intermediates and polyamines were traced
via targeted kinetic analysis of DLD1 cells with KRAS-mutation using
[U-13C5]-glutamine as the isotope tracer. The workflow was shown in Figure 3.1.
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3.2 Materials and methods
3.2.1 Chemicals and reagents
Pure water was prepared by Milli-Q system (Millipore, USA). Methanol
(MeOH), acetonitrile (ACN), formic acid (FA), ammonium hydroxide and ammonium
acetate were of LC grade. All standards of (D/L-) amino acids, TCA cycle
intermediates, including citrate (Cit), isocitrate (Isocit), α-ketoglutarate (α-KG),
succinate (Suc), fumarate (Fum), oxaloacetate (OAA); polyamines including
putrescine (Put), spermidine (Spd), spermine (Spm), N1-acetylputrescine (Ac-Put) and
N1-acetylspermidine (Ac-Spd) were purchased from Sigma (St. Louis, US).
N1-acetylspermine (Ac-Put), N1, N12-diacetylspermine (DAS) were ordered from
Cayman (MI, US). [U-13C5]-glutamine was obtained from Cambridge isotope
laboratory (MA, US).

3.2.2 Cell culture for isotope analysis
The process of cell culture was similar to 2.2.2. For targeted kinetic isotope
analysis of TCA cycle intermediates, DLD1-pLKO, DLD1-siSLC25A22 (transiently
expressing) and DLD1-shSLC25A22 (stable expressing) cell lines were seeded at a
density of 5×106 cells/10 cm dish in complete DMEM medium in triplicates. After 24
h, the media were replaced with glutamine-free MEM consisting of 4 mM
[13C5]-glutamine. The cells were harvested at the following time points: 0 h, 0.5 h, 1 h
and 2 h. Besides, GOT1 (ID: s5954 and s5955) siRNA were purchased from Thermo
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Fisher Scientific (Waltham, MA). The culture of knockdown of GOT1 cells and
control cells were same to pLKO and shSLC25A22, and the cells were harvested at
the time points of 0 h, 0.5 h, 1h and 2 h.For targeted kinetic isotope analysis of
polyamine and urea cycle intermediates, DLD1-pLKO and DLD1-shSLC25A22 cell
lines were seeded at a density of 2×106 cells/10 cm dish in complete DMEM medium
in triplicates. After 24 h, the media were replaced with glutamine-free MEM
consisting of 2 mM [13C5]-glutamine. The cells were harvested at the following time
points: 0 h, 2 h, 4 h, 8 h, 16 h and 24 h.

3.2.3 Sample preparation
Sample preparation of non-targeted metabolomics was also used for targeted
metabolomics analysis (part 2.2.4), while the sample preparation of kinetic isotope
analysis was same to part 2.2.4One microliter of cell culture media was collected for
lyophilization, the residues were precipitated by 4 mL chilled MeOH and centrifuged.
The supernatant was dried again and stored at -80 ℃ until analysis. The residue was
re-constituted in 85% ACN for native and 13C-labeled polyamine analysis.
3.2.4 Data acquisition of targeted metabolomics and kinetic isotope analysis
using LC-QqQ MS
Targeted metabolomics of label-free metabolites and kinetic isotope analysis
were performed by Ultimate 3000 RSLC coupled to QuantivaTM triple-quadrupole MS
(QqQ, Thermo Scientific, USA). The Xbridge BEH Amide column (2.1 × 100 mm,
1.8 μm, Waters) was used for metabolites separation at 30 °C. The mobile phases
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used for the separation of related amino acids and polyamines were water (A) and
ACN (B) both containing 0.1% FA, while for the TCA cycle intermediates were
water/ACN (A, v/v, 95:5, pH 9.45) containing 20 mM ammonium acetate and 20 mM
ammonium hydroxide and acetonitrile (B). The flow rate was 0.3 mL/min. The LC
gradient program was as follows: 0 min, 85 % B; 12 min, 55 % B; 14 min, 20 % B; 16
min, 20 % B; 16.5 min, 85 % B; 22 min, 85 % B. The TSQ MS was also equipped
with a heated electrospray ionization (HESI) source. The spray voltages were of 3.5
kV and 3 kV in positive and negative ion mode, respectively. The pressure of sheath
and auxiliary gas was set at 30 arb and 10 arb. The temperature of capillary and
auxiliary gas was 320 °C and 320 °C. The S-lens RF level was 60 %. The CID gas
was set at 1.5 mTorr.
Selected monitoring reaction (SRM) mode was utilized for data acquisition of
targeted metabolomics and kinetic metabolic analysis. The SRM transitions were
listed in Table 3.1 and Table 3.2, respectively. The targeted metabolomics included
TCA cycle intermediates, Glu-derived amino acids, urea cycle intermediates and
polyamines. Among them, amino acids, urea cycle intermediates and polyamines
were analyzed in positive ion mode, while the TCA cycle intermediates were in
negative ion mode. The analytes separation was performed in segments to increase the
sensitivity.
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Table 3.1 SRM transitions of TCA cycle intermediates, polyamines and related amino
acids in targeted metabolomics analysis by using LC-QqQ MS.

Metabolite

Abbreviation

Polarity

Precursor

Product

CEa

Ion

Ion

(V)

Citrate

Cit

Negative

191

87

25

Isocitrate

Isocit

Negative

191

73

25

α-ketoglutarate

α-KG

Negative

145

101

8

TCA cycle

Succinate

Suc

Negative

117

73

15

Intermediates

Fumarate

Fum

Negative

115

71

10

Malate

Mal

Negative

133

115

12

Oxaloacetate

OAA

Negative

131

87

15

4-Cl-Phenylalanine

ISb

Negative

198

181

15

Glutamate

Glu

Positive

148

84

15

Glutamine

Gln

Positive

147

84

10

Aspartate

Asp

Negative

132

88

15

Related

Asparagine

Asn

Positive

133

74

15

amino acids

Alanine

Ala

Positive

90

44.3

10

Proline

Pro

Positive

116

70

18

Ornithine

Orn

Positive

133

70

20

Citrulline

Citr

Positive

176

70

10
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Polyamines

Arginine

Arg

Positive

175

70

15

Putrescine

Put

Positive

89.1

72.1

12

N1-Acetylputrescine

AcPut

Positive

131.1

114.2

12

N1-Acetylputrescine

AcPut

Positive

131.1

72.1

18

Spermidine

Spd

Positive

146.1

72.1

15

Spermidine-2

Spd

Positive

146.1

112.1

15

N1-Acetylspermidine

AcSpd

Positive

188.2

72.1

20

N1-Acetylspermidine-2

AcSpd

Positive

188.2

100.1

18

Spermine

Spm

Positive

203.2

112.1

20

Spermine-2

Spm

Positive

203.2

129.1

12

N1-Acetylspermine

AcSpm

Positive

245.2

129.2

15

N1-Acetylspermine-2

AcSpm

Positive

245.2

112.2

20

N1,N12-diacetylspermine

DAS

Positive

287.2

100.1

25

N1,N12-diacetylspermine-2

DAS

Positive

287.2

171.2

18

4-Cl-Phenylalanineb

IS

Positive

200

154

15

Note: a represents collision energy, b represents internal standard.
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Table 3.2 SRM transitions of TCA cycle intermediates, polyamines and amino acids in
metabolic kinetic analysis by using LC-QqQ MS.

Class

Metabolite

Polarity

Precursor

Product Ion CE (V)

Ion
α-KG

Negative

145

101

8

13

Negative

150

105

8

Suc

Negative

117

73

15

13

Negative

121

76

15

Fum

Negative

115

71

10

13

Negative

119

74

10

Mal

Negative

133

115

12

13

Negative

137

119

12

OAA

Negative

131

87

15

13

Negative

135

90

10

Cit

Negative

191

87

25

13

Negative

195

91

25

Isocit

Negative

191

73

25

13

Negative

195

76

25

4-Cl-Phenylalanine Negative

198

181

15

Related

Gln

Positive

147

84

20

amino

13

Positive

152

88

20

acids

Glu

Positive

148

84

15

C5-α-KG

C4-Suc

C4-Fum

TCA

cycle

inter-mediate
C4- Mal

s

C4- OAA

C4- Cit

C4-Isocit

C5-Gln

66

13

Positive

153

88

15

Asp

Positive

134

74

15

13

Positive

138

76

15

Asn

Positive

133

74.2

15

13

Positive

137

76

15

Ala

Positive

90

44.3

10

13

Positive

93

46.3

10

Pro

Positive

116

70

18

13

Positive

121

74

18

Orn

Positive

133.1

70

20

13

Positive

138

74

20

Arg

Positive

175

70.2

15

13

Positive

180

74

15

Citr

Positive

176

159.1

10

13

Positive

181

163.1

10

IS

Positive

200

154

15

Put

Positive

89.1

72.1

12

Put-13C4

Positive

93.1

76.1

12

AcPut

Positive

131.1

114.2

12

AcPut-2

Positive

131.1

72.1

18

AcPut-13C4*

Positive

135.1

118.1

12

AcPut-13C4-2

Positive

135

76.1

18

C5-Glu

C4-Asp

C4-Asn

C3-Ala

C5-Pro

C5-Orn

Urea

cycle
C5-Arg

amino acids

C5-Citr

Polyamines

67

Spd*

Positive

146.1

72.1

15

Spd-2

Positive

146.1

112.1

15

Spd-13C4*

Positive

150.1

76.1

15

Spd-13C4-2

Positive

150.1

116.1

15

AcSpd*

Positive

188.2

72.1

20

AcSpd-2

Positive

188.2

100.1

18

AcSpd-13C4*

Positive

192.2

76.1

20

AcSpd-13C4-2

Positive

192.2

104.1

18

Spm*

Positive

203.2

112.1

20

Spm-2

Positive

203.2

129.1

12

Spm-13C4*

Positive

207.2

116.1

20

Spm-13C4-2

Positive

207.2

133.1

12

AcSpm*

Positive

245.2

112.2

20

AcSpm-2

Positive

245.2

129.2

15

AcSpm-13C4*

Positive

249.2

116.2

20

AcSpm-13C4

Positive

249.2

133.2

15

DAS*

Positive

287.2

100.1

25

DAS-2

Positive

287.2

171.2

18

DAS-13C4*

Positive

291.2

104.1

25

DAS-13C4-2

Positive

291.2

175.2

18

Notes: a represents collision energy, * represented quantitative transition.
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3.2.5 Statistical analysis
For analysis of cell samples, the peak area of each SRM transition was
integrated and normalized by IS and total protein content. The peak areas of
13

C-metabolites generated from 13C-Gln (authentic 13C-metabolites) were obtained

by deducting the peak areas of native
13

C-metabolites; while the native

peak areas of

12

and number of

C-labeled analytes from detected

C-labeled analytes were calculated form the

C-metabolites according to the ratio of
13

13

C in native

12

C (1.1 %)

C-labeled carbon (N). The following formula was used to

calculate the peak area of
13
C-metabolites

13

13

– 1.1 % N *A

13

C-metabolits: A

12

C-metabolites.

authentic

13
C-metabolites

= A

detected

Relative or absolute intensities of

metabolites between DLD1 control and SLC25A22 knockdown cells were
obtained to reveal the alterations of targeted metabolites. The relative ratios of
shSLC25A22 cells were conducted by setting the level of control cells as 1.

3.2.6 Western blot
Total proteins were extracted using CytobusterTM Protein Extraction Reagent
(EMD Millipore), denatured in loading buffer, and then separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Antibodies for
ornithine decarboxylase (ODC, ab66067) and spermidine/spermine N1-acetyl
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transferase (SAT, ab105220) were obtained from Abcam (Cambridge, MA). The
part of work was conducted by collaborators in CUHK.

3.2.7 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay
Cell growth curve was performed using MTT assay (Sigma-Aldrich, St.
Louis, MO). Briefly, DLD1 cells were seeded into 96 well plates (1 x 103 cells per
well) overnight, followed by the addition of polyamines for 48 h. At the end of the
incubation, MTT (0.5 mg/mL) was added to the medium for 4 h, and the reaction
was stopped by the addition of 0.1 N HCl in 10 % SDS. After overnight
incubation, the plates are analyzed on a microplate reader (570 nm). The part of
work was conducted by collaborators in CUHK.

3.3 Results and discussion
3.3.1 Optimization of LC-MS conditions
Targeted metabolites including TCA cycle intermediates, amino acids, urea
cycle and polyamines with strong hydrophilic ability, performed poor retention in
RP column. Thus, HILIC complementing RP, normal phase (NP) and ion
chromatography (IC) was chosen for polar compounds separation. Two HILIC
columns were compared in the optimization of LC separation system [64, 138,
149]. The targeted analytes showed relative broad peaks and poor separation in
Luna NH2 column (100×2 mm, 3 μm). The column was also reported shorter
lifespan over than pH 9.0 [138]. Alternatively, BEH amide column was adopted to
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obtain better retention and peak symmetry at pH range of 2-12 [149]. The
amide-modified stationary phase of the UPLC HILIC column allowed the use of
high proportion of organic mobile phase, which resulted in ideal solvent
evaporation and good sensitivity in ESI-MS analysis [150]. The optimization of
buffer salt concentration and LC gradient program indicated that polar analytes
could be retained more strongly in higher salt concentration and lower percentage
of organic mobile phase. The method could provide relative sufficient peak
intensity of most amino acids, TCA cycle and polyamines intermediates with
good peak shape and separation without derivatization [151, 152]. However, the
HILIC method was limited in short column life [138], absolute quantification and
insufficient sensitivities of several amino acids such as histidine, arginine and
ornithine due to peak tailing.
The heated electrospray ionization (HESI) probe was utilized to deliver
better desolvation, thus enhancing ion-transfer efficiency and detection sensitivity.
To obtain high absolute abundance of precursor and product ions in triple
quadrupole mass spectrometer, collision energy was optimized manually for all
SRM transitions by injecting single compound via the infusion pump. The highest
intensity of major product ion was chosen from intensities of different CE (Figure
3.2). Other mass spectrometric parameters, including the probe voltage,
temperatures of ion transfer tube and vaporizer, flow rates of sheath gas and
auxiliary gas were optimized separately by using both a mixed standard solution
and the cell extract.
In the metabolite isotope analysis, the precursor and product ions of the
native and

13

C-labeled metabolites were selected from the full scan MS analysis

and parallel reaction monitoring (PRM) mode with stepped CE by using HR MS.
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The example of Gln was shown in Fig. 3.3 A-D, the molecular ion (m/z 147.08) of
Gln lost a hydroxyl and amide group and generated the main product ion m/z
84.04. The fragments m/z 130.05 and m/z 102.05 were formed by losing –OH and
then –CO from the molecular ion of Gln. For the

13

C-labeled Gln, the precursor

and product ions were detected as m/z 152.09 with 5 13C-labeled carbons and m/z
88.06 with 4 13C-labeled carbons, respectively.
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Figure 3.2. Optimization of collision energy (CE) with an example of Gln m/z 147.1. (A) Product ions of mass spectra of Gln m/z 147.1
generated by different CE, (B) The intensity of major fragment ion (m/z 84) generated with CE of 5, 10, 15, 20, 25 eV.
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cancer cell growth and survival through TCA cycle and nitrogen metabolism.
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Glutamine metabolism starting from glutamine intake, generates aspartate and its
derived amino acids (including alanine, glycine and serine) through TCA cycle,
which could be metabolized to pyruvate (Figure 3.4, highlighted in green). On the
other hand, glutamine could also participate in nitrogen metabolism via urea cycle
and polyamine metabolism [90, 153] (Figure 3.4, highlighted in blue). In the urea
cycle, ornithine is converted to citrulline in mitochondrial and both were
transferred into cytoplasm. However, urea cycle is generally expressed in
periportal hepatocytes, and also has been reported at a low level in enterocytes
[154]. Moreover, Orn can be converted into putrescine in required of ODC.
Spermidine and spermine are resulted from Put obtaining one or two propyl amine
group

from

polyamines,

S-adenosylmethionine
including

(SAM).

N1-acetylpurtrescine

Furthermore,
(Ac-Put),

the

acetylated

N1-acetylspermidine

(Ac-Spd), N1-acetylspermine (Ac-Spm) and N1, N12-diacetylspermine (DAS) are
yielded through spermidine/spermine N1-acetyltransferase (SAT) and pass
through cell membrane to extracellular matrix. Amino acid-derived polyamines
play important roles in normal and cancer cell growth. Previous studies have been
proven that inhibition of polyamine synthesis is ineffective on clinical anticancer
trials, but it is effective on preclinical cancer chemoprevention trials [155].
Targeted analysis was thus performed on these metabolic pathways.
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Figure 3.4 Scheme overview of glutamine metabolism, involving

alanine,

aspartate and glutamate metabolism (green), as well as urea cycle and polyamine
metabolism (blue).

As shown in Figure 3.5 A, when the expression of SLC25A22 was knocked
down in DLD1-shSLC25A22 cells, TCA cycle intermediates tended to be
down-regulated, especially malate (p < 0.05) and fumarate (p < 0.05), which was
in agreement with our previous study [121]. The relative ratio of aspartate was
strongly reduced in shSLC25A22 cells (p < 0.001). Moreover, levels of alanine,
asparagine and glycine as down-stream of Asp were significantly reduced in
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shSLC25A22 cells, which were likely a consequence of reduced Asp levels
(Figure 3.5 B). Levels of SLC25A22 expression in cells did not affect glutamine,
glutamate, serine and proline differentially.
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Figure 3.5 Relative ratio of (A) TCA cycle intermediates and (B) related amino
acids between pLKO and shSLC25A22 cells.

3.3.3 Kinetic isotope analysis of TCA cycle intermediates and derived amino
acids using [U-13C5]-Gln as isotope tracer
To investigate more effects of SLC25A22 on alanine, aspartate and
glutamate pathway, DLD1 cells transfected with siSLC25A22 or shSLC25A22
were incubated with 2mM [U-13C5]-Gln for 2 hours and the intracellular
metabolites were analyzed by usingLC- QqQ MS. After incubation of 2 h in
siSLC25A22 and shSLC25A22 cells, the relative ratios of

13

C-labeled and total

TCA cycle intermediates were significantly decreased in comparison with pLKO
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cells, especially succinate, fumarate and malate (p <0.05) (shown in Figure 3.6).
Whilst,

13

C5-glutamine,

13

C5-glutamate and

13

C5-α-KG were altered without

significant differences, indicating the metabolites were not affected by
knockdown of SLC25A22. α-Ketoglutarate can be generated from glutamate via
transaminases that are present in the cytosol (GOT1/PSAT1); whereas
α-ketoglutarate–succinate conversion proceeds in the mitochondria via 2 steps. As
SLC25A22 knockdown only inhibited glutamate transport into mitochondria, it
will not affect α-ketoglutarate synthesis in cytosol. Mitochondria-dependent
formation of succinate and downstream metabolites from α-ketoglutarate were
reduced by SLC25A22 knockdown, consistent with its role in inhibiting alanine,
aspartate and glutamate pathway. Moreover, the down-regulation of OAA (p <
0.01) and OAA-derived

13

C4-aspartate (p < 0.01) were observed in SLC25A22

silencing cells (Figure 3.6). Moreover, the incorporation of U-13C5-Gln into
nonessential amino acid was traced, then found that 13C4-asparagine (p < 0.01)
was down-regulated in shSLC25A22 cells. Because

13

C4-aspartate is mainly

derived from 13C5-Gln through TCA cycle, indicating that SLC25A22 knockdown
impairs alanine, aspartate and glutamate pathway.
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Total metabolites
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(A)

U-13C-metabolites

Total metabolites

U-13C-metabolites
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Figure 3.6 Relative ratio of 13C-labeled and total metabolites between pLKO and
SLC25A22-knockdown cells.
(A) Relative ratio of

13

C-labeled and total metabolites between pLKO and

siSLC25A22 cells. (B) Relative ratio of 13C-labeled and total metabolites between
pLKO and shSLC25A22 cells.
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Figure 3.7 Metabolic flux analysis of

13

Time (min)

C-labeled TCA cycle intermediates and

derived amino acids following labeling of pLKO cells and stably expressing
SLC25A22 cells with 4 mM [U-13C5]-Gln.

We monitored the 13C-glutamine kinetic flux mates in DLD1 pLKO cells and
stably expressing SLC25A22 (shSLC25A22) cells.
intermediates including

13

C4-succinate,

13

13

C-labeled TCA cycle

C4-fumarate and

13

C4-malate reached

their peaks at 60 or 120 min (shown in Figure 3.7). Intriguingly, 13C4-oxalacetate
and

13

C4-aspragine reached their peaks at 240 min, while the

13

C4-aspratate

reached its peak at 60 min, of which is the down- and up-stream metabolites of
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13

C4-oxalacetate and 13C4-aspragine, respectively. These data were consistent with

a model whereby

13

C4-labeled carbons were incorporated into aspartate (via

GOT2 in the TCA cycle), exported out of mitochondria via SLC25A12/13, and
channeled to oxaloacetate and asparagine in the cytosol, and that SLC25A22
knockdown suppressed these metabolic pathways (Figure 3.8 A). Due to technical
limitations, we were unable to differentiate the cytosolic and mitochondrial
oxaloacetate pools. Nevertheless, knockdown of GOT1 in DLD1 cells increased
U-13C4-labeled aspartate but suppressed U-13C4-oxaloacetate at 120–240 minutes,
which implied that oxaloacetate was being formed from aspartate via GOT1
(Figure 3.8 B). Based on our data, we hypothesize that SLC25A22 silencing
impairs alanine, aspartate and glutamate metabolism, and the reduced aspartate
levels may in turn suppress biosynthesis of oxaloacetate and asparagine in the
cytosol.
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Figure 3.8 Schematic illustrating the effects of SLC25A22 on alanine, aspartate and
glutamate pathway (A) and relative ratio of

13

C4-Oxalacetate and

13

C4-aspartate

between control (siCTR) and transiently expressing knockdown of GOT1 (siGOT1)
cells.

On the one hand, aspartate plays a vital role in anabolism and redox
homeostasis [156], our collaborator observed that aspartate supplementation into
culture medium can rescue the antiproliferation in DLD1, SW116 and HCT116
cells caused by SLC25A22-knockdown. Moreover, aspartate also reserved the
induction of apoptosis due to SLC25A22 silencing. The control cells showed no
sensitive to aspartate contrastively.
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On the other hand, oxaloacetate is converted from aspartate and α-KG via the
transaminase GOT1 in cytosol, whether OAA is required for the KRAS mutant
CRC cell growth needed to investigate. OAA could rescue colony formation in
knockdown of SLC25A22 cells (Figure 3.9 A). If Asp-derived OAA is essential
for cell viability, the rescue effect of aspartate in knockdown of SLC25A22 cells
was possible to depend on GOT1. Thus, in the stably expressing shSLC25A22
DLD1 and HCT116 cell lines, the knockdown of GOT1 abolished the rescue
effect of aspartate on colony formation (Figure 3.9 B). Furthermore, knockdown
of GOT1 did not affect the siSLC25A22 cells, but inhibited cell viability in
siControl cells (Figure 3.9 C). The above findings indicated that GOT1 might
function downstream of SLC25A22, so that the effect of GOT1 on cell viability is
diminished on silencing of SLC25A22. We could conclude that upon knockdown
of SLC25A22, Asp-derived OAA through GOT1 could inhibit the cell growth in
KRAS mutant CRC cells.
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(A)

(B)

(C)

Figure 3.9 (A) OAA rescued cell viability and suppressed apoptosis (left), and
rescued cell proliferation ability (right) in SLC25A22 silenced SW1116 cells. (B)
Knockdown of GOT1 knockdown inhibited rescue effect of aspartate on colony
formation in shSLC25A22 cells. (C) GOT1 knockdown had no effect on
siSLC25A22 cells but suppressed cell viability in parental DLD1 and HCT116
cells.
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3.3.4 Targeted metabolomics analysis of urea cycle and polyamine by using
UHPLC-QqQ MS analysis
In the targeted analysis, urea cycle metabolites such as ornithine, citrulline
and arginine were not significantly altered except for Asp, which functions as an
intermediate to generate arginosuccinate (Figure 3.10 A). On the other hand,
ornithine-derived polyamines putrescine, spermine and acetylated polyamines
were suppressed in DLD1-shSLC25A22 cells (Figure 3.10 B). These data
indicated that knockdown of SLC25A22 expression profoundly affected synthesis
of polyamines, but not altered synthesis of urea cycle (except for Asp).
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Figure 3.10 Relative ratio of urea cycle amino acids and polyamines between
pLKO and shSLC25A22 cells.
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(A) Relative ratio of urea cycle amino acids between pLKO and shSLC25 A22
cells, (B) Relative ratio of polyamines between pLKO and shSLC25 cells. * p <
0.05, ** p < 0.01, and *** p < 0.001. Error bar represented the SEM.

3.3.5 Metabolic kinetic isotope analysis of polyamines using [U-13C5]-Gln as
isotope tracer
We also traced the metabolic fates of aspartate-derived amino acids and
polyamines from 0 to 24 h by using [U-13C5]-Gln as isotope tracer.

13

C4-Asp,

13

C4-Asn and 13C3-Ala were labelled when using 13C5-Gln as carbon source [157].

Results demonstrated that 13C-labled Asp, Asn and Ala were significantly reduced
in shSLC25A22 cells in comparison with those in the control pLKO cells at time
points starting from 4 h (p < 0.05) (Figure 3.11), while

13

C5-Gln and

13

C5-Glu

accumulated in the shSLC25A22 cells from 4 h. Of note, the intensity of
[U-13C3]-alanine in shSLC25A22 cells at each time point was close to 0.5-fold
compared to that in control pLKO cells, indicating a strong reduction in the levels
of this metabolite. Moreover, tendencies of

12

C-metabolites were similar to

13

C-metabolites (shown in Figure 3.12), suggesting that SLC25A22-mediated

glutamine metabolism is important for the biosynthesis of derived amino acids.
The native and

13

C-labeled proline, resulting from ornithine and glutamate

simultaneously, were up-regulated in shSLC25A22 cells from 6 h without
significantly difference.
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C-labeled Gln-derived amino acids between

shSLC25A22 and pLKO cells.
* p < 0.05, ** p < 0.01, and *** p < 0.001. Error bar represented the SEM.
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The [U-13C5]-ornithine in urea cycle derived from [U-13C5]-Gln can be
converted into [U-13C4]-putrescine via ODC and then further metabolized into
spermidine and spermine, which are acetylated and exported via passive diffusion
13

across the cell membrane [148]. The overview of

C-labeled carbon was shown

in Figure 3.13. And Figure 3.14 showed that [U-13C5]-ornithine were reduced in
shSLC25A22 cells compared with control pLKO cells before 2 h, while it was
up-regulated from 4 h to 24 h, which may promote proline accumulation in
shSLC25A22 cells. However, other

13

C5-urea cycle intermediates were not

detected both in pLKO and shSLC25A22 cells. On the other hand, most of
13

C4-labeled polyamine intermediates except 13C4-N1-acetylputrescine at 4 h, were

down-regulated in the SLC25A22 knockdown cells (13C4-N1-acetylspermine and
13

C4-N1,

N12-diacetylspermine

were

not

detected).

Of

note,

both

12

C/13C-polyamines in the DLD1-shSLC25A22 cells and DLD1-shSLC25A22

conditioned cell culture media were significantly reduced compared to
DLD1-pLKO cells and media (Figure 3.15, the data of media were not shown
here). These data indicated that silencing of SLC25A22 significantly impaired the
flux of glutamine-derived carbons into polyamine biosynthesis, while it did not
affect the urea cycle synthesis except for ornithine.
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Figure 3.13 Overview of 13C-labeled carbon skeleton of urea cycle and polyamines
using [U-13C5]-Gln as isotope tracer. Red circle represented 13C.
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* p < 0.05, ** p < 0.01, and *** p < 0.001. Error bar represented the SEM.

Apart from the aforementioned metabolites, we unveiled that SLC25A22
knockdown had a profound impact on polyamine metabolism. Polyamines derived
from ornithine are required for normal and cancer cells growth [147, 148], and
their levels are frequently up-regulated in carcinogenesis. Johnson et al. found
that polyamines, especially DAS as an end-product of polyamine metabolism,
were strongly up-regulated in CRC tumor tissues compared to adjacent normal
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tissues by using metabolomics approach [127]. Here, global metabolomics
analysis has shown that DAS was reduced in silencing of SLC25A22 cells.
Targeted analysis of polyamines and urea cycle metabolites demonstrated that
polyamines were remarkably decreased in knockdown of SLC25A22 cells.
However, urea cycle intermediates were not sufficiently labelled by [U-13C5]-Gln,
suggesting the urea cycle was not triggered by the knockdown of SLC25A22.
Previous reports indicated that increased polyamine metabolism could enhance
cancer growth, migration and metastasis [158, 159], while polyamines depletion
could inhibit cancer cell proliferation, migration and invasion via SAT1 mediation
[160]. Exogenous addition of some polyamine metabolites promoted growth of
DLD1 cells, which confirmed their potential role as oncometabolites in
KRAS-mutant

CRC.

Taken

together,

SLC25A22-induced

production

of

polyamines represents a novel mechanism whereby SLC25A22 mediates its
oncogenic effect in KRAS-mutant CRC.
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Figure 3.15 Intensities of native and 13C-labeled polyamines in shSLC25A22 and
pLKO cells.
* p < 0.05. Error bar represented the SEM.

3.3.6 Western blot analysis of polyamine biosynthetic enzymes
We validated whether the altered polyamine metabolism dysregulated
expression of enzymes involved in polyamine biosynthesis. However, western
blot analysis revealed that ODC expression was not significant different in
SLC25A22-silenced DLD1 cells, HCT116 cells and SW1116 cells; whilst
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expression of spermidine/spermine N1-acetyltransferase 1 (SAT1) was induced by
knockdown of SLC25A22 (Figure 3.16 A). The results suggested that the
suppression of polyamines biosynthesis is likely to a direct consequence of
reduced glutamine flux. We thus speculated that induced SAT1 expression might
reflect an attempt to up-regulate polyamine metabolism which in turn could
compensate for the reduced carbon flux from glutamine.

3.3.7 Role of polyamines in the proliferation of KRAS-mutant CRC cells
We examined whether polyamines play a role in cell proliferation in
KRAS-mutant CRC cells. We incubated DLD1 cells with six polyamines at
1.25/2.5 µM or 2.5/5 µM, and then examination cell viability by MTT assay. Our
results showed that N1-acetylputrescine and N1-acetylspermidine promoted CRC
cell growth at both doses (Figure 3.16 B).

Figure 3.16 Western blot and MTT analysis.
(A) Western blot of ODC and SAT1 in shSLC25A22 and pLKO cells, (B) Cell
proliferation in MTT assay. * p < 0.05, ** p < 0.01. Error bar represented the
SEM.
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3.4 Chapter summary
In summary, the data obtained through LC-MS-based targeted metabolomics
and kinetic isotope analysis indicated that SLC25A22 knockdown inhibited the
biosynthesis of TCA cycle, aspartate and derived amino acids, such as alanine,
asparagine and glycine, which could reduce cell proliferation in KRAS mutant
CRC cells. As the downstream product of aspartate, oxaloacetate was obviously
decreased, and it is essential for cell survival required GOT1 in knockdown of
SLC25A22 cells. Moreover, decreased levels of polyamines were generated from
less glutamine intake due to knockdown of SLC25A22 in KRAS-mutant CRC
cells. The addition of polyamine into culture medium can modulate CRC cell
growth. Thus, our studies demonstrated that SLC25A22 is an essential regulator
of the metabolic system of KRAS-mutant colorectal tumor via TCA cycle,
aspartate/derived amino acids and polyamines, and its overexpression promotes
tumor cell growth, which could provide more insights into KRAS-mutant CRC
therapy with treatment of polyamine-inhibitor.

*This Chapter was mainly from my published papers where I am the first and
third author as follows:
1. Li X, Wong CC*, Cai Z*, et al. LC-MS-based metabolomics revealed
SLC25A22 as an essential regulator of aspartate-derived amino acids and
polyamines in KRAS-mutant colorectal cancer. Oncotarget. 2017, 8(60): 101333–
101344
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2. Li X, Wong CC, Cai Z*, et al. Determination of amino acids in colon cancer
cells by using UHPLC-MS/MS and [U-13C5]-glutamine as the isotope tracer.
Talanta. 2017, 1 (162): 285-292
3. Wong CC, Qian Y, Li X, et al. SLC25A22 Promotes Proliferation and Survival
of Colorectal Cancer Cells With KRAS Mutations and Xenograft Tumor
Progression

in

Mice

via

Intracellular

Gastroenterology. 2016, 151 (5): 945-960.e6
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Chapter 4 LC-MS-based Urinary and Serum Metabolomics Study of
Rheumatoid Arthritis
4.1 Introduction
Rheumatoid arthritis (RA) is a chronic, systemic inflammatory autoimmune
disorders [94, 98]. It can cause severe consequences on individuals such as
intensive pain and joint destruction, even disability and increased mortality
worldwide [95]. According to the Global Burden of Disease Study 2010, the
global prevalence of RA was approximately 0.2%, which had been ranked as the
42nd cause of global disability [161]. Additionally, there are some complications
associated with RA, such as neurologic complications, lung disease,
cardiovascular disease and osteoporosis [162-164]. Generally, RA is considered to
be affected by multigenetic and environmental factors (micro-organisms, smoking,
stress, etc.) [95, 98]. Cytokines play crucial roles during the course of RA through
imbalanced activities between pro-inflammatory and anti-inflammatory cytokines,
such as interleukin (IL)-1, IL-6, tumor-necrosis factor (TNF)-α, etc., which are
helpful for RA diagnosis [94, 97, 98]. However, the etiology of rheumatoid
arthritis is still unclear [97]. Moreover, it is also challenging for early diagnosis
and treatment of RA [98, 165].
Metabolomics is widely applied as a powerful approach to characterize the
metabolic phenotype in response to multifactorial stimulus among disease or drug
therapy, diet, gut microbiomes and genetics [166, 167]. Metabolomics study has
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been applied in discovering altered metabolites in biological samples, and
provided evidences of the diagnosis and prognosis of RA [168, 169]. NMR and
MS coupled with UHPLC or GC are two major technologies for metabolomics
study. UHPLC-MS is popularly utilized for metabolomics study due to its
advantages of high sensitivity, wide dynamic range and good reproducibility [22,
170]. In recent years, previous metabolomics studies on RA mainly focused on
discrimination from other types of arthritis and therapeutic evaluation of targeted
drug or traditional Chinese medicines based on murine models [19, 99, 100, 103,
171, 172]. The findings from serum or synovial fluid (SF) revealed some
metabolites, including urea cycle and TCA cycle intermediates, amino acids and
purine metabolites were perturbed - due to inflammation or immune activities
[171, 172]. However, rare studies are simultaneously integrated with the
metabolomics findings from urine and serum samples of RA patients comparing
with healthy counterparts.
Interaction of microbiomes with human hosts is promising to provide new
insights into pathogenesis of RA [108, 173]. Of note, composition and proportion
of bacterial species are perturbed in responding to RA, which also can be partially
restored after therapy [110, 111]. Additionally, epidemiologic research unveiled
that gastrointestinal infection could diminish the risk of RA [174]. However,
investigations on association of GM-derived metabolites with RA are insufficient.
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In the study, based on MS nontargeted and targeted metabolomics, we aimed
to find out differentially expressed urinary and serum metabolites in RA patients
in comparison with healthy controls, and furtherly to investigate association of
GM-derived intermediates with RA. The nontargeted metabolomics was
performed by HR orbitrap MS or GC-MS, and the targeted analysis of metabolites
in tryptophan and polyamine metabolism was conducted by using LC-QqQ MS.
4.2 Materials and methods
4.2.1 Chemicals and reagents
Methanol (MeOH), acetonitrile (ACN), formic acid (FA) were of LC grade.
Pure water was prepared by Milli-Q purification system (Millipore, USA).
Metabolites in tryptophan and phenylalanine metabolism, including tryptophan
(Trp), kynurenine (KYN), 3-hydroxylkynurenine (HKYN), kynurenic acid
(KYNA), anthranilic acid (AA), 3-hydroxyanthranilic acid (HAA), quinolinic acid
(QA), indole, indole-3-proponic acid (IPA), 3-indoleacetic acid (IAA),
3-indolecetonitrile,

serotonin,

melatonin,

5-hydoxyindoleacetate

(5HIAA),

phenylalanine (Phe), phenyllactic acid (PLA), tyrosine (Tyr), L-Dopa, dopamine,
noradrenaline, epinephrine were obtained from Sigma-Aldrich (MO,US). The
internal standards (IS) including D5-L-tryptophan, D4-serotonine creatinine sulfate
complex, D4-dopamine hydrochloric acid were purchased from C/D/N Isotopes
(Quebec, Canada), 4-chloro-kynurenine (4-Cl-KYN) from Toronto Research
Chemicals

Inc.

(Toronto,

Canada)
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and

4-chloro-phenylalanine

from

Sigma-Aldrich (MO, USA). Standard stock solutions were prepared in proper
solvent for mass spectrum verification and targeted analysis. All above standard
solutions were stored at -20 ℃.
4.2.2 Sample collection
In the study, RA patients and healthy controls were recruited in Guanghua
Integrative Medicine Hospital, Shanghai, China. Urine and serum samples were
collected from 50 RA patients and 50 healthy controls following the same
protocol. RA patients who met the American College of Rheumatology (ACR)
criteria were enrolled [175]. There were 74 % female patients aged 27-73, and 26 %
male patients aged 51-68. For the RA patients, erythrocyte sedimentation rate
(ESR) and C reactive protein (CRP) were collected. Another group of 50 healthy
volunteers including 64 % female (aged 21-62) and 36 % male (aged 21-62), was
enrolled by routine physical examination. The age of enrolled RA individuals and
healthy controls is without significant difference. The clinical characteristics of
100 human subjects were shown in Table 4.1. And the part of work was conducted
by collaborators in School of Chinese Medicine (SCM).
Urine and serum samples were prepared within 30 min after collection. All
samples were stored at -80 ℃ until analysis. The study protocol was approved by
the Ethical Committee of Guanghua Integrative Medicine Hospital and Hong
Kong Baptist University. Informed consents were obtained from all participants or
their legal representatives before sample collection. Questionnaires including diet
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information, dietary habits, smoker/un-smoker and basic treatment were
conducted before collecting sample, and the different habits (e.g. complete
vegetable diet, alcohol consumption) were excluded. In addition, patients who
suffered from severe cardiovascular, lung, liver, kidney, hematologic or mental
disease and women who were pregnant, breast-feeding or planning to become
pregnant were excluded from the RA group. Furthermore, the patients
continuously receiving non-steroidal anti-inflammatory drugs (NSAID) or
corticosteroids for over six months, or patients and volunteers receiving above
mentioned medicine within one month were excluded.
4.2.3 Sample preparation
4.2.3.1 Urine preparation
Urine samples were thawed on ice. 100 μL of urine was precipitated by 100
μL chilled MeOH with 4-Cl-Phe (0.5 μg/mL), and vortexed for 30 s, and
centrifuged at 15,000 g for 10 min. The supernatants were divided into three parts:
20 μL-aliquot pooled together from each sample as quality control samples, 80
μL-aliquot for global metabolomics analysis, and 80 μL-aliquot for targeted
metabolites analysis after lyophilization. The residues for targeted analysis were
reconstituted in 5 % ACN with 4-Cl-KYN (0.5 μg/mL), D5-Trp (0.25 μg/mL) and
D4-dopamine (0.25 μg/mL).
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Table 4.1 Demographical and clinical information of urine samples in the study.

RA (n=50)

Control (n=50)

Age (years), mean (median)

55.0 (56)

53.5 (50)

Female/male

37/13

32/18

Female age mean±SD (min, max)

53.1±11.3 (27, 73)

45.1±11.0 (21, 62)

Male age mean±SD (min, max)

59.8±6.1 (51, 68)

38.9±14.9 (21,62)

Disease Duration (months)

34.3 (17.6)

6

1

3.6 (3.1)

NA

2

39.8±33.4

NA

3

14.14±22.18

NA

RF-positive

76%

NA

ACPA-positive

72%

NA

Demography

Disease activity parameters

DAS28, mean (median)
ESR (mm/h), mean±SD
CRP (mg/L), mean±SD

NA

Autoantibody status
4

5

Notes:
1

DAS: disease activity score, 2 ESR: erythrocyte sedimentation rate, 3 CRP: C-reactive

protein, 4 RF: rheumatoid factor, 5 ACPA: anti-citrullinated protein antibody. 6 NA: not
applicable.
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4.2.3.2 Serum preparation
Serum samples were thawed in 0 ℃. 100 μL of serum was extracted by 400 μL
chilled MeOH and vortexed for 30 s, then centrifuged at 15,000 g for 10 min. The
supernatants were divided into three aliquots for lyophilization. One-aliquot of
residue was redissolved in 150 μL 50 % MeOH with 0.5 μg/mL 4-Cl-Phe for
LC-MS-based global metabolomics analysis. One-aliquot (with 0.5 μg/mL
4-Cl-Phe and 0.5 μg/mL heptadecanoic) of residue for GC-MS-based global
metabolomics analysis after derivatization as follows. The residue was derivatized
by 30 μL of methoxamine (20 mg/mL in pyridine) at 30 °C for 30 min and 60 μL
of BSTFA with 1% TMCS at 60 °C for 60 min. One-aliquot of residue for targeted
metabolomics analysis, was reconstituted in 150 μL 50% ACN with final
concentration of 4-Cl-Phe (0.5 μg/mL), 4-Cl-KYN (0.5 μg/mL), D5-Trp (0.25
μg/mL) and D4-dopamine (0.25 μg/mL). All samples were stored at -80 °C until
analysis.
Quality control (QC) samples for global metabolomics are required to
monitor repeatability and stability of LC-MS and GC-MS analysis. In the study,
QC sample was prepared by pooling together of equal volume of each sample.
Blank sample was prepared by using reconstituted solvent.
4.2.4 Global metabolomics
The LC-MS-based global metabolomics data were acquired by using
ultra-high performance liquid chromatography coupled with Q Exactive Focus
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Orbitrap mass spectrometer (QE MS, Thermo Scientific, USA). Ten μL of
prepared urine or serum sample was injected into a 100 mm × 2.1 mm, 1.8 μm
particle size HSS T3 (Waters, Milford, USA) equipped in Ultimate 3000 rapid
separation liquid chromatography (RSLC) for separation at 30 ℃. The mobile
phases were water (A) and ACN (B) both with 0.1% FA. The LC gradient
program was as follows: 0 min, 2 % B; 1 min, 2 % B; 19 min, 100 % B; 21 min,
100 % B; 21.1 min, 2 % B; 25 min, 2 % B. The flow rate was 0.3 mL/ min. The
sample room was set at 4 ℃. The MS parameters were as follows. The spray
voltage was 3.5 kV and 3 kV in positive and negative ion mode, respectively. The
pressure of sheath and auxiliary gas was set at 40 arb and 10 arb, respectively. The
temperature of capillary and auxiliary gas was both 320 °C. The S-lens RF level
was 60 %. The scan range was 70-1000 (m/z). The resolution was 35,000. The
maximum inject time (max IT) was 100 ms. Automated gain control (AGC) was
set at 1×10

6

ions. The urine samples were analyzed at randomly. The samples

were run in order of “1 QC sample-10 real samples-1 QC sample-1 blank sample”
[19].
The GC-MS-based global metabolomics data were acquired by using an
Agilent 7890B gas chromatography coupled with a 5977A mass spectrometer
(Agilent, Folsom, CA). Metabolites were separated in DB-5 ms capillary column
(30 m × 250 μm i.d., 0.25 μm film thickness, coated with 5%-diphenyl
crossed-linked 95% dimethylpolysiloxazne, Agilent J&W Scientific, Folsom, CA)
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in splitless mode. The flow rate was set at 1.0 mL/min with helium as carrier gas.
Metabolites detection was performed in electron impact ionization source. The
temperature of injection, transfer interface and ion source were 260, 250, 200 °C,
separately. The full scan range was m/z 50-650. Electron impact energy was 70 eV.
The solvent delay was 5 min. The GC gradient oven program was set as follows:
initially set at 70 °C for 2 min, followed by raising to 200 °C with a rate of
5 °C/min, then increased to 300 °C with a rate of 20 °C/min, and kept at 300 °C
for 2 min.
4.2.5 Targeted metabolomics
For targeted metabolomics, the metabolites in tryptophan and
phenylalanine metabolism, and amino acids were compared between RA and
control samples by using UHPLC-QqQ MS (Thermo Scientific, USA). The
HSS T3 column (100 mm × 2.1 mm, 1.8 μm, Waters, USA) was utilized. The
mobile phase was water with 0.1% FA (A) and ACN with 0.1% FA (B). The
flow rate: 0.25 mL/min. LC gradient program was as follows: 0 min, 2 % B;
2 min, 2 % B; 3.5 min, 30 % B; 6 min, 95 % B; 8 min, 95 % B; 8.5 min, 2 %
B, 12 min, 2 % B. The sample room was set at 6 ℃. The MS parameters in
positive mode were set as bellows. Spray voltage: 3.5 kV, sheath gas
pressure: 35 arb, auxiliary gas pressure: 10 arb, capillary temperature: 350 °C,
and auxiliary gas temperature: 320 °C, CID gas: 1.5 mTorr. The SRM
transitions of metabolites in tryptophan and phenylalanine metabolism were
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shown in Table 4.2. The solutions were prepared with referring to our published
paper [176].
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Table 4.2 SRM transitions of metabolites in tryptophan and phenylalanine
metabolism in targeted metabolomics analysis using LC-QqQ MS.

Precursor
Classes

Product

Compound

CE (eV)
ion

Ion

Tryptophan

205

188

12

Serotonin

177

160

12

Melatonin

233

174

15

Kynurenine

209

94

10

Quinolinic acid

168

150

10

Anthranilic acid

138

120

12

3-Hydroxyanthranilic acid

154

136

15

Kynurenic acid

190

144

18

3-Hydroxykynurenine

225

208

12

Indole

118

91

20

3-Indoleacetonitrile

157

130

15

3-Indolpropionic acid

190

130

15

5-Hydroxyindoleacetic acid

192

146

20

Phenylalanine

166

120

15

Tyrosine

182

136

15

Phenylalanine L-Dopa

198

152

22

metabolism

Dopamine

154

137

12

Noradrenaline

170

135

10

Epinephrine

184

166

10

D4-5HT

181

164

12

4-Cl-Phenylalanine

200

154

15

4-Cl-KYN

243

226

12

D5-Tryptophan

210

192

12

D4-Dopamine

158

141

12

Tryptophan
and
kynurenine
metabolism

IS
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4.2.6 Data processing and metabolites identification
MS data was processed as previously reported method [177, 178]. For
LC-MS data, raw data files (.raw) in global metabolomics study were converted
into CDF files using RawFileReducer (Thermo Scientific, USA) [179]. The
GC-MS data were exported to NetCDF by DataAnalysis (Agilent, CA, US). Ion
features were extracted and picked up by using XCMS software and CAMERA,
implemented with the open-source R statistical language (v 3.3.3) [131]. A
three-dimensional CSV file consisting of m/z, retention time (RT) and signal
intensity was obtained after peak extraction, RT correction, integration, alignment
and annotation through setting the following parameters [179]. The noise of
LC-MS and GC-MS was set at proper threshold after tests. As for LC-MS data,
the mass error and RT error were set as ± 5 ppm and 12 s. The variables were
filtered by 80 % rule, meaning that the missing value of ion intensity were
removed [132].
The data sets from LC-MS and GC-MS were performed by multivariate and
univariate statistical analysis by using SIMCA-P 13.0 software (Umetrics, Umea,
Sweden) and SPSS (v18, IBM, NY, US). To evaluate the reliablity of data, the
PCA class plot of QC samples in LC-MS (positive and negative) and GC-MS
were

obtained

by

using

SIMCA-P.

The

orthogonal

partial

least

squares-discriminant analysis (OPLS-DA) was performed after Pareto scaling of
result matrix. The variables importance in projection (VIP) over 1.0 or/and fold
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change (FC) between RA and controls over 1.1 and less than 0.9 were used to find
out differentially expressed urinary and serum biomarkers [180]. The choice of
FC depended on the number of metabolic features, aiming for screening
approximately 3-4 hundred metabolic features. The MS/MS spectra of significant
features discovered from LC-MS were obtained by stepped collision energy (10,
25, 40 eV) at the resolution of 70,000 and isolation window of 0.6 amu. Therefore,
the significantly changed metabolites were identified by comparing accurate mass,
retention time, MS/MS pattern and isotope pattern of metabolites in QC samples
with

those

of

authentic

(www.metlin.scripps.edu),

standards
HMDB

or

database,

e.g.

(www.hmdb.ca/),

METLIN
mzCloud

(www.mzcloud.org), etc. The pathway analysis, correlation analysis and receiver
operating characteristic curve (ROC) analysis of altered metabolites was
performed on MetaboAnalyst 3.0 (www.metaboanalyst.ca/) [181]. For metabolites
identification performed on GC-MS, their RT and MS spectrum in samples were
compared with those in NIST library or authentic standards, here the similarity of
Match index and R Match index was over 700 [182].
The semi-quantification of targeted metabolites, including some amino acids,
indole-derivatives, and other compounds in tryptophan and phenylalanine
metabolism, were processed by using Xcalibur (Thermo Scientific, USA).
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4.3 Results
4.3.1 Metabolic phenotype of urine and serum of RA patients
On basis of LC-MS and GC-MS platform, we conducted on metabolic
profiling of RA patients and healthy controls whose GM were neither interfered
by diet nor medicine. The workflow of metabolomic study was shown in Figure
4.1. Global metabolic signatures of prepared urine and serum are primarily
captured by high-resolution MS to discover changed metabolites and pathways in
response to RA inflammation. The significantly altered compounds correlated to
gut microbiome are targeted analyzed by using LC-QqQ MS.
In the global metabolomics analysis, the samples were injected randomly to
exclude instrumental bias. Principle component analysis (PCA) class plot of all
QC samples showed that QC samples were mostly within 2 times of standard
deviation (SD) (Figure 4.2), demonstrating that the reproducibility and reliability
of MS were acceptable in the metabolomics study [183, 184]. In the score plots
of OPLS-DA model, urine and serum samples of RA patients (red dots) were
clearly separated from those of healthy controls (green dots), as shown in Figure
4.3 A-C and Figure 4.4 A-B (both with 1 predictive component and 2 orthogonal
components), suggesting that there were altered metabolites making contributions
to the distinction between two groups. R2X, R2Y and Q2 closer to 1 are good
indicators of a good PCA/PLS-DA/OPLS-DA model, which possesses good
capability of discrimination of different groups or factors. In addition, permutation
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test (n=200) was used to evaluate whether the models were overfitted. In the
permutation test, the R2 value represents the explanation capability of model to fit
to the data, while Q2 value represents the capability of model to predict data. The
Y-axis intercepts of R2 less than 0.4 and Q2 less than 0 indicate that model is not
overfitted in permutation validation, as shown in Figure 4.3 D from GC-MS data
[185].
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Figure 4.1 Workflow of global and targeted metabolomics analysis of RA patients by using LC-HRMS and LC-QqQ MS.
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Figure 4.2 Principle component analysis (PCA) class plots of QC samples.
(A) Positive mode of RA urine sample, (B) Positive mode of RA serum sample, (C)
Negative mode of RA urine sample, (D) Negative mode of RA serum sample.
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(A)

(C)

(B)

(D)

Figure 4.3 Score plots of OPLS-DA model of serum samples.
(A) Score plot from data of LC-MS positive ion mode (R2X=0.217, R2Y=0.913,
Q2 =0.675), (B) Score plot from data of LC-MS negative ion mode (R2X=0.118,
R2Y=0.932, Q2=0.524), (C) Score plot from data of GC-MS positive (R2X=0.637,
R2Y=0.727, Q2=0.496), (D) validation plot of permutations (n=200) based on data
of GC-MS (Intercepts: R2=0.332, Q2= -0397).
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Figure 4.4 Score plots and volcano plots of OPLS-DA model of urine samples.
1

(A) Score plot from data of LC-MS positive ion mode (R2X=0.315, R2Y=0.884,
0
-4

-2

0

2

4

L o g 2 ( F o ld C h a n g e )

Q2(cum)=0.449), (B) Score plot from data LC-MS negative ion mode
(R2X=0.388, R2Y=0.903, Q2(cum)=0.391), (C) Volcano plot of all features in
positive ion mode, (D) Volcano plot of all features in negative ion mode.

4.3.2 Abnormal metabolites in response to RA
4.3.2.1 Abnormal metabolites in urine samples
A total of 32 abnormal metabolites between RA and healthy controls (p
<0.05) were obtained in urine samples, including 22 and 10 metabolites in
positive and negative ion mode, respectively. The differentially expressed
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compounds between RA group and control group with VIP >1 and p <0.05 were
shown in Table 4.3, including amino acids and derivatives, acylcarnitines and
organic acids, etc. These metabolites were mostly classified into tryptophan and
kynurenine metabolism, phenylalanine and tyrosine metabolism,

purine

metabolism, and so on (Figure 4.5A). Additionally, other 39 abnormal metabolites
with VIP >1 but without significant differences (including 34 and 5 in positive
and negative ion mode) between two groups were listed in Table 4.4. The changed
metabolites were attributed into caffeine metabolism, tryptophan metabolism,
acylcarnitine metabolism, etc (Figure 4.5B). Taking a view of above perturbed
metabolites, the metabolites and derivatives from tryptophan and phenylalanine
pathway play critical roles in RA, thus it is meaningful to investigate alterations of
more metabolites in the tryptophan, phenylalanine and tyrosine pathway by using
targeted metabolomics.
Aromatic amino acids, especially those in tryptophan and phenylalanine
metabolism are closely associated with inflammatory response to disease or
disorders [186]. Among the significantly changed metabolites, tryptophan
metabolism intermediates showed up-regulation in the inflammatory individuals,
including 5-hydroxy-tryptophan (FC=1.5, p <0.05), L-kynurenine (FC=1.8, p
<0.01), 3-hydroxykynurenine (FC=2.8, p < 0.01), 3-hydroxyanthranilic acid
(FC=1.7, p < 0.001), 5-hydroxyindoleacetic acid (FC=1.8, p < 0.01) and
indolelactic acid (FC=1.8, p < 0.05); while indoxyl sulfate as derivative from
indoxyl showed down-regulation in RA patients (FC=0.4, p < 0.05).
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Phenylacetate and phenyllactic acid transformed from phenylalanine via
microbiomes, were up-regulated but phenylalanine down-regulated (FC=0.9,
p >0.05) in RA patients. The markedly elevated levels of the two above phenolic
acids were consistent with higher ROS release in RA patients [187]. Specifically,
phenolic acids are able to increase ROS production in mitochondrial and
neutrophils, resulting in inflammation associated with tissue damage [188-190].
Additionally, phenylacetate is an active metabolite of phenylbutyrate, which can
reduce neuroinflammation [191]. Whilst other phenylalanine metabolites were not
changed resulting from arthritis inflammation.
TCA cycle as an aerobic process plays a critical role of energy metabolism,
providing NADH or precursors for many biochemical reactions. We found that
citric acid and cis-aconitic acid in TCA cycle were obviously decreased in patients’
urine with RA, suggesting the anaerobic catabolism might be the major energy
source for inflammatory individuals [192]. Moreover, it is worth pointing out the
N-acetylcadaverine an acetylated polyamine generated by gut microbiome, was
obviously increased in RA patients with the FC of 2.8 (p <0.001) [148].
Generally, phase II conjugated-metabolites after glucuronidation, acetylation,
sulphation or glycine, etc, can increase their water solubility and then are excreted
to urine, leading to reduced toxicity because of elimination of harmful moieties of
endo/xenobiotics [193, 194]. In the study, we found that most conjugates,
involving glycine-conjugates (vanilloylglycine), N-acetylvaline, sulfates (phenol
sulphate and pyrocatechol sulfate), showed lower levels (FC <0.5) in patients with
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RA. It implicated decreased capability of detoxification by phase II reactions. In
particular, galactosylhydroxylysine as a biomarker of bone resorption in serum
and

urine

was

elevated

in

RA

patients,

indicating

that

more

galactosylhydroxylysine from bone damage were excreted into urine [195, 196].
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Table 4.3 Altered metabolites with significant differences in urine samples based on platform of UHPLC-MS.

FC
Classes

Metabolites

HMDB ID

MW

RT/min

p-value

VIP

MS pattern

Mode

Δ (ppm)

(RA/Ctr)
3-Hydroxyanthranilic acid1

HMDB01476

153.0426

4.62

1.72

1.1E-04

2.92

80.0505, 108.0453, 136.0401

+

2

5-Hydroxy-L-tryptophan2

HMDB00472

220.0848

4.26

1.54

1.5E-02

1.89

158.0584,175.0848, 132.0431, 221.0897

+

2

+

2

+

2

+

2

208.0606,190.0500,180.0657,
3-Hydroxykynurenine1

HMDB0011631

224.0797

2.15

2.84

1.5E-03

2.43

110.0604,162.0551, 136.0395,152.0708,

Tryptophan
99.0082,74.0237
and
94.0654,192.0651, 146.0597, 118.0651,
kynurenine

Kynurenine1

HMDB00684

208.0848

3.88

1.83

4.9E-03

2.17
174.0546

metabolism
118.0646, 130.0654, 146.0602, 160.0759,
Indolelactic acid

1

HMDB00671

205.0739

7.77

1.81

1.7E-02

1.87
170.0602, 188.0708,206.0814

Phenylalanine

Dihydrobiopterin2

HMDB00038

239.1018

2.13

0.70

4.8E-02

1.38

196.0831,204.0883,222.0987,240.1094

+

2

Indoxyl sulfate2

HMDB00682

213.0096

6.67

0.41

1.2E-02

14.92

79.9559, 80.9637, 132.0444, 212.0018

-

4

Phenylacetate2

HMDB0040733

136.0524

6.42

1.32

4.5E-02

1.54

65.0392,91.0547,94.0415, 109.0650,

+

2

119

and

tyrosine

122.0360, 119.0490, 137.0592

metabolism

121.0646,167.0698, 95.0494, 91.0545,
Phenyllactic acid

1

HMDB00779

166.0630

8.65

2.28

2.8E-05

3.19

+

2

149.0230

TCA

cycle

Dopamine1

HMDB00073

153.0790

1.71

1.39

5.6E-03

2.20

91.0546, 119.0492, 137.0596,154.0861

+

2

Phenol sulphate2

HMDB60015

173.9987

5.81

0.45

9.8E-03

10.98

93.0332, 172.9905, 79.9559

-

4

Mesaconic acid/Citraconic

HMDB0000749
130.0266

0.98

0.35

2.1E-03

1.77

85.0291, 129.0181

-

4

acid (isomer)1

/HMDB00634

Cis-Aconitic acid 1

HMDB00072

174.0164

1.01

0.32

4.7E-03

2.47

-

3

-

3

+

1

+

2

+

2

intermediates

111.0075, 94.0285, 85.0280, 129.0182,

and

173.0082

derivatives

111.0074, 87.0073, 67.0191, 57.0330,
Citric acid

1

HMDB00094

192.0270

0.98

0.44

3.8E-02

5.25
191.0191
112.0501,95.0238, 69.0450, 67.0294,

Cytosine1

HMDB00630

111.0433

0.94

1.98

2.4E-03

2.29

Purine

68.0134, 52.0187

metabolism

137.0454, 110.0349, 119.0351, 94.0402,
Hypoxanthine1

HMDB00157

136.0385

1.83

0.76

4.0E-02

1.62
55.0298,67.0296

Guanine1

HMDB0000132

151.0494

1.45

0.60

120

5.5E-03

2.11

152.0554, 110.0342,128.0445,

82.0399,55.0294
6-Keto-decanoylcarnitine2

HMDB13202

329.2202

8.01

0.52

2.4E-02

1.71

85.0289,253.1434,330.2274

+

3

Malonylcarnitine1

HMDB02095

247.1056

1.45

1.31

2.8E-02

1.67

85.0293,144.1026,204.1242, 248.1139

+

2

HMDB61636

331.2359

7.48

1.74

2.3E-02

1.77

85.0290, 60.0817,332.2479

+

3

HMDB02284

144.1263

0.95

2.77

6.8E-03

2.09

145.1326, 128.1063, 69.0702,86.0600

+

2

HMDB61384

184.1212

4.56

1.27

2.5E-02

1.85

+

3

-

3

-

4

Acylcarnitine
metabolism
3-hydroxydecanoy
carnitine2
Ornithine and

N-Acetylcadaverine2

polyamine
N-(3-acetamidopropyl)
metabolism

70.0656,126.0911, 98.06101, 143.1174,

pyrrolidin-2-one2

167.1174, 185.1278

224.0563, 180.0658, 164.0343, 123.0440,
Vanilloylglycine

2

HMDB60026

225.0637

5.25

0.31

3.3E-03

1.05
100.0227, 74.0232
116.0703, 112.0755, 114.0911, 158.0813,

Phase II

N-acetylvaline2

HMDB0011757

159.0895

4.31

0.48

1.8E-02

1.04
58.0282,140.0707

metabolism
Pyrocatechol sulfate2

HMDB59724

189.9936

5.42

0.44

3.1E-03

5.76

109.0282,188.9857

-

4

Testosterone glucuronide2

HMDB03193

464.2410

10.09

0.60

9.9E-03

1.85

271.2050, 289.2156, 189.1271,465.2475

+

3

Galactosylhydroxylysine2

HMDB00600

324.1533

0.73

1.40

2.0E-02

1.77

307.1500, 163.1073,

+

2

121

128.0704,145.0968,325.1598，
Hexanoylglycine2

HMDB00701

173.1052

7.32

1.91

8.0E-04

2.70

174.1113, 99.0804, 76.0393, 71.0856

+

2

+

2

-

4

-

2

+

3

274.0921, 310.1141, 292.1026, 250.0922,
N-Acetylneuraminic acid2

HMDB00230

309.1060

1.09

1.83

2.5E-03

2.27

232.0817, 167.0340,
121.0286,112.0396,60.0452

Threonic acid2

HMDB00943

136.0372

0.90

1.40

4.7E-02

1.91

Gluconic acid1

HMDB0000625

196.0583

0.89

2.09

1.5E-03

2.47

75.0071, 59.0122, 117.0180, 135.0288

Others
75.0071, 59.0122, 99.0074, 195.0504,
177.0397
120.0813, 166.0868,
Glutamylphenylalanine2

HMDB00594

294.1216

5.57

1.61

1.1E-02

1.99
84.0452,278.1030,295.1297

Notes:
1

represents the compound identified by commercial available chemicals, 2 represents the compound identified by comparing exact mass of parent

ion and MS fragmentation of samples with those of database (Metlin or/and HMDB), MW represents molecular weight, FC represents fold
change.
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Table 4.4 Altered metabolites without significant differences in urine samples.

FC
Classes

Metabolites

HMDB ID

MW

RT/min

p-value

VIP

Mode

MS pattern

Δ (ppm)

(RA/Con)
138.0669, 110.0721,
2

Caffeine

HMDB01847

194.0804

5.76

0.41

1.3E-01

1.18

+

3
69.0458,83.06124,195.0887

caffeine
181.0360, 138.0299, 108.0442,
metabolism

1-Methyluric acid

2*

HMDB03099

182.0440

3.63

0.26

8.5E-02

2.13

-

3
83.0237, 96.0190

intermediates and
3-methylxanthine2

HMDB0001886

166.0491

4.12

0.17

1.0E-01

1.67

-

165.0406,122.0298,65.9970

4

derives
55.0299,82.0405,110.0351,128.0455,1
1*

Xanthine

HMDB0000292

152.0334

2.08

0.78

6.5E-02

1.39

+

2
53.0406

purine

Adenosine1

HMDB00050

267.0968

3.09

1.15

2.0E-01

1.09

+

136.0618, 268.1039

2

metabolism

Uric acid2

HMDB00289

168.0283

1.90

1.70

5.1E-02

3.10

-

167.0200 124.0142, 96.0190,69.0079

3
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intermediates

5-Methylcytidine2

HMDB00982

257.1012

1.62

1.21

1.2E-01

1.23

+

258.1072, 126.0654, 109.0392

2

and derives

5'-Methylthioadenosine2

HMDB01173

297.0896

4.87

1.33

1.3E-01

1.18

+

136.0608,163.0410,298.0945

3

166.0730,124.0507,149.0464,
7-Methylguanine

2

HMDB00897

165.0651

1.73

0.89

1.3E-01

1.11

+

2
107.0248

3-Hydroxyhippuric acid2

HMDB0006116

195.0532

7.24

0.15

3.1E-01

2.76

-

93.0333, 150.0550,194.0453

3

165.0532, 136.0745, 119.0483,
1

Tyrosine

HMDB00158

181.0739

2.48

1.61

1.2E-01

1.28

+

tyrosine
metabolism

181.0498,261.0076, 166.0261,
Homovanillic acid sulfate

2

HMDB0011719

262.0147

5.05

0.37

5.4E-02

1.09

+

intermediates and
derives

2
123.0432,91.0540, 95.0488,182.0796

2
135.0442, 119.0489,

Hydroxyphenylacetylgly-c
HMDB00735

209.0688

3.30

1.44

5.9E-02

1.46

+

210.0765, 192.0660, 150.0554,

2

ine2
histidine

110.0714,156.0766, 93.0451,
1

Histidine

HMDB00177

155.0695

1.01

0.78

metabolism

1.6E-01

1.09

+

2
83.0608,56.0502
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intermediates

110.0717, 83.0610,
N-Acetylhistidine

2

HMDB32055

197.0800

0.95

0.88

2.3E-01

1.12

+

2
156.0769,180.0769,198.0875
85.0288,

3-Methylglutarylcarnitine

2

HMDB00552

289.1525

4.42

1.36

1.6E-01

1.20

+

3
231.0859,290.1593,129.0544,60.0814,

acylcarnitines

Hexanoylcarnitine2

HMDB00756

259.1784

7.14

1.29

2.0E-01

1.04

+

260.1854,201.1120,85.0289

3

Glutarylcarnitine2

HMDB13130

275.1369

3.29

1.19

1.4E-01

1.16

+

85.0292,144.1023,276.1448

2

Methylmalonylcarnitine1

HMDB0013133

261.1212

2.32

0.82

7.7E-02

1.36

+

85.0290， 103.0393

2

84.0805,127.0870,144.1134,
Homocitrulline

2

HMDB00679

189.1113

0.95

1.18

1.4E-01

1.15

+

ornithine and

2
190.1192, 173.0925

polyamine

72.0817, 100.0764,
N1-Acetylspermidine2

HMDB01276

187.1685

0.87

1.21

9.8E-02

1.18

+

metabolites and

2
114.0919,171.1496, 188.1762

derivatives

95.0609, 112.0873,
N-Acetylhistamine

2

HMDB13253

153.0902

0.95

1.59

8.8E-02

1.37

+

2
83.0610,68.0503,136.0481,154.0975

125

Valerylglycine2

HMDB0000927

159.0895

0.97

3.07

1.4E-01

1.14

+

160.0955,114.0907, 142.0805,96.0804

1

2-Methylbutyrylglycine2

HMDB0000339

159.0895

5.30

1.25

1.7E-01

1.23

+

55.0559, 72.0819, 114.0910

3

Phase II

137.0591, 179.0694, 76.0396,
Dihydroferuloylglycine

2

HMDB41725

253.0950

5.90

1.81

1.0E-01

1.29

+

conjugates

3
254.1010
335.2363,353.2468,371.2574,389.267

7-Ketodeoxycholic acid

2

HMDB00391

406.2719

11.45

0.64

1.1E-01

1.21

+

3
9, 407.2785,
269.1227, 156.0759,

Hydroxyprolyl-Histidine2

HMDB28865

268.1172

1.45

0.81

1.4E-01

1.06

+

2
110.0709,223.1175,251.1123
70.0292,84.0447,102.0550,148.0599,1

Beta-aspartyl-L-glutamic
dipeptides

HMDB11164
acid

262.0801

1.31

1.29

1.7E-01

1.05

+

64.9200,182.0442,199.0706,245.0758,

2

2

263.0864
Prolyl-Aspartate2

HMDB02335

230.0903

1.53

1.15

1.2E-01

1.27

+

231.0962, 70.0654,

2

Prolylhydroxyproline2

HMDB0006695

228.1110

1.44

1.33

1.4E-01

1.18

+

70.0660,132.0660,211.0719,229.1189

2
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70.0651,173.0904, 127.0854,
Glycylproline

2

HMDB00721

172.0848

0.96

1.16

1.9E-01

1.01

+

2
116.0697
165.0543,147.0437,137.0595,

2-Hydroxycinnamic acid

2

HMDB0002641

164.0473

5.52

1.54

8.0E-02

1.61

+

3
123.0440, 119.0492, 91.0545,79.0547

N2-Succinyl-L-ornithine2

HMDB01199

232.1059

1.88

1.23

1.7E-01

1.11

+

233.1130 216.0870 170.0810

3

254.0889,236.0783,206.0678,218.067
Threoneopterin2

HMDB00727

253.0811

1.45

1.27

1.4E-01

1.12

+

others

7,190.0728,154.0727,182.0677,154.07

2

27
86.0967,128.1067,145.1331,183.1486,
Spermine dialdehyde

2

HMDB13076

200.1525

5.23

0.54

1.2E-01

1.03

+

2
201.1590
139.0290,167.0340,185.0447,97.0288,

4-O-Methylgallic acid

2

HMDB13198

184.0372

6.99

0.45

1.2E-01

1.21

+

2
111.0446,69.0342

Cis-5-Decenedioic acid2

HMDB13227

200.1049

6.97

1.28

127

1.1E-01

1.25

+

155.1070, 137.0964, 165.0901,

2

183.1021,201.1126
91.0549,79.0550,65.0394,53.0395,95.
2

Ethylbenzene

HMDB59905

106.0783

6.69

1.36

1.0E-01

1.27

+

2
0498,107.0497

Lactic acid2

HMDB00190

90.0317

0.99

0.47

8.9E-02

1.33

-

71.0143

5

Notes:
1

represents the compound identified by commercial available chemicals, 2 represents the compound identified by comparing exact mass of parent

ion and MS pattern of sample with those of database (Metlin or/and HMDB),
MW represents molecular weight, FC represented fold change, * represents metabolites belonged into purine metabolites.
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(B)

(A)

1

1

-log (p)

-log (p)

2

3

6

2
3
45

4

Pathway impact

Pathway impact

1: Tryptophan metabolism
2: Citrate cycle (TCA cycle)
3: Pentose phosphate pathway
4: Tyrosine metabolism

1: Caffeine metabolism
2: Tryptophan metabolism
3: Citrate cycle (TCA cycle)
4: Tyrosine metabolism
5: Histidine metabolism
6: purine metabolism

Figure 4.5 Pathway analysis of altered metabolites in urine samples.
(A) Pathway analysis plot of significantly changed metabolites (p <0.05), (B)
Pathway analysis plot of changed metabolites without significant differences
between RA and control groups.
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Indolelactic acid
1
Pyrocatechol sulfate
Vanilloylglycine
0.5
N-acetylvaline
Phenol sulphate
Indoxyl sulfate
0
Citric acid
Mesaconic acid
cis-Aconitic acid
-0.5
Threonic acid
Gluconic acid
Hypoxanthine
N-Acetylcadaverine
3-Hydroxykynurenine
L-Kynurenine
N-(3-acetamidopropyl)pyrrolidin-2-one
Dopamine
Cytosine
Malonylcarnitine
Galactosylhydroxylysine
5-Hydroxy-L-tryptophan
Glutamylphenylalanine
3-hydroxydecanoyl carnitine
Phenyllactic acid
Hexanoylglycine
Phenylacetate
3-Hydroxyanthranilic acid
N-Acetylneuraminic acid
6-Keto-decanoylcarnitine
Testosterone glucuronide
Dihydrobiopterin
Guanine
Guanine
Dihydrobiopterin
Testosterone glucuronide
6-Keto-decanoylcarnitine
N-Acetylneuraminic acid
3-Hydroxyanthranilic acid
Phenylacetate
Hexanoylglycine
Phenyllactic acid
3-hydroxydecanoyl carnitine
Glutamylphenylalanine
5-Hydroxy-L-tryptophan
Galactosylhydroxylysine
Malonylcarnitine
Cytosine
Dopamine
N-(3-acetamidopropyl)pyrrolidin-2-one
L-Kynurenine
3-Hydroxykynurenine
N-Acetylcadaverine
Hypoxanthine
Gluconic acid
Threonic acid
cis-Aconitic acid
Mesaconic acid
Citric acid
Indoxyl sulfate
Phenol sulphate
N-acetylvaline
Vanilloylglycine
Pyrocatechol sulfate
Indolelactic acid

Figure 4.6 Correlation analysis of altered metabolites in urine samples.

4.3.2.2 Abnormal metabolites in serum samples
Based on OPLS-DA model from LC-MS and GC-MS data, a total of 34
abnormal metabolites were significantly changed in response to RA, including 18
metabolites found in positive ion mode of LC-MS, 10 metabolites in negative ion
mode of LC-MS and 8 metabolites from GC-MS (2 metabolites found both in
negative and positive ion mode of LC-MS, 2 metabolites found both in positive
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ion mode of LC-MS and GC-MS, as shown in Figure 4.7A, Table 4.5 and Table
4.6). The metabolites were classified into amino acids and derivatives,
acylcarnitines, organic acids and derivatives, fatty acids, etc. According to Figure
4.7B,

pathways

including

glycine,

serine

and

threonine

metabolism,

aminoacyl-tRNA biosynthesis, tryptophan metabolism were important for arthritis
inflammation.

(B)

-log (p)

(A)

2

4
6

1

3
5

7
8

Pathway impact

Figure 4.7 Venn diagram (A) and pathway analysis (B) of altered metabolites in
serum samples.
(A) Venn diagram of altered metabolites, (B) pathway analysis plot, 1: Glycine,
serine and threonine metabolism, 2: Aminoacyl-tRNA biosynthesis, 3: Lysine
degradation, 4: Cysteine and methionine metabolism, 5: Ascorbate and aldarate

131

metabolism, 6: Tryptophan metabolism, 7: Pyruvate metabolism, 8: Histidine
metabolism.
Tryptophan metabolism is closely associated with inflammation and immune
system in RA patients [19, 99, 197]. In serum samples, tryptophan metabolism
intermediates were perturbed in RA patients. Indolelactic acid as a product of
tryptophan was up-regulated (FC=1.44, p <0.01) in RA individuals comparing
with healthy controls, while tryptophan, indoxyl sulfate were significantly
down-regulated. Moreover, indole-derived indoleacrylic acid (FC=0.87, p <0.001),
1H-Indole-3-carboxaldehyde (FC=0.87, p <0.001), 3-indoleproponic acid
(FC=0.87, p >0.05) were decreased in arthritis patients.
Phenylalanine metabolites, level of phenyllactic acid and p-cresol sulfate in
inflammatory patients was 1.5-fold of healthy controls. Due to the capability of
Lactic acid bacteria (LAB), phenyllactic acid was produced from phenylalanine
and could inhibit bacteria growth [198]. Here, up-regulation of phenyllactic acid
in inflammatory arthritis (FC=1.57, p <0.0001) complement with the finding of
overexpression of Lactobacillus salivarius in RA individuals, esp. under active
RA inflammatory condition [111].
Lactic acid is likely to be accumulated in inflammatory conditions, and it is
converted from food carbohydrates by lactic acid bacteria (LAB) [199]. As
reported, lactic acid, indolelactic acid and phenyllactic acid are inflammatory
mediators, which can inhibit proinflammatory cytokine IL-6 [199]. Furthermore,
132

comparing with healthy controls, amino acids were altered in RA patient blood
samples (Figure 4.8). Tryptophan, methionine, valine, isoleucine, threonine,
lysine and histidine belonging to essential amino acids, were down-regulated in
RA suffers with or without significant differences, suggesting insufficient amino
acids for energy metabolism and protein biosynthesis. Meanwhile, level of
conditional essential amino acid in RA including tyrosine and glycine were also
less than that of healthy controls, while cystine as product of cysteine was
increased. Tryptophan, threonine, lysine, alanine were down-regulated in patients
with RA, which is similar to previous studies [18, 19]. Additionally, as a substrate
donor of the TCA cycle, valine was lower level in inflamed individuals [200],
which is of the same tendency to TCA cycle intermediates detected in urine
samples. Serine and alanine as alternative nutrient like glucose in cancer cells
were also decreased in RA individuals [201].
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Figure 4.8 Relative ratio of altered amino acids of RA patients compared with
healthy controls.
1

represents the amino acids analyzed by using GC-MS,

2

represents the amino

acids analyzed by using LC-MS. Error bar represented SEM. * p < 0.05, ** p <
0.01, *** p < 0.001.
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Table 4.5 Altered metabolites in serum samples based on platform of LC-MS.

Metabolism

Metabolites

HMDB ID

Tryptophan*

HMDB0000929

Exact
mass

RT/min

FC (RA
/Ctr)

p

VIP

2.1E-01

2.4

MS Pattern

Mode

Δ(ppm)

-

4

+/-

4

+

0

+

0

+

1

203.0821, 159.0923, 142.0657,
204.0899

5.52

0.86

116.0501, 74.0244,
204.0661, 158.0606,142.0657,
Indolelactic acid

HMDB0000671

205.0739

8.08

1.44

2.4E-03

1.9
116.0501, 72.9927,128.0501,

Tryptophan

188.0702, 170.0602,115.0540,
Indoleacrylic acid

HMDB0000734

187.0633

5.45

0.87

1.8E-04

1.6

and indole
metabolism

89.0400
1H-Indole-3-carboxald
HMDB0029737

145.0528

5.45

0.87

2.1E-04

1.5

HMDB0002302

189.0790

9.89

0.28

4.3E-03

0.7

91.0541, 118.0649, 146.0598

ehyde
3-Indolepropionic

130.0651, 172.0756, 190.0862,

acid*

phenylalanine

55.0182

Indoxyl sulfate*

HMDB0000682

213.0096

6.89

0.84

2.8E-01

2.4

132.0450,79.9570, 80.9648

-

4

3-Phenyllactic acid*

HMDB00748

166.0630

7.67

1.57

3.3E-05

1.5

165.0552, 147.0446,

-

7
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and tyrosine

119.0498,72.9927

metabolism

107.0498, 79.9570, 80.9648,
p-cresol sulfate

HMDB0011635

188.0143

7.80

1.52

1.9E-01

7.8

-

6

-

10

+

0

+

1

187.0066
Salicylic acid*

HMDB0001895

138.0317

9.10

2.52

1.4E-01

1.6

Methionine*

HMDB0000696

149.0510

1.47

0.86

2.7E-03

1.1

93.0342, 137.0239, 65.0393
133.0318, 150.0584, 104.0529,
87.0264, 61.0501

cysteine and

74.0235, 120.0112,
Cystine

HMDB0000192

240.0238

0.88

1.36

4.9E-07

1.5

methionine
metabolism

122.0268,151.9832, 241.0306
Serine*

HMDB0000187

105.0426

0.87

0.91

4.0E-02

0.6

Methionine sulfoxide

HMDB0002005

165.0460

1.48

0.78

2.1E-06

1.6

60.0445, 70.0652, 88.0394, 106.0499

4

74.0237, 102.0550, 149.0267,
+

1

166.0533
lysine

Pipecolic acid

HMDB0000716

129.0790

0.94

1.62

1.1E-03

1.6

84.0808, 130.0863

+

1

Lysine*

HMDB0000182

146.1055

0.76

0.90

1.0E-02

1.3

84.0809, 130.0863, 67.0543

+

0

Hexanoylcarnitine*

HMDB0000756

259.1784

7.41

1.37

8.2E-03

1.1

85.0285,260.1854, 201.1121,

+

1

biosynthesis
and
degradation
fatty acid
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metabolism

60.0809
2-Octenoylcarnitine

HMDB0013324

285.1940

8.62

0.74

2.7E-03

1.7

85.0285, 227.1276, 286.2010

+

0

LysoPC(22:6)

HMDB0010404

567.3325

14.69

1.21

3.4E-02

1.3

184.0733, 104.1070, 568.3395

+

0

LysoPC(18:2)

HMDB0010386

519.3325

14.66

0.78

4.2E-04

1.5

+

0

+

1

-

7

104.1068, 184.0730, 520.3392,
502.3285
LysoPC(18:3)

HMDB0010387

517.3168

13.83

0.81

4.6E-01

1.1

Ascorbic acid*

HMDB0000044

176.0321

1.51

0.72

6.8E-02

1.1

104.1070, 184.0732, 518.3238

ascorbate and
87.0084, 115.0032, 175.0243,
aldarate

59.0134
metabolism
C16
others

sphingosine-1-phospha

HMDB0060061

351.2175

12.06

0.79

2.6E-03

0.5

78.9587,350.2096, 173.4071

-

2

Gulonic acid

HMDB0003290

196.0583

0.92

1.25

2.0E-02

0.7

75.0084,129.0188,195.0505

-

6

Histidine*

HMDB0000177

155.0695

0.87

0.88

8.2E-03

0.9

137.0352,110.0719,93.0454

+/-

8

Bilirubin

HMDB0000054

584.2635

14.83

0.75

1.7E-02

0.6

285.1240,253.1343,583.2557

-

2

Uric acid

HMDB0000289

168.0283

0.96

0.90

4.5E-02

4.2

167.0206,124.0148,96.0200,69

-

7

te
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.0091
111.0083,191.0193,129.0189,8
Citric acid*

HMDB0000094

192.0270

0.97

7.32

3.1E-01

3.4

-

6

+

1

7.0084
Glycyl-valine

HMDB0028854

174.1004

2.18

2.59

Note:
*

represents compound identified by authentic standard.
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1.2E-02

2.2

72.0809, 118.0863,129.1022

Table 4.6 Altered metabolites in serum samples based on platform of GC-MS.

FC (RA
Metabolism

Match

RT/min

VIP

HMDB ID

p

Fragmentation ions

Match

R match

/Ctr)
Pyruvate metabolism

Lactic acid (2TMS)

7.62

7.2

HMDB00190

1.35

1.4 E-02

147,73,117,191,148,190,45,75,133,118

958

965

Cysteine and

Methionine (2TMS)

17.40

0.9

HMDB00696

0.76

9.8 E-03

176, 128, 73,147,61,45

766

793

methionine

Alanine (2TMS) 1

8.45

1.8

HMDB00161

0.69

6.3E-03

116,73,147,117,190,45

938

942

metabolism

Serine (3TMS)

14.20

2.0

HMDB00187

0.76

3.5E-02

204,73,218,147,100,205,45,

930

934

Valine (2TMS)

10.90

4.3

HMDB00883

0.78

2.4E-02

144,73,218,145,147,100

943

945

Isoleucine (2TMS)

12.68

3.0

HMDB00172

0.79

1.1E-01

158,73,218,159,45,147,74,100

832

873

Threonine (3TMS)

14.80

2.0

HMDB00167

0.77

3.3E-02

73,117,218,219,147,101,291,56,45

921

924

23.60

0.6

HMDB01550

0.80

2.4E-02

174,73,175,86,156,75,59

748

780

BCAA metabolism
Glycine, serine and
threonine
metabolism
lysine

biosynthesis

and degradatioin

N-α-Acetyl-L-Lysine
(3TMS)

Note:
1

represents alanine belonged to glycine, serine and threonine pathway.
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4.3.3 Targeted metabolomics study of tryptophan and phenylalanine
metabolites
For screening more metabolites in tryptophan and phenylalanine metabolism,
we performed on target analysis of 19 compounds by using LC-QqQ MS, due to
advantages of high-throughput, good sensitivity and reproducibility. Method
validation of determination of the above compounds was conducted, including
linearity, precision, recovery, LOD and LOQ. The results of method validation
showed good linearity (r2 > 0.9906), intra-day precision (< 5.0 %) and inter-day
precision (< 13.1 %) and sensitivity (shown in Table 4.7), indicating the method is
reliable and reproducible and could be successfully applied in biological samples.
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Table 4.7 Method validation of metabolites in tryptophan and phenylalanine metabolism by using LC-QqQ MS.

Intra-day

Inter-day

Linearity range
No.

2

Metabolites

r

Precision

precision

(RSD %)

(RSD %)

-1

（ng mL ）

LOD

LOQ

Recovery

(RSD %)

(RSD %)

(RSD %)

1

3-Indolepropionic acid

2.5-5000

0.9906

3.3

0.6

0.3

0.9

100.6

2

Indole

50-5000

0.9992

0.9

2.7

15

50

ND

3

3-Indoleacetonitrile

50-5000

0.9988

4.6

2.4

3

9

95.8

4

5-Hydroxyindoleacetic acid

2.5-5000

0.9946

5

11.6

0.3

0.9

98.5

5

Noradrenaline

50-5000

0.9978

1.4

2

10

40

98.9

6

Epinephrine

50-5000

0.9989

0.9

2.1

4

12

98.4

7

Dopa

5.0-5000

0.9958

0.9

1.7

1

3

96.5
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8

Quinolinic acid

10-5000

0.9974

1

1.2

2.5

10

97.9

9

Dopamine

5.0-5000

0.9972

0.7

1.7

2

5

96.1

10

3-Hydroxykynurenine

2.5-5000

0.9994

0.5

3.2

1

2.5

101.1

11

Tyrosine

2.5-5000

0.9988

1

1.3

1

2.5

99.4

12

Serotonin

5.0-5000

0.9993

0.5

1.7

1

4

99.8

13

Kynurenine

2.5-5000

0.9975

0.6

2.3

NP

< 2.5

99.3

14

Phenylalanine

2.5-5000

0.9922

0.6

3.4

NP

< 2.5

96.1

15

3-Hydroxyanthranilic acid

50-5000

0.9991

0.5

3.4

10

45

102.7

16

Tryptophan

2.5-5000

0.9949

2.9

3.1

NP

< 2.5

103.7

17

Kynurenic acid

2.5-5000

0.9969

0.8

1.7

0.3

1

95.7

18

Anthranilic acid

5.0-5000

0.9939

0.8

7.9

2

5

93.6

19

Melatonin

2.5-5000

0.9922

3

4.7

NP

<2.5

98.3

Notes:
ND represents not detected, NP represents not performed.
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On basis of abnormal urinary metabolites in global metabolomics, in targeted
metabolomics analysis 5 metabolites were up-regulated with significant
differences in RA patients (Figure 4.9), namely kynurenine, 3-hydroxykynurenine,
anthranilic acid, 3-hydroxyanthranilic acid and 5-hydroxy-indoleacetic acid. In
view of tryptophan-kynurenine metabolism (Figure 4.10), most urinary tryptophan
derived metabolites were up-regulated apart from kynurenic acid (KYNA), which
serves

as

anti-inflammatory mediator

through

reducing

production

of

pro-inflammatory cytokines in nervous diseases [202]. In the targeted analysis of
phenylalanine metabolites, no significant alteration of most metabolites was
observed except up-regulated dopamine (Figure 4.11).
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Figure 4.9 Significantly altered urinary metabolites in tryptophan and
phenylalanine metabolism in responding to RA.
Red * represents metabolites detected by using LC-QqQ MS. * p <0.05, ** p
<0.01, *** p <0.001.
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Figure 4.10 Alteration of urinary and serum metabolites in tryptophan phenylalanine metabolism. Yellow arrows represent up/down-regulation in
urine of RA patients, while red arrows represent up/down-regulation in serum of RA patients compared with levels of those metabolites in
healthy controls. * p <0.05, ** p <0.01, *** p <0.001.
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Figure 4.11 Alteration of urinary and serum metabolites in phenylalanine
metabolism.
Yellow arrows represent up/down-regulation in RA patients’ urine, while red
arrows represent up/down-regulation in RA patients’ serum compared with levels
of those metabolites in healthy controls. * p <0.05, ** p <0.01, *** p <0.001.
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For serum metabolites in tryptophan metabolism, on the one hand, KYN and
5HIAA were markedly up-regulated while tryptophan and HKYN decreased in
RA individuals (Figure 4.12 and Figure 4.10). The results showed that tryptophan
metabolism may be activated in response to RA inflammation. Moreover, by
combining global metabolomics analysis, we found that tryptophan and
tryptophan-derived metabolites were reduced probably resulting from catabolism
by microbials, such as indoleacrylic acid (p <0.001), 3-indolpropionic acid (IPA,
p <0.01) and indoxyl sulfate (FC=0.84, p >0.05), while indolelactic acid (p <0.01)
was increased in serum of patients with RA. However, kynurenic acid and
quinolinic acid serving as anti-inflammatory and pro-inflammatory mediator,
were not detected in serum in part due to less volume of sample by using this
quantitative method. On the other hand, targeted phenylalanine metabolites were
not changed significantly.

147

1 .0  1 0 8

Tryptophan

210 5

Kynurenine

5HIAA

410 5

**

0

110 5

510

4

0

210 5

0

C o n tro l R A

210 6

R esp o nse

5 .0  1 0 7

R esp o nse

R esp o nse

*
*

C o n tro l R A

IPA

210 9

C o n tro l R A

Indoleacrylic acid

5 .0  1 0 7

Indolelactic acid

110 6

R esp o nse

**

R esp o nse

R esp o nse

***

110 9

0

C o n tro l R A

210 8

110 8

C o n tro l R A

2 1 0 9

Phenyllactic acid
***

1 1 0 7

R esponse

2 1 0 7

Indoxyl sulfate
R esponse

R esp o nse

2 .5  1 0 7

0
C o n tro l R A

310 8

***

C o n tro l R A

1 1 0 9
5 1 0 8
0

0

0

p-cresol sulfate

C o n tro l R A

C o n tro l R A

Figure 4.12 Altered metabolites of tryptophan and phenylalanine metabolism in
serum.
5HIAA: 5-hydoxyindoleacetic acid, IPA: 3-indoleproponic acid. Red *
represented metabolites detected by using LC-QqQ MS. * p <0.05, ** p <0.01,
*** p <0.001.

Enzyme

indoleamide-(2,3)-dioxygenase

(IDO)

and

tryptophan-2,3-

dioxygenase (TDO) is the first step to rate-limited catalyze the conversion of
kynurenine from tryptophan. IDO contributes to oxidative stress by producing
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harmful oxygen and hydroxyl radicals which may promote production of
inflammatory cytokines, such as IL-6, TNF-α [203]. Therefore, IDO activity
regulates cellular immune or inflammatory response. The ratio of kynurenine over
tryptophan (KYN/Trp) is to evaluate IDO activity. In our study, IDO activity
(KYN/Trp ratio, Figure 4.13) was obviously increased in the arthritis individuals
due to significantly up-regulated KYN but almost the same level of Trp, which is
consistent with serum samples from RA patients [204].

9

(A)
K Y N /T rp ra tio
KYN/Trp
ratio

K Y N /T rp ra tio
KYN/Trp
ratio

12

***

8

4

0

(B)

C o n tr o l
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6

*
3

0

C o n tr o l

C o n tr o l

RA

RA

Figure 4.13 IDO activity (KYN/Trp) in urine (A) and serum samples (B).
Error bar represents SEM, * p <0.05, *** p <0.001.

4.3.4 Association of microbiome-derived metabolites with RA
As well known, tryptophan, phenylalanine and tyrosine as aromatic amino
acid can be converted into indoles and phenols through gut microbiomes in
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mammalians [205]. Intriguingly, apart from changes of most kynurenine pathway
intermediates in RA patients, there were alteration of intestinal bacterial-related
metabolites, such as indolelactic acid, HIAA, indoxyl sulfate and p-cresol sulfate.
Moreover, malfunctions of gut microbiome may affect biosynthesis and utilization
of host amino acids [206, 207]. In turn, the perturbation of amino acids as
precursors for SCFAs may lead to imbalance of SCFAs which participate into the
pathogenesis of many diseases [206, 208, 209].
Based on the altered metabolic features and microbiome-associated
intermediates, we compared plots of receiver operating characteristic curve (ROC)
analysis by using MetaboAnalyst as shown in Figure 4.14. For urinary metabolites,
the area under the curve (AUC) of microbiome-related metabolites up to 0.881
(95% CI: 0.8-0.952), was close to AUC of all abnormal metabolites as 0.91 (95%
CI: 0.837-0.975) caused by RA. According to the ROC curve from serum
metabolites shown in Figure 4.15, AUC of metabolites in tryptophan and
phenylalanine metabolism up to 0.84 (95% CI: 0.75-0.941), was close to AUC of
all abnormal metabolites as 0.876 (95% CI: 0.771-0.978). The findings showed
that microbiome-derived metabolites, in particular aromatic amino acid-derived
metabolites such as indoles and phenols were closely associated with
inflammation of RA, which was also consistent and in complement with previous
studies [105, 111, 173].
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Figure 4.14 ROC curve analysis of microbiome-associated metabolites (A) and all
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Figure 4.15 ROC curve analysis of (A) tryptophan and phenylalanine-derived
metabolites related to microbiome and z(B) all altered metabolites in serum
between RA patients and healthy controls.
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4.4 Discussion
Identification of specific biomarkers helps to understand the mechanism of
disease and differentiating disorders from healthy counterparts. Metabolomics
serves as a powerful tool to reveal metabolic perturbations in response to disease.
In the study, urinary and serum global metabolomics based on UHPLC-Orbitrap
MS and GC-MS showed altered sorts of metabolites were attributed into amine
acids metabolism (tryptophan metabolism, valine, leucine and isoleucine
biosynthesis), aminoacyl-tRNA biosynthesis and TCA cycle, etc. (Figure 4.16).
The altered metabolites, especially tryptophan, tryptophan-derived metabolites
and branch-chain amino acids were associated with inflammation resulting from
arthritis.

-log (p)

3

5

4

1
2

1: Tryptophan metabolism
2: Valine, leucine and isoleucine biosynthesis
3: Aminoacyl-tRNA biosynthesis
4: Citrate cycle (TCA cycle)
5: Ascorbate and aldarate metabolism

Pathway impact

Figure 4.16 Perturbed pathway analysis of urinary and serum altered metabolites of
patients with RA.
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Tryptophan and phenylalanine metabolism contribute to inflammatory
responses and immune activation for a range of physiological processes and
biological disorders [210]. Tryptophan as an essential amino acid was mainly
catabolized through kynurenine pathway and methoxyindole pathway, and the
former pathway approximately accounted for 95% [205]. In the work, we found
that decreased tryptophan and increased of kynurenine-derived metabolites (e.g.
KYN, HKYN, AA) in RA patients were consistent with previous study [102, 204,
211]. Firstly, up-regulation of tryptophan-kynurenine pathway could promote the
inflammation by CD4+ cells or dendritic cells through activation of IDO enzyme
and neurotoxic N-methyl-D-aspartate (NMDA) agonist (e.g. quinolinic acid) and
free radical generators [113]. On the one hand, tryptophan-associated metabolites
serve inflammatory responses to arthritis disorders. 5-Hydroxyltryptophan
crosstalk with NMDA antagonist-kynurenic acid, could partially restore the
immune system by activating immune cells, enhancing the production of
inflammatory cytokines and nitric oxide in lymphocytes and macrophages [212,
213]. 3-Hydroxy-kynurenine is a derivative of tryptophan and the precursor of
kynurenic acid, which could activate the inducible nitric oxide synthase (iNOS)
through proinflammatory cytokines (e.g. IFN-γ) to impair the cognition and to
stimuli arthritis [204, 214]. There were evidences showed that KYN, HKYN and
quinolinic acid exerted positively association with inflammation [210]. Under the
status of activation of tryptophan pathway with pro-inflammatory stimulation,
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down-regulated kynurenic acid may provide insufficient anti-inflammatory
feedback to modulate and/or compensate the imbalanced immune responses [215].
On the other hand, IDO activation could inhibit proliferation of natural killer (NK)
cells and T cells (CD4+ and CD8+ lymphocytes) [216], and expression of IDO is
associated with the severity of animal collagen-induced arthritis [217]. However,
the roles of tryptophan metabolites and enzyme are still not clear in pathogenesis
of RA. In addition, other metabolites like indole- or phenol-derivatives from
tryptophan and phenylalanine contribute to arthritis inflammatory responses.
Indoleacrylic acid is converted from tryptophan and produced by commensal
Peptostreptococcus Species, and its decreased level in the RA sera could suppress
the anti-inflammatory capability of intestinal commensals in comparison with
healthy controls [203]. Furthermore, indoles produced by commensal microbiota,
plays vital roles in pro-and anti-inflammation in intestinal epithelial cells. The
indole-derivatives, such as IAA, indoxyl sulfate, HIAA were functioned to
increase the expression of anti-inflammatory genes [218]. Importantly,
indolepropionic acid (IPA) and p-cresol sulfate were formed from tryptophan and
tyrosine by huge numbers of anaerobic microorganisms in the human large
intestine [219]. IPA is positively associated with level of probiotics in gut
microbiome and negatively correlated with inflammation [220]. p-Cresol sulfate
was reported to be positively associated with mucosal integrity and
pro-inflammation [221]. Meanwhile, there are evidences showed that phenylacetic
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acid and phenyllactic acid produced from phenylalanine participate into
pro-inflammatory responses [222] and anti-inflammatory response by decreasing
ROS production as antioxidant [188, 223], respectively. In addition, dopamine
up-regulation may promote anti-inflammatory effects on patients with RA through
inhibition of Il-6 and IL-8 by overexpression of dopamine receptors [224]. Taken
together, the alteration of tryptophan-kynurenine and phenylalanine metabolism
affected the imbalance of immune system of RA host by GM-modulation (shown
in Figure 4.16).

Red: upregulation in RA patients
Blue: downregulation in RA patients
Black: detected but not changed
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Figure 4.17 Schematic overview of interplay of microbiome-associated tryptophan
and phenylalanine metabolites with RA inflammation.
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Amino acids are required for many down-stream metabolites biosynthesis,
such as protein and neurotransmitter. The deficiency of amino acids could impair
immune status by regulating arthritis-associated factors (1) activation of T/B
lymphocytes, macrophages and natural killer cells, (2) production of cytokines
(IL-6, TNFα, etc.) (3) cellular redox state and cell proliferation [18, 225].
Essential amino acids only obtained from diet, are important for formation of
cartilage or bone to RA sufferers. In the study, serum EAAs including methionine,
tryptophan, threonine, lysine, histidine and BCAAs (valine and isoleucine) are
down-regulated in RA patients. Decreased serum serine and increased cystine as
the precursor and product of cysteine, respectively, indicated cysteine may be
decreased in RA patients. Methionine and cysteine as sulphur-containing amino
acid, participate in the function of immune system [226]. As precursors of
glutathione (GSH), levels of methionine and cysteine are positively correlated
with concentration of GSH [227]. Thus, GSH depletion may influence RA
individuals by reducing CD4+ cell number, scavenging free radicals, inhibiting
production of IFNγ and impairing lymphocytes proliferation [228, 229]. As
reported, BCAAs (valine, leucine and isoleucine) are capable of suppressing
skeletal muscle inflammation with the activation of inflammatory factors, such as
TNF-𝛼, IL-6 and NF-𝜅B [230], and BCAAs supplementation could attenuate
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muscle damage and inflammation during exercise [231]. Furthermore, BCAAs are
precursors of SCFAs biosynthesis by bacteria, which are responding to RA
inflammation [232, 233]. Down-regulation of urinary and serum histidine may
also reduce production of histidine-rich glycoprotein, which could impair the
immune response [234]. In short, malfunction of serum amino acids may reflect
muscle damage and activation of inflammatory response to arthritis.
Some altered metabolites are associated with ROS production and
elimination, which play an important role in the arthritis pathology. For example,
disturbed TCA cycle intermediates have been reported in RA patients or animals
[19, 99, 172]. In particular, citric acid could help distinguish RA-sufferers from
other arthritis-patients or healthy controls [19, 172]. In the study, however, the
decrease of citric acid, cis-aconitic acid, and mesaconic acid was different with
previous studies [19, 102, 172], which might be caused by different RA sample or
species variation [99].
Purine metabolites participate in modulation of inflammatory response to RA [235,
236]. Comparing with healthy controls, uric acid was down-regulated in urine and
serum of RA patients. Uric acid, the product of hypoxanthine and xanthine, is
functioned to scavenge free radicals as an anti-oxidant [99]. It is noted that RA
disorder individuals suffered active oxidative damage with high level of
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superoxide anion radical and nitric oxide, etc., which may cause cellular damage,
inflammation and/or tissue destruction under arthritis status [237-239]. In addition,
uric acid can induce CRP production and inflammatory response in RA patients
with cardiovascular complication [240-242]. However, urinary uric acid did not
influence inflammatory response in RA patients with leflunomide added to
methotrexate treatment [235]. Thus, decreased uric acid might result into the
imbalance of reduction of free radicals and inhibition of inflammatory cytokines,
but the comprehensive mechanism of uric acid in RA is still needed for further
investigation. Meanwhile, significantly decreased urinary purines (hypoxanthine
and guanine, FC <0.8, p <0.05) and increased pyrimidine (cytosine, FC=1.98, p
<0.01) were observed in RA patients, which are associated with inflammation
may induce lower level of uric acid. Moreover, adenosine and its breakdown
product inosine along with hypoxanthine were elevated in serum of RA patients,
contributing to anti-inflammatory effects through reduced production of
proinflammatory cytokines [243, 244]. Increased hypoxanthine is positively
associated with grades of knee joint to certain extent [245]. In this study, patients
under

therapeutic

strategies

related

to

purine

metabolism

(like

methotrexate-treatment) were excluded. The findings indicated that purine
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metabolism was perturbed owing to immune response, particularly adenosine and
inosine may play as potential endogenous immunomodulatory metabolites.
4.5 Chapter summary
In the study, based on platform of LC-MS global metabolomics and targeted
metabolomics, we evaluate the metabolites alterations responding to RA without
therapeutic strategies and special diet habit by comparing 50 RA patients and 50
healthy controls. Perturbations of metabolism, including tryptophan metabolism,
branched chain amino acid (valine, leucine and isoleucine) biosynthesis,
aminoacyl-tRNA biosynthesis and citrate cycle were found in patients with RA.
According to the alterations of tryptophan and phenylalanine derived metabolites
in targeted metabolomics analysis, the results implicated that activation of urinary
and serum tryptophan metabolism exert pro-inflammatory effects on RA patients
by increasing expression of pro-inflammatory mediators (e.g. urinary quinolinic
acid and p-cresol sulfate), decreasing anti-inflammatory mediators (e.g. urinary
kynurenic acid, urinary and serum indoxyl sulfate) and increased IDO expression
in patients with RA. For the phenylalanine metabolism, the increased phenylacetic
acid and p-cresol sulfate have pro-inflammatory effects, while increased
phenyllactic acid and decreased phenol sulfate exert anti-inflammatory effects on
RA patients. Furthermore, altered purine and energy metabolism, and serum
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down-regulated amino acids, particularly valine and isoleucine as BCCAs may be
associated with muscle loss, cartilage or chondrocytes damage and activation of
arthritis inflammation due to the dysregulation of ROS production and expression
of pro-inflammatory cytokines. More interestingly, the results of ROC analysis
showed that microbiome derived metabolites, including tryptophan-kynurenine
metabolites, indolic and phenolic acids from tryptophan, phenylalanine and
tyrosine, amino acids and polyamines, etc., were perturbed responding to RA
inflammation, which may provide novel insights into interplay of gut microbiome
with RA phenotype.
In conclusion, urinary and serum metabolomics analysis on RA study reveals
that activation of tryptophan and phenylalanine metabolism plays a critical role in
RA inflammatory responses. In addition, certain serum essential amino acids and
conditional amino acids were down-regulated in patients with RA, which may
impair immune system by regulating arthritis-associated cells proliferation,
cytokine expression and GSH metabolism. Importantly, GM-derived metabolites
showed highly association with RA, which may be useful to understand the
patho-mechanism of RA in view of metabolome.
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Chapter 5 Conclusion and Future Studies

Metabolomics defined as identification and quantification of ‘metabolome’ (small
molecule metabolites) is the down-stream discipline in the multi-omics, and it is broadly
applied for elucidation of gene function and diagnosis or study of mechanism of human
diseases study. Metabolome is easily perturbed by endogenous factors (i.e. gene mutation)
and exogenous factors (i.e., diet, disease, environmental pollution and microbiome
perturbation, etc.), which eventually alters phenotype. Because of the diverse physiochemical
properties and wide dynamic ranges of small molecule metabolites, a powerful, stable and
scalable platform is required for metabolomics study to capture meaningful metabolites in
biological samples. Due to advantages of good sensitivity, reproducibility and wide dynamic
ranges, MS-based techniques have been employed in metabolomics study on gastrointestinal
and arthritis diseases, i.e. colorectal cancer, irritable bowel syndrome (IBS), RA and
osteoarthritis, etc. Previous metabolomics studies on colorectal cancer and RA revealed that
several changed metabolites, including but not limited to amino acids, organic acids, lipids
and purines, provided potential prospects in diagnostics and therapeutics for diseases.
On basis of MS techniques, we conducted two parts of metabolomics: (1) metabolic
effects of SLC25A22 on colorectal cancer cells with KRAS mutation and (2) metabolomics
study on RA. In the case of metabolic effects of SLC25A22 on KRAS-mutant colorectal
cancer DLD1 cells, LC-MS-based global metabolic profiles of SLC25A22-silencing CRC
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cells and control CRC cells demonstrated that alanine, aspartate and glutamate pathway as
well as ammonia metabolism, were significantly changed under the condition of SLC25A22
knockdown. Consequently, targeted metabolomics research on citrate cycle, amino acids and
polyamines revealed that knockdown of SLC25A22 induced the down-regulation of TCA
cycle intermediates, aspartate-derived amino acids (alanine and serine) and polyamines. In
addition, isotope kinetics analysis by using [U-13C5]-glutamine as the isotope tracer on
KRAS-mutant CRC cells with and without GOT1 blocking indicated that oxaloacetate
converted from aspartate by GOT1 played an essential role in cell survival. Furthermore,
results from incubation experiment of SLC25A22-knockdown on KRAS-mutant CRC cells
with polyamine revealed that acetyl-putrescine and acetyl-spermidine could promote CRC
cell growth. In conclusion, SLC25A22 is an essential regulator to modulate TCA cycle,
aspartate and polyamines biosynthesis, and its overexpression promotes tumor cell growth
and survival in metabolic system of KRAS-mutant colorectal cells. Additionally, as lipids
biosynthesis closely related to TCA cycle, we proposed that lipid metabolism might be
altered due to dysfunction of SLC25A22, which requires further investigation. Our findings
indicated that SLC25A22 might be a potential promising target for KRAS-mutant CRC
therapy. However, the metabolic signatures participating in lipid metabolism need for further
investigation.
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In the part of metabolomics analysis of RA, we have utilized LC-MS and GC-MS
platform to comprehensively profile urinary and serum metabolic signatures of RA patients
and healthy controls without external stimulus to gut microbiomes (like special daily diet,
antibiotics or NASID administration). In the urinary and serum global metabolomics, 32 and
34 metabolites were significantly altered, respectively. The abnormal metabolites responding
to RA were mostly attributed to tryptophan metabolism, valine, leucine and isoleucine
biosynthesis, aminoacyl-tRNA biosynthesis and citrate cycle. Combining the results of global
and targeted metabolomics, most up-regulation tryptophan and phenylalanine derived
metabolites, including kynurenine, quinolinic acid, indoles (indolepropionic acid,
5-hydroxyindoleacetic acid) and phenolic acids (phenylacetic acid, phenyllactic acid and
p-cresol sulfate) indicated activation of tryptophan and phenylalanine metabolism under
status of RA, which might exert pro-inflammatory responses. On the other hand, the
down-regulation of kynurenic acid, serotonin and dopamine might lead to less prone to exert
anti-inflammatory effects. Meanwhile, the overexpression of IDO/TDO has been reported as
increase of suppression of host immune response. The down-regulation of serum amino acids
is associated with muscle loss, damage of cartilage or chondrocytes in RA patients. Lastly but
most importantly, the metabolite alterations (such as tryptophan, phenylalanine derived
intermediates, certain amino acids) in RA individuals are associated with gut or intestinal
microbiomes. Taken together, RA phenotype is perturbed representing as up-regulation of
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tryptophan metabolism, down-regulation of certain amino acids and abnormal energy
metabolism or purine biosynthesis. Furthermore, the RA inflammation is closely correlated
with alterations of gut microbiome. In the future study, it is necessary to figure out the
following concerns in RA status: (1) alteration of more indolic or phenolic acid intermediates
by using targeted analysis, (2) variations of critical enzymes apart from IDO/TDO in the
tryptophan metabolism based on platform of proteomics, and (3) specific correlation between
altered metabolites with changed composition and proportion of gastrointestinal microbiomes
based on platform of transcriptomics.
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