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Abstract

INTRODUCTION—Lung cancer continues to be the leading cause of cancer-related mortality
worldwide. Early detection has proven essential to extend survival. Genomic and proteomic
advances have provided impetus to the effort dedicated to detect and diagnose the disease at an
earlier stage. Recently, the study of metabolites associated with tumor formation and progression
has inaugurated the era of cancer metabolomics to aid in this effort.

OBJECTIVES—This review summarizes recent work regarding novel metabolites with the
potential to serve as biomarkers for early lung tumor detection, evaluation of disease progression,
and prediction of patient outcomes.

METHOD—We compare the metabolite profiling of cancer patients with that of healthy
individuals, and the metabolites identified in tissue and biofluid samples and their usefulness as
lung cancer biomarkers. We discuss metabolite alterations in tumor versus paired non-tumor lung
tissues, as well as metabolite alterations in different stages of lung cancers and their usefulness as
indicators of disease progression and overall survival. We evaluate metabolite dysregulation in
different types of lung cancers, and those associated with lung cancer versus other lung diseases.
We also examine metabolite differences between lung cancer patients and smokers/risk-factor
individuals.

RESULT—AIthough an extensive list of metabolites has been evaluated to distinguish between
these cases, refinement of methods is further required for adequate patient diagnosis.

CONCLUSION—We conclude that with technological advancement, metabolomics may be able
to replace more invasive and costly diagnostic procedures while also providing the means to more
effectively tailor treatment to patient-specific tumors.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide, with 1.8 million new
cases being estimated in 2012 (Wong et al., 2017). In the United States alone, 154,050
deaths and 234,030 new cases are expected in 2018 (Siegel et al., 2018). Although the 5-year
survival rate for lung and bronchial tumors is only 18% (15% for men and 21% for women),
rates increase to 55% when the cancer is detected at an early, localized stage (Stage | and
some Stage 1) (ACS, 2017). The most common form of lung cancer (85%) is Non-Small
Cell Lung Cancer (NSCLC) (ACS, 2017), which includes three subtypes, squamous cell
carcinoma, adenocarcinoma and large cell carcinoma (Ambrosini et al., 2012).
Approximately 10-15% of lung cancers are Small Cell Lung Cancers (SCLC), which are
more aggressive than NSCLC and spread quickly (Jackman and Johnson, 2005). Lung
carcinoid tumors represent less than 5% of lung cancers and these grow relatively slowly, do
not metastasize and are not characterized by glandular or squamous differentiation (Ginsberg
etal., 2007). Recent studies have focused on early diagnosis of the type and stage of disease
in addition to treatment. In particular, gene and protein expression studies have provided
information regarding mechanisms that direct tumor initiation and progression. However,
such studies are insufficient to characterize the current physiological state of an individual,
which may be influenced by disease-state and environmental factors (Carr et al., 2014,
Kantae et al., 2017). The individual genetic variability between patients, along with the cost
of performing genetic and proteomic analyses, preclude the monitoring of all the relevant
processes in disease progression (Wishart, 2015).

Metabolomics has emerged as a valuable complement to genomics and proteomics to
provide information regarding cellular metabolic processes that drive tumor formation and
progression. Metabolomics enables evaluation of individual variability in the number and
type of metabolites expressed in lung tumors. These metabolites can help differentiate the
type, stage, and, potentially, the response to drug treatment. Most metabolomics studies
specific to lung cancer are focused on developing cost-effective methods with high
sensitivity and specificity for early tumor detection. The metabolic activity determines cell
capacity for survival, and thus drives disease progression. Tumor cells employ various
metabolic strategies to maintain the energy and biosynthetic precursor demands of
proliferation, specifically to sustain an accelerated rate of aerobic glycolysis (Warburg, 1956,
Fan et al., 2009). One of the basic strategies that characterizes the metabolic phenotype of
tumor cells is the Warburg effect, which describes a high rate of glycolysis with subsequent
lactic acid fermentation(Warburg, 1956, Vander Heiden et al., 2009).

The goal of this review is to summarize recent findings in identification of novel metabolites
that could prove useful biomarkers in the early detection of lung tumors, determination of
disease progression and prediction of patient survival. Figure 1 provides an overview of the
types of metabolite comparisons evaluated in this review. Specific changes in metabolites in
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human subjects can be studied by: 1) extracting metabolites from tumor samples post-
resection, 2) growing resected tumor cells /n vitro followed by metabolite extraction, 3)
implanting tumor cells resected from patients into a mouse model or 4) extracting
metabolites from biofluids such as serum, sweat, urine and sputum samples. In addition to
the alterations in levels of individual metabolites, stable-isotope labeling has been
successfully used to determine pathways that are activated in different tumors. Fan et al.
have successfully administered 13C glucose to mouse models and human subjects, which has
enabled the detection of labeled metabolites involved in pathways such as glycolysis, Krebs
cycle and anaplerotic pyruvate carboxylation, all of which are significantly altered in lung
tumors (Lane et al., 2008, Lane and Fan, 2007, Lane et al., 2011, Fan et al., 2009, Fan et al.,
2011, Bruntz et al., 2017, Fan et al., 2016, Higashi et al., 2014).

Two common metabolomics techniques used to analyze metabolites in lung cancer are mass
spectrometry (MS) and nuclear magnetic resonance (NMR, which are of complementary
value. The methods are described in detail elsewhere (Zhang et al., 2012a, Dunn et al., 2011,
Luetal., 2017), and are briefly discussed here. The techniques have been increasingly
popular to obtain metabolic information from normal and tumor cells and from blood, sweat,
urine and sputum samples (Emwas, 2015, Yu et al., 2017). While MS-based techniques offer
a higher sensitivity, higher selectivity and broader metabolome coverage in any given
sample, NMR-based techniques provide an easier method of sample preparation,
reproducibility and extensive structural information, especially in stable-isotope enrichment
measurements (Emwas, 2015, Lu et al., 2017). Typically, a combination of NMR and MS is
utilized to obtain detailed profiles of relevant metabolites.

MS techniques acquire spectral data in the form of mass-to-charge (/7/2) ratios and relative
intensities of the measured compounds(Stringer et al., 2016, Alonso et al., 2015). The
techniques allow for separation of metabolites with different chemical properties, which take
varying amounts of time (retention time) to pass through a chromatographic column. LC-MS
and GC-MS are two common techniques that are useful in detection of different types of
analytes and have been used together in recent lung cancer metabolomics studies (Chen et
al., 2015). In LC-MS, analytes undergo separation on a column, followed by ionization at an
ion source, separation by a mass detector and detection (Lu et al., 2017). The proper
selection of an ionization method is crucial to the detection of metabolites when using LC-
MS. Most LC-MS methods utilize electrospray ionization, which does not ionize metabolites
like cholesterol, for example. To overcome this, pressure and chemical ionization methods
must be used. GC-MS, on the other hand does not require ionization of compounds, but
instead relies on the use of a hot injection into the sample, followed by evaporation of
molecules. GC-MS can measure a wide spectrum of water soluble metabolites and can
measure volatile and low-molecular-weight metabolites that do not retain well on LC (Lu et
al., 2017, Halket et al., 2005). However, GC-MS is not useful for measurement of
thermolabile compounds such as ATP, NADPH or arginine due to possible decomposition
after the hot injection (Kaspar et al., 2008, Lu et al., 2017).

NMR techniques, on the other hand, rely on the ability of protons to resonate in a high
magnetic field. Samples are placed in a magnetic field and exposed to radiofrequency
radiation. Each compound absorbs and releases electromagnetic radiation when subjected to

Metabolomics. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bamji-Stocke et al.

Page 4

a high power short duration radio frequency, based on the location of its associated protons
(Stringer et al., 2016, James, 1998, Hornak). This leads to an NMR response, translated into
a peak with parts per million (ppm) units to differentiate the positions of different atoms or
chemical shifts (Stringer et al., 2016). This NMR response depends on the type of nucleus
(*H or 13C), the chemical environment of the nucleus, and the spatial location of the nucleus
in the magnetic field (Hornak, James, 1998). NMR can provide in-depth information on the
structure, dynamics, chemical environment and reaction state of the molecules within the
sample, which may be useful for studying the biology and determining therapeutic options
for cancer.

The most sensitive and commonly used NMR technique in lung cancer metabolomics is 1D
1H-NMR (Fan et al., 2009, Puchades-Carrasco et al., 2016, Zhang et al., 2016, Rocha et al.,
2015, Hao et al., 2016b, Deja et al., 2014).1D 1H-NMR has a small spectral width, with the
resonances of most detected metabolites crowded within a narrow chemical shift range.
Consequently, there is usually an overlap in the NMR resonances, leading to potentially
ambiguous NMR assignments for different metabolites (Emwas et al., 2013). The 1D-carbon
NMR spectroscopy offers the advantage of a wider spectral dispersion compared to the 1H-
NMR, but is less sensitive and suffers from the low natural abundance of 13C nuclei, which
negates its wide spectral width advantage (Emwas et al., 2013). The 2D-NMR offers a
solution to the issues of overlapping resonances and low sensitivity, and offers higher
resolution detection of metabolites than 1D-NMR (Lu et al., 2017). In metabolomics studies,
heteronuclear (*H-13C) 2D-NMR experiments have been used extensively, including
heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond
correlation (HMBC), both of which take advantage of the high resolution and spectral width
of the carbon for metabolite detection (Emwas, 2015, Emwas et al., 2013). Homonuclear
(*H-1H) 2D-NMR has also been widely employed for metabolomic analysis, including total
correlation spectroscopy (TOCSY), correlation spectroscopy (COSY) and diffusion ordered
spectroscopy (DOSY) (Emwas, 2015, Emwas et al., 2013). The disadvantage of 2D-NMR
compared to 1D-NMR is the requirement of a longer experimental time and extended period
of analysis due to acquisition of large datasets.

Metabolite alterations in cancer patients versus healthy individuals

The discovery of clinical biomarkers for early and specific detection of lung cancer has been
a major focus of metabolomics research. Towards this end, many studies have focused on
metabolite differences that can distinguish between healthy individuals and cancer patients
with high specificity and sensitivity, in particular, for samples collected from serum. In terms
of amino acids, Zhang et al. found that serum samples from lung cancer patients showed
increased glutamine levels compared to healthy individuals (Zhang et al., 2016). Glutamine
can be converted to glutamate, the deamination of which leads to the production of a-
ketoglutarate, a TCA cycle intermediate. Glutamine can also be converted to aspartate,
which forms oxaloacetate, malate and pyruvate through the TCA cycle. Thus, glutamine is
essential for cancer cell growth and proliferation (Zhang et al., 2016). In contrast, as
glutamine is involved in the synthesis of nucleotides and amino acids, Puchades-Carrasco et
al. found decreases in glutamine levels in sera from lung cancer patients (Puchades-Carrasco
et al., 2016). This difference in findings may be because the Zhang et al. study included only
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early stage (la and Ib) lung cancer patients, whereas the Puchades-Carrasco study included
patients at all stages (I-1V) of lung cancer (Puchades-Carrasco et al., 2016, Zhang et al.,
2016). This could indicate that as the disease progresses, the demand for glutamine increases
and lower levels are observed in the sera from lung cancer patients. Lung tumors are also
characterized by decreased serum levels of histidine and threonine, both of which are
utilized in the glycine/serine/threonine and pyrimidine pathways that are upregulated in lung
tumors (Puchades-Carrasco et al., 2016, Zhang et al., 2012b).

Alterations in serum levels of fatty acids and lipids between healthy individuals and lung
cancer patients have also been observed, as dysregulation in fatty acid and lipid metabolism
is very commonly observed in cancer (Table 1) (Reddy et al., 2016, Yeh et al., 2006, Hirsch
et al., 2010, Zhang and Du, 2012, Currie et al., 2013). Serum levels of choline are commonly
lowered in lung cancer patients as it is a precursor to membrane phospholipids, which are in
high demand in proliferating tumors (Puchades-Carrasco et al., 2016). Subsequent increases
in phosphatidylcholines, which are major components of cell membranes, are therefore
commonly seen in lung tumors (Musharraf et al., 2015, Li et al., 2014, Chen et al., 2015, Yu
etal., 2013, Guo et al., 2012, Dong et al., 2010). Lysophosphatidylcholines are membrane
lipids that also have a proinflammatory function and these are also upregulated in lung
cancer patients (Li et al., 2014). On the other hand, decreased levels of sphingosine, a
membrane sphingolipid necessary for proliferation and apoptosis through activation of the
sphingosine kinase pathway have been observed in lung cancer (Yu et al., 2013, Chen et al.,
2015). Additionally, decreases in unsaturated lipids, low density lipoproteins and very low
density lipoproteins have also been observed in sera from cancer patients, due to the
requirement of excess lipids for growth, proliferation, invasion and metastasis in tumors
(Zhang et al., 2016, Puchades-Carrasco et al., 2016). Other metabolite changes include
decreases in prasterone sulfate and 2,3,4, -trihydroxybutyric acid and an increase in a-
hydroxyisobutyric acid in cancer patients, both before and after surgical resection of the
tumor as compared to healthy individuals, indicating that these may be useful biomarkers for
lung cancer (Chen et al., 2015).

Differential metabolite presence has also been detected in urine and sputum samples of
cancer patients. In addition to the serum metabolites mentioned above, creatine riboside
(CR) and N-acetylneuraminic acid (NANA) are significantly higher in the urine of these
patients compared to healthy individuals (Mathe et al., 2014). Creatine riboside is a novel
compound, and is predicted to be a product of high creatine levels and high phosphate flux
within tumor cells (Mathe et al., 2014). NANA, is a sialic acid and plays a role in cell
signalling processes and in protecting malignant cells from host cellular defense systems
(Mathe et al., 2014, Schauer, 2004). High levels of hypersialylated structures are often
expressed on the surface of tumor cells, which enhance tumor progression by facilitating an
escape from apoptosis, metastatic formation and resistance to chemotherapy (Bull et al.,
2014). Evaluating sputum samples, both isobutyl decanoate and diethyl glutarate, which are
phospholipid fragments representing the products of lipid peroxidation in tumors, are
increased in lung cancer patients (Cameron et al., 2016). As urine and sputum samples are
relatively easy to collect, these metabolites could prove useful in early disease detection.
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Common metabolites identified in tissue and biofluid samples and their

usefulness as lung cancer biomarkers

Changes in metabolites that are similar in both resected tumors as well as biofluids from
cancer patients may be important to consider. Such metabolites could then be detected in
easy-to-collect biofluid samples and would serve as indicators of metabolic changes in the
tumor itself. Additionally, changes in metabolites that differ in biofluids such as serum
compared to tumor tissue are also useful. As normal tissue turns cancerous, the levels of
certain metabolites increase in the tumor tissue and these are released into the blood,
resulting in higher serum levels of the same metabolite. Conversely, certain metabolites
move from the blood into the lung tumor to promote cell growth and proliferation, leading to
decreased levels of these metabolites in the serum. Thus, metabolites that are common to
both tumors and biofluids may not only serve as biomarkers for early detection, but also as
indicators of disease progression. One of the most commonly upregulated metabolites in
both lung tissue samples and serum samples from lung cancer patients is lactate (Fan et al.,
2009, Kami et al., 2013, Rocha et al., 2015, Deja et al., 2014, Puchades-Carrasco et al.,
2016, Zhang et al., 2016). This is not surprising as a higher glucose uptake and its
subsequent conversion to lactate (the Warburg effect) is a common phenomenon observed in
several different types of tumors, including NSCLC tumors, which are known to be highly
glycolytic (Warburg, 1956, VVander Heiden et al., 2009). ATP is rapidly generated during
aerobic glycolysis and the carbon from glucose is diverted into production of precursors for
nucleotide, protein and lipid synthesis in lung tumor cells (Doherty and Cleveland, 2013).
As a result, glucose is preferentially converted to lactate, instead of being metabolized into
carbon dioxide through oxidative phosphorylation (Doherty and Cleveland, 2013). Research
has shown that the production of lactate is higher in more aggressive lung tumors (Alderton,
2016), indicating that aggressive tumors are more glycolytic. Lactate dehydrogenase (LDH)
catalyzes the conversion of pyruvate to lactate and vice versa and higher pre-treatment
abundance of LDH is associated with aggressive tumor outcomes and lower patient survival
(Xie et al., 2014, Hsieh et al., 2017). A specific subunit of LDH (LDH-A), is essential for
cancer-initiating cell survival and proliferation in both K-RAS and EGFR-driven mouse
models of NSCLC (Xie et al., 2014). The inactivation of LDH-A leads to decreased tumor
proliferation and disease regression (Xie et al., 2014). Both lactate and LDH are potential
biomarkers not just for detection, but also for determining the lung tumor stage. Increased
creatine/creatinine levels have been found in both lung tumor tissues as well as in serum and
urine samples from lung tumor patients (Fan et al., 2009, Rocha et al., 2015, Wikoff et al.,
2015a, Puchades-Carrasco et al., 2016, Zhang et al., 2016, Mathe et al., 2014).

Creatine under normal conditions is produced in vital organs such as the liver, kidneys and
pancreas and is transported to muscle tissues to provide energy. Increased creatine levels in
tumor tissues leads to an increase in ATP production, which is associated with the highly
energetic process of tumor growth and proliferation (Puchades-Carrasco et al., 2016).
Creatine riboside is elevated in urine samples from NSCLC patients, and is associated with
increased tumor size and poor prognosis, which makes it a potential biomarker (Mathe et al.,
2014, Haznadar et al., 2016). Creatinine, on the other hand, is a waste product produced as
cells utilize creatine, and is discarded from the body through the kidneys. Higher creatinine
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levels in the blood are an indicator of poor kidney function, which needs to be taken into
consideration before patients are treated with nephrotoxic chemotherapy. In addition,
glutamate is upregulated in lung tumor tissue as well as serum samples from lung tumor
patients (Fan et al., 2009, Rocha et al., 2015, Wikoff et al., 2015a, Puchades-Carrasco et al.,
2016, Zhang et al., 2016).

Glutamine, which is a non-essential amino acid involved in protein and lipid synthesis as
well as a source of energy in normal cells, is known to act as a major source of nitrogen for
synthesis of nucleotides and amino acids in conditions of hypermetabolism in tumor cells
(Zhou et al., 2012). The increase in glutamate in lung tumor cells is likely due to increased
hydrolysis of glutamine to produce glutamate and ammonia in the proliferative tumor
microenvironment. Further evidence is that many, but not all types of lung tumors are
glutamine dependent, leading to increased levels of glutamine seen in lung tumor tissues
(Fan et al., 2009) and a subsequent decrease in serum glutamine levels in lung tumor patients
(Deja et al., 2014, Puchades-Carrasco et al., 2016). The glutamine-dependency of certain
lung tumor cell lines were associated with glutaminase 1 levels, an enzyme involved in
glutamine metabolism (van den Heuvel et al., 2012). A study on liver and renal carcinoma
cells found that hypoxic tumor environments lead to an increase in the production of
hypoxia-inducible factors (HIFs), which in turn upregulates glutamate transporters and
facilitates glutamate release (Hu et al., 2014). The same study also noted that HIFs increase
the expression of glutamate receptors, which when bound by glutamate stimulates the
proliferation, migration, invasion and resistance to apoptosis in both liver and renal tumor
cells (Hu et al., 2014). Another possible explanation for increased glutamate levels may be
due to the large number of hypoxic cells found in lung tumor tissues, especially in advanced
stages. The upregulation of amino acids such as alanine/phenylalanine and leucine/
isoleucine is also commonly seen in lung tumor tissue as well as serum samples from lung
tumor patients and is also associated with the higher metabolic demands of tumor growth
and proliferation (Fan et al., 2009, Rocha et al., 2015, Wikoff et al., 2015a, Deja et al., 2014,
Puchades-Carrasco et al., 2016, Zhang et al., 2016).

In addition to metabolites that are upregulated in tumor samples, several metabolism-
associated substances are downregulated in lung tumors. The most common is decreased
glucose, associated with the accelerated rate of glycolysis of the Warburg Effect. This is true
in both lung tumor tissue and biofluid samples, with glucose levels being significantly lower
in lung tumor patients (Fan et al., 2009, Rocha et al., 2015, Deja et al., 2014, Zhang et al.,
2016, Wikoff et al., 2015a). Levels of several amino acids, especially histidine, are lower in
tumor cells, reflecting an increase in glycine/serine/threonine and pyrimidine metabolism in
tumor cells (Miyamoto et al., 2015, Miyagi et al., 2011). Several studies (Table 1) found
decreased histidine levels in lung cancer patients. This is true not only for lung tumor tissues
but also for serum, plasma and sweat samples, making it an attractive biomarker for the
detection of lung tumors (Wikoff et al., 2015a, Puchades-Carrasco et al., 2016, Miyamoto et
al., 2015, Delgado-Povedano et al., 2016).

Noteworthy is the fact that the metabolites discussed above that were differentially regulated
in lung tumor samples compared to controls, were also found in serum, plasma and sweat
samples. Metabolites that are found in both biofluids and tumor tissue, especially those
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which increase in concentration in the bloodstream, as a result of secretion from the tumor
or those that are taken up rapidly by the tumor from the blood may prove to be useful
indicators of the lung tumor type, stage and progression of the disease.

Metabolite alterations in tumor versus paired non-tumor lung tissues

To understand the specific cellular and tissue level biochemical changes that occur in cancer,
it is important to compare the metabolic changes between normal tissue and lung tumor
tissue. This allows for the analysis metabolism without having to account for differences in
genetic factors or environmental exposures, as the patient’s own non-cancerous lung tissue
acts as a control. Metabolites that are upregulated or downregulated in tumor tissue
compared to normal lung tissue are listed in Table 1. Lung cancer, like other cancers is also
characterized by accelerated glycolysis with transformation of glucose to lactate, an
increased activation of the pentose phosphate pathway, with increased production of
nucleotides, and differences in TCA cycle intermediates (Fan et al., 2009) (Table 1).

Increases in amino acid concentrations are commonly detected in lung tumor tissues (Fan et
al., 2009, Hori et al., 2011, Kami et al., 2013). Alterations in amino acids and thereby the
biosynthetic pathways that metabolize them are required for tumor growth and proliferation
(Tsun and Possemato, 2015). Increased levels of alanine are observed in most tumors,
including lung tumors, due to increased glycolysis. There is also an increased uptake of
valine, leucine and isoleucine by lung tumors as these are required to fuel the production of
Krebs cycle intermediates. Glutamine levels are usually found to be lower in tumor tissues,
such as colon and stomach cancer as a large amount of glutamine is metabolized in tumor
tissues (Hirayama et al., 2009). In contrast, Hori et al. found higher glutamine levels in lung
tumor tissue compared to normal tissue (Hori et al., 2011). As explanation is that glutamine
levels are usually higher in smokers and a large percentage of lung cancer patients in the
above study were chronic smokers (Vulimiri et al., 2009). Although levels of most amino
acids in lung tumors are found to be higher than in normal lung tissue, aspartate levels are
similar (Kami et al., 2013). The reason could be that aspartate is a precursor for nucleic
acids and several Krebs cycle intermediates, and is actively consumed in proliferating lung
tumor tissues (Kami et al., 2013).

Fatty acid metabolism is greatly altered in rapidly proliferating tumor cells as these acids are
required for biosynthesis of membrane lipids and signaling molecules (Currie et al., 2013).
To meet this increased requirement, tumors exhibit a shift towards de novo fatty acid
synthesis (Medes et al., 1953). This may explain the significant increases in the levels of
several fatty acids that have been observed in lung tumor tissues compared to non-tumor
tissue (Hori et al., 2011) (Table 1).

Metabolite alterations in different stages of lung cancers and their
usefulness as indicators of disease progression and overall survival

Metabolites that can predict the progression of lung cancer and could potentially be used as
biomarkers for overall patient survival have recently been identified in tumor tissues as well
as in biofluids from cancer patients. Several serum metabolites were found to be
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differentially expressed in early stage (stages I-11) versus advanced stage (stages I11-1V) lung
tumors (Table 1). Increases in the levels of lactic acid, benzoic acid and fumaric acid were
observed in advanced stage tumors, indicating their alteration during disease metastasis or
increased inflammation (Hori et al., 2011). Glycerol, which is the backbone of all lipids, is
also increased in sera from advanced-stage lung cancer patients, which is indicative of either
lipid breakdown or cell membrane rearrangement (Deja et al., 2014). On the other hand,
decreased levels of glyceric acid and L-glutamic acid were seen in advanced stage tumors,
suggesting that these metabolites may be transferred from the blood into the lung tissue and
then metabolized rapidly within the tissue (Hori et al., 2011). Early-stage patients were
characterized by increased lactate levels (Warburg effect) and increased levels of all ketone
bodies (2-hydroxybutyrate, 3-hydroxybutyrate, acetoacetate and acetone), which are
common hallmarks of cancer metabolism. This increase in lactate and decrease in glucose
concentration is more prominent in advanced-stage patients (Puchades-Carrasco et al.,
2016). Similarly, increases in serum leucine/isoleucine, N-acetyl-cysteine and glutamate
along with decreases in glutamine are seen in advanced stages of NSCLC compared to early
stages (Puchades-Carrasco et al., 2016). The continued increase in levels of N-acetyl
cysteine, involved in pathways that lead to the production of antioxidant species, are
upregulated with disease progression in NSCLC patients (Puchades-Carrasco et al., 2016).
These upregulated antioxidants are known to aid in lung cancer progression through the
suppression of the well-known tumor suppressor, p53 (Sayin et al., 2014). Glutamine has
been well-studied in NSCLC cells and glutaminolysis was found to be essential for tumor
growth, thereby explaining the decrease in glutamine levels in advanced stages of the disease
(van den Heuvel et al., 2012). Other metabolites that are increased in advanced stage lung
cancer include adipic acid and phenylalanine. High adipic acid concentrations in advanced
stages of lung cancer (Muntoni et al., 2009, Puchades-Carrasco et al., 2016) are observed
due to changes in lipid metabolism in tumor cells. Phenylalanine is a precursor for tyrosine
and neurotransmitter like dopamine, norepinephrine and epinephrine. High serum levels of
phenylalanine is due to the downregulation of genes involved in its metabolism within
NSCLC tumors (Long et al., 2015), suggesting a decrease in the ability of lung cancer cells
to metabolize this amino acid in late stages of the disease (Puchades-Carrasco et al., 2016).
A novel metabolite, N12-diacetylspermine, was found to be elevated in the serum of
suspected lung cancer patients 0 to 6 months before the diagnosis of the disease and could
serve as a good biomarker for early detection of lung tumors (Wikoff et al., 2015b).

Serum metabolites collected before, during and after chemotherapy are useful in predicting
disease progression and overall survival in lung cancer patients (Hao et al., 2016b, Hao et
al., 2016a). Elevated levels of metabolites such as hydroxylamine and octadecan-1-ol were
observed in patients with advanced stage disease, who did not survive chemotherapy (Hao et
al., 2016b, Hao et al., 2016a). On the other hand, amino acids glutamine, proline, valine,
threonine and tyramine were abundant in patients in early stages of the disease, who had
higher survival rates (Hao et al., 2016b, Hao et al., 2016a). Interestingly, metabolites such as
glycine, phosphoric acid, pyroglutamic acid and octadecenoic acid are associated with
advanced disease as well as higher survival and knowledge of these metabolites may prove
useful in determination of an effective line of treatment for stage I11-1V lung tumor patients
(Hao et al., 2016b, Hao et al., 2016a). In addition to serum metabolites, higher levels of
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urine metabolites such as NANA, cortisol sulfate, creatine riboside and 561+ have also been
associated with worse survival rates (Mathe et al., 2014). Creatine riboside was specifically
associated with poor prognosis in early stage (I-11) lung tumor patients (Mathe et al., 2014).
As mentioned earlier, creatine riboside and NANA can distinguish between lung cancer
patients and healthy individuals, but high levels of these are also associated with poor
survival. Thus, these are not only useful in early detection of the disease, but also in
predicting patient survival after chemotherapy (Mathe et al., 2014). The infusion of 13C
glucose in patients with early stage NSCLC allowed for the detection of enhanced pyruvate
carboxylase (PC) activity in the tumor tissue, indicating that PC-mediated anaplerosis is
essential for early stage NSCLC survival and growth (Sellers et al., 2015). Thus, high levels
of PC in tissue sample resected from lung tumor patients may be indicative of early stage
disease.

Metabolite alterations in different types of lung cancers

Recently, lung cancer metabolomics work has focused on identifying biomarkers that can
help to detect specific lung cancer types. Metabolites that can specifically distinguish
between stage | adenocarcinoma and normal lung tissue have been identified, as shown in
Table 1. A significant elevation in 5,6-dihydrouracil, which is produced by the oxidation of
the nucleotide uracil, was found to be the best discriminant of stage 1 adenocarcinoma
compared with non-malignant tissue (Wikoff et al., 2015a). The catabolism of uracil to 5,6-
dihydrouracil is catalyzed by the enzyme dihydropyrimidine dehydrogenase (DPD), the
activity and expression of which is known to be increased in lung tumor patients (Miyoshi et
al., 2005). Lowered levels of DPD are associated with higher survival in patients treated with
DPD inhibitor 5-fluorouracil (Shintani et al., 2011). Thus, the knowledge of the ratio of
uracil to 5,6-dihydrouracil levels and thereby DPD activity may help to identify patients that
may benefit from treatment with DPD inhibitors (Wikoff et al., 2015b, Miyoshi et al., 2005,
Shintani et al., 2011). In addition to alterations in nucleotide metabolism, the therapeutic
potential of purinergic signaling has been of interest (Schmid et al., 2015). The levels of
xanthine, a purine base have been found to be elevated in stage | adenocarcinomas (Wikoff
et al., 2015a). Moreover, the conversion of xanthine to uric acid, the concentration of which
is also elevated in adenocarcinoma, is mediated by xanthine oxidoreductase (XOR). Low
XOR levels have been associated with poor prognosis and shortened survival times in
NSCLC patients (Kim et al., 2011). Thus, levels of xanthine and uric acid could serve as
indicators of XOR activity and prove to be useful biomarkers for lung tumors. On the other
hand, metabolites ornithine and its product citrulline, involved in nitrogen disposal, were
both downregulated in adenocarcinomas. As ornithine is involved in proline synthesis
(Morris, 2004), the levels of proline were also higher in adenocarcinomas (Wikoff et al.,
2015a). This indicates that in adenocarcinomas, ornithine is shunted from citrulline
production and diverted to proline synthesis instead (Wikoff et al., 2015a) and levels of these
metabolites may be useful biomarkers for stage | disease.

Serum metabolites that can aid in distinguishing between different histological types of lung
tumors have been identified (Hori et al., 2011). A high percentage of patients in the
adenocarcinoma group were characterized by the presence of glycine, 2-hydroxyisovaleric
acid, methionine and phenylalanine; the squamous cell carcinoma group was typified by 3-
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hydroxybutyric acid and aconitic acid, and the small cell lung carcinoma group was
characterized by pyruvic acid, benzoic acid, octanoic acid, isovalerylglycine, 2-hexenedioic
acid and palmitoleic acid (Hori et al., 2011). The reason for the presence of these specific
metabolites is unclear. Squamous cell carcinoma tissues were found to have relatively higher
levels of ATP, GTP, adenosine phosphates, guanine phosphates and branched-chain amino
acids compared to non-tumor tissues (Kami et al., 2013). This effect was more pronounced
in squamous cell carcinoma compared to adenocarcinoma, pleomorphic carcinoma and large
cell carcinoma tissue (Kami et al., 2013). Thus, relatively higher levels of these nucleotides
and amino acids may prove useful in differentiating squamous cell carcinomas from other
NSCLC tumors. Changes in metabolites between adenocarcinomas and squamous cell
carcinomas have also been identified (Table 1) (Rocha et al., 2015). Adenocarcinomas were
characterized by alterations in phospholipid metabolism, including marked differences in
phosphocholine (PC), glycerophosphocholine (GPC) and phosphoethanolamine (PE)
compared with squamous cell carcinomas (Rocha et al., 2015). The production of PC occurs
through the phosphorylation of choline to PC by the enzyme choline kinase in the first step
of the phoshaptidylcholine synthesis, the major cell membrane phospholipid. Choline kinase
is known to be elevated in highly active tumors and has been proposed as a biomarker for
early-stage lung cancer (de Molina et al., 2002, de Molina et al., 2007). Phospholipid
breakdown is also associated with abnormal metabolism in tumors and proposed to be
involved in promoting malignant transformation through mitogenic signal transduction
(Rocha et al., 2015, Moestue et al., 2011). GPC is produced because of phosphatidylcholine
degradation and therefore the increases in PC, GPC and PE, likely indicate both catabolic
and anabolic processes, which are more prevalent in adenocarcinomas (Rocha et al., 2015).

Moreover, adenocarcinomas also showed significantly decreased acetate levels, which were
not observed in squamous cell carcinomas (Rocha et al., 2015). Acetate can be converted to
acetyl-CoA, which is the major driver of de novo lipid biosynthesis. Squamous cell
carcinomas, on the other hand were characterized by greater glycolytic and glutaminolytic
metabolic profiles when compared to adenocarcinomas (Rocha et al., 2015) (Table 1).
Increases in the levels of lactate and decreases in glucose, which are commonly seen in
cancer cells, were more pronounced in squamous cell carcinomas (Rocha et al., 2015). In
addition, glutamate and alanine levels were also increased in squamous cell carcinomas
compared to a much smaller glutamate increase and no increase in alanine in
adenocarcinomas (Rocha et al., 2015). The transamination of glutamate and pyruvate,
through the enzyme alanine transaminase, leads to the production of alanine and a-
ketoglutarate, thereby indicating a higher glutaminolytic activity in squamous cell
carcinomas (Rocha et al., 2015). Another important distinction between these histological
types was glutathione (GSH) levels, which were significantly increased in squamous cell,
but not in adenocarcinomas. High GSH levels and increased activity of GSH-related
enzymes have been observed in lung tumors and are associated with resistance to
chemotherapy and higher potential for metastasis (Blair et al., 1997, Ferruzzi et al., 2003,
Ilonen et al., 2009, Traverso et al., 2013). Creatine levels were increased in both squamous
cell and adenocarcinomas, but were significantly higher in squamous cell carcinomas
compared to adenocarcinomas (Rocha et al., 2015). Thus, targeting lipid metabolism
pathways may be useful for patients with adenocarcinomas whereas targeting of
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glutaminolytic pathways and glutathione metabolism may prove to be effective in treatment
of squamous cell carcinomas.

Recently, sputum metabolites that can help distinguish patients with non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCC) have been identified (O’Shea et al., 2016)
(Table 1). Glycine levels were found to be lower in NSCLC patients as compared to SCC
patients (O’Shea et al., 2016). A possible explanation for this is the increase in the enzyme,
glycine decarboxylase in NSCLC tumors, which degrades glycine (Zhang et al., 2012b).
Decreases in L-fucose were observed in NSCLC patients, which is a deoxyhexose that is N-
and O-linked to glycolipids and glycopeptides produced by mammalian cells (O’Shea et al.,
2016, Becker and Lowe, 2003). Fucose is a precursor to GDP-fucose production, which is
associated with transfer of fucose motifs on lipids and proteins. Thus, decreased L-fucose
levels in NSCLC patients may be due to an increase in fucosylation in these tumors. In
addition to glycine and fucose, fatty acids such as acetic acid, propionic acid and caprylic
acid were significantly decreased in sputum from NSCLC patients compared to SCC, likely
produced by lipid peroxidation (Wang et al., 2014, O’Shea et al., 2016).

Metabolite alterations in lung cancer versus other lung diseases

Patients diagnosed with lung cancer often exhibit the symptoms of chronic obstructive
pulmonary disease (COPD) (Yao and Rahman, 2009). It has been suggested that COPD
increases the risk of developing lung cancer (Potton et al., 2009, Wang et al., 2012).
Metabolites that can distinguish between patients with COPD and patients with lung cancer
have been recently identified (Table 1). Serum samples from patients with COPD were
compared with those from patients with NSCLC to identify metabolic biomarkers that could
differentiate between these different disease types (Deja et al., 2014). Decreased levels of
acetate, citrate and methanol were observed in serum from NSCLC patients as compared to
COPD patients (Deja et al., 2014). The decreased levels of citrate suggest that energetic
demands of lung tumor cells are higher than those in lung diseases with chronic
inflammation. Amino acids such as leucine and lysine were increased in NSCLC compared
to COPD and both are ketogenic amino acids. Interestingly, leucine shows opposite trends
with levels being higher in NSCLC patients and lower in COPD patients compared with
healthy individuals and may be a good candidate to distinguish between these two types of
lung diseases (Deja et al., 2014, Shingyoji et al., 2013, Miyagi et al., 2011, Ubhi et al., 2012,
Wang et al., 2013). The major differences between COPD patients and early-stage NSCLC
were associated with pathways related to protein biosynthesis, degradation of branched
chain amino acids and ketone body metabolism (Deja et al., 2014). Overall metabolite
expression was more similar in advanced stage NSCLC and COPD patients as compared to
early stage NSCLC patients, which may be due to similar levels of lung tissue degradation
and impairment (Deja et al., 2014). Elevated levels of ganglioside GM1 haves been observed
in patients diagnosed with other pulmonary diseases (asthma, pneumonia, chronic
obstructive pulmonary disorder, tuberculosis) compared to patients with lung cancer
(Cameron et al., 2016). GM1, like other gangliosides, is involved in cell-cell recognition,
cell-matrix attachment, cell growth and differentiation and is especially prominent in SCLC
cell lines and tissues. Thus, GM1 can be a marker used to differentiate between SCLC
patients and patients with other lung diseases (Cameron et al., 2016). Serum metabolites are
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also useful in discriminating between patients with benign pulmonary disease (BPD) and
patients with NSCLC (Puchades-Carrasco et al., 2016) (Table 1). A combination of five
metabolite markers, including glutamine, lactate, methanol, threonine and choline were
described as being useful in discriminating between healthy individuals, BPD patients and
NSCLC patients (Puchades-Carrasco et al., 2016). Of these, levels of threonine and choline
were similar in BPD patients and healthy individuals and relatively higher than levels in
NSCLC patients. This is because threonine is required for protein biosynthesis and choline
is needed for production of membrane phospholipids in NSCLC tumors. Levels of lactate
are usually higher in tumors and thus were found to be lower in BPD patients compared to
NSCLC patients (Puchades-Carrasco et al., 2016).

Metabolite alterations in lung cancer patients versus smokers/risk-factor

individuals

Cigarette smoke contains more than 70 established carcinogens, among which the most
important causative agents are polycyclic aromatic hydrocarbons (PAHs) and tobacco-
specific nitrosamines like 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (Yuan et
al., 2011). Urinary levels of the marker for PAH uptake, r-1,£2,3, c-4-tetrahydroxy-1,2,3,4-
tetrahydroxy phenanthrene (PheT) and metabolites of NNK such as 4-(methylnitosamino)-1-
(3-pyridyl)-1-butanol and cotinine, and their glucoronides, were significantly higher in
smokers who were subsequently diagnosed with lung cancer (Yuan et al., 2011). The levels
of these markers also increase with corresponding increases in the number of cigarettes
smoked per day (Yuan et al., 2011). Monitoring the levels of PheT and cotinine could
therefore enhance the ability of clinicians to predict the risk of developing lung cancer in
chronic smokers. In addition to these amrkers, a panel of metabolites was identified as
suitable for distinguishing sweat samples of lung tumor patients from smokers/risk-factor
individuals (Calderdn-Santiago et al., 2015). This panel included short chain dicarboxylic
acids such as nonanedioic acid and suberic acid which were downregulated in sweat from
patients with lung cancer compared to smokers (Calderén-Santiago et al., 2015). These
metabolites have also been observed in urine samples and identified as potential biomarkers
to distinguish between patients with benign versus malignant tumors (Kim et al., 1998). The
panel also included sugars such as trihexose, tetrahexose, which were upregulated in lung
cancer patients compared to smokers (Calderdn-Santiago et al., 2015). The presence of these
is associated with the activity of the enzyme amylase, which is known to be altered in tumor
tissues (Takeuchi et al., 1981). The levels of MG (22:2), a monoglyceride of an omega-6
fatty acid was also downregulated in lung cancer patients compared to smokers and is
involved in the metabolism of essential fatty acids (Calderdn-Santiago et al., 2015,
Simopoulos, 2002, Simopoulos, 2008). A follow-up study revealed an increase in urocanic
acid and muconic acid in cancer patients compared to smokers. Muconic acid has been
previously linked to benzene exposure, which in turn is linked to smoking habits
(Wiwanitkit et al., 2005) and cancer development (Snyder, 2012). Urocanic acid, produced
through the degradation of histidine, is known to protect the skin from UV damage (Tuna et
al., 2014) and modulates the production of immunosuppressive molecules from
keratinocytes, nerves and mast cells (Hart et al., 2002, Kaneko et al., 2008, Khalil et al.,
2001, Delgado-Povedano et al., 2016). Both urocanic acid and muconic acid were found to
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increase the specificity (from 80% to 96.9%) and sensitivity (from 79% to 83.8%) of lung
cancer detection compared to the previous study (Delgado-Povedano et al., 2016). Low
levels of bilirubin, an endogenous antioxidant, in male smokers was found to be associated
with an increased risk of lung cancer incidence and mortality (Wen et al., 2015). Moreover,
smoking cessation leads to increased bilirubin levels and is associated with lower risk of
lung cancer and cardiovascular diseases (O’Malley et al., 2014). Retinol was found to be
downregulated in patients who were current smokers as compared to non-smoker controls
and was also downregulated in cancer patients compared to controls, indicating that lower
levels of this metabolite in smokers may have increased their risk of developing lung cancer
(Pamungkas et al., 2016). Retinol or Vitamin A has been found to be effective against breast,
ovarian and prostate cancers in animal models, likely due to its ability to induce apoptosis
(Bushue and Wan, 2010).

Conclusions and Future Directions

The goal of metabolomics research is to identify markers that can help in distinguishing
between lung cancer and healthy patients, various lung cancer types and stages, and also aid
in tumor detection. Previously, a list of genomic biomarkers that may be useful in the
diagnosis of lung tumors was compiled (Hassanein et al., 2012). In this review, our aim was
to highlight potential metabolism-associated biomarkers that have been identified as either
upregulated or downregulated in lung cancer patients compared to healthy individuals,
individuals with other lung diseases and risk-factor individual//smokers. We also
summarized findings that identified metabolites which could be used to distinguish between
different tumor types, stages and predict progression of the disease and overall patient
survival.

Potential biomarkers belonging to glycolysis, Krebs cycle, amino acid and nucleotide
biosynthesis, and membrane lipid biosynthesis and degradation could help distinguish
between cancer patients and healthy individuals. Major alterations observed in cancerous
tissue compared to non-cancerous tissue were accelerated glycolysis, alterations in levels of
Krebs cycle intermediates, and activation of the pentose phosphate pathway. Increases in the
levels of amino acids and fatty acids were also a common theme in lung tumor tissues.
Metabolite changes may differ in magnitude or direction (upregulation or downregulation) in
early stage versus advanced stage lung tumors, and these could be useful in diagnosis of the
disease stage. Metabolic changes in biofluids can be easily tracked before, during and after
chemotherapy, which could be useful for tracking tumor progression. Knowledge of
metabolites that change specifically in different lung tumor types may not only aid in
clinical diagnosis, but also provide appropriate molecular targets for the development of new
anticancer drugs that could improve overall patient survival. Metabolites belonging to
pathways associated with higher energy demands and increased growth of tumor cells such
as amino acids, ketone bodies, lactate and methanol may help to distinguish lung tumors
from benign or chronic lung diseases. These metabolites may also prove to be indicative of
subsequent progression towards cancer in patients with lung diseases. Lastly, metabolites
that distinguish between smokers and individuals with lung cancer may help to determine
the risk associated with the development of cancer.
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The knowledge that cancer cells have a distinct metabolic phenotype along with advances in
specificity and sensitivity of techniques such as NMR and MS, have enabled the field of
metabolomics in oncology to gain momentum over the past decade. Yet several challenges
remain. Since metabolomics can vary greatly with age, sex, race, dietary habits, drugs and
other environmental factors, findings must be carefully evaluated and confounding effects
need to be disentangled. In addition to patient-related factors, it is necessary to consider
differences in experimental methods (MS versus NMR) as well as analytical methods for
determining metabolic biomarkers, when comparing the data obtained from various studies.

Identifying tumor-tissue specific metabolites can help in studying various metabolic
pathways affected in tumors and in developing effective treatment strategies. In particular,
metabolites detected in biofluids, which can distinguish between cancer patients, risk factor
individuals (smokers) and healthy individuals, could provide easy and cost-effective
methods for first-line diagnosis. Special consideration should be given to metabolites that
may be released by tumor cells and found in the sera of lung tumor patients (such as lactate)
or those that may be taken up by tumor cells from the blood (such as glutamine and low-
density lipoproteins). The use of biofluid metabolomics as an initial diagnostic tool would
provide a means of early detection along with being an indicator of the status of the tumor
itself. Substances such as lactate, creatinine/creatine, glutamate, alanine, leucine, glucose
and histidine identified in serum samples as well as in tumor tissues could be useful in the
development of a panel of potential metabolism-associated biomarkers, for detection and
effective treatment.

Future studies focusing on the magnitude and direction of changes in common metabolites
in tumor tissues and biofluids could help to identify metabolites specific to tumor stage with
high sensitivity and specificity. Observation of changes in biofluid metabolites in patients,
pre-therapy, during therapy and post-therapy could help to identify reliable markers for
assessment of treatment responses without recourse to biopsies or multiple radiographic
scans. Comparing metabolite profiles from different cancer types may also be useful in
detection of biomarkers that may be exclusive to lung cancer. As long as it is feasible,
studies should be conducted in a relatively consistent manner with comparable methods of
sample collection, metabolite detection and analysis, and data interpretation. Ideally, the
combination of genomic, proteomic, metabolomic and microbiome markers could provide
an optimal panel of information to effectively diagnose and successfully treat lung cancer
patients.
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Overview of types of lung cancer metabolite comparisons evaluated in this review.
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Metabolites in lung cancer (NA: Not applicable)
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Comparison

Upregulated M etabolites

Downregulated Metabolites

Metabolite
Analysis Technique
Used (Reference)

Tumor versus paired non-

tumor tissue from the
same patient

Lactate, alanine, citrate, glutamate, succinate,
ribosyl moiety of nucleotides, aspartate, leucine,
isoleucine, valine, oxidized glutathione,
glutamine, creatine, phosphocholine, taurine,
glycine, phenylalanine, tyrosine, myo-inositol,
a —and B — glucose

NA

1D -NMR, 2D - H
TOCSY, GC-MS
(Fan et al., 2009)

Lactic acid, propanoic acid, glycolic acid, L-
alanine, oxalic acid, 2-hydroxybutyric acid,
butanoic acid, ethanimidic acid, malonic acid,
L-valine, L-leucin, phosphoric acid, L-
isoleucine, L-proline, succinic acid, glycine,
pyrimidine, fumaric acid, uracil, L-serine,
aminomalonic acid, L-threonine, malic acid,
aspartic acid, methionine, 5-oxoproline, L-
cysteine, thiodiglycolic acid, 2-hydroxyglutaric
acid, L-glutamic acid, L-phenylalanine, 4-
hydroxyphenylaceticacid, N-acetylaspartic acid,
D-ribose, a-aminoadipic acid, L-glutamine, 9H-
purine, DL-ornithine, 4-hydroxyphenyllactic
acid, L-tyrosine, D-gluconic acid, Stearic acid,
L-tryptophan, Inosine, Adenosine, guanine

Lauric acid, myristic acid

GC/MS (Hori et al.,
2011)

All 19 amino acids, ATP, GTP, other adenosine
and guanine phosphates, malate, fumarate,
succinate, lactate, fructose 1,6-bisphosphate,
pyruvate

Phosphorylated TCA enzymes:
phosphofructokinase, glyceraldehyde 3-
phosphate dehydrogenase, phosphoglycerate
kinase-1 and pyruvate kinase, pyruvate
dehydrogenase

Adenylate and guanylate charges,
fructose 6-phosphate,
phosphoenolpyruvate

CE - TOFMS,
NanoLC - MS/MS
(Kami et al., 2013)

Lung cancer patients

versus healthy individuals

Lactic acid, 2-hydroxyisobutyric acid, L-
glycine, sarcosine, 3-hydroxybutyric acid, 2-
hydroxyisovaleric acid, malonic acid, benzoic
acid, octanoic acid, L-proline, fumaric acid, L-
threonine, malic acid, 2- hexenedioic acid, 4-
hydroxyproline, 2-propyl-glutaric acid, aconitic
acid, uric acid

Glycerol, phosphoric acid, glyceric
acid, aspartic acid, 5-oxoproline, L-
glutamic acid, lauric acid

GC/MS (Hori et al.,
2011)

Serine, Proline, Isoleucine, Ornithine

Asparagine, glutamine, citrulline,
methionine, leucine, histidine,
tryptophan

HPLC-ESI-MS
(Miyagi et al., 2011)

Lysophosphatidylcholines (LPC) — (18:1, 20:4,
20:3, 22:6)
Sphingomyelins (SM) — SM (16:0/1)

Oleamide

DI-ESI (+)-FTICR
MS (Guo et al.,
2012)

Fatty acid amides (C20:1, C20:0, C22:2, C24:1,
C22:1), lysophosphatidylcholines (LPC 16:0,
16:0 isomer, 18:0, 18:2, 20:4, 20:5, 22:3, C16:1,
C20:3), diradylglycerolipids (DG 38:8),
sphingomyelins (SM d18:1/14:0),

1-arachidonyl glycerol, choline,
carnitine (8:1, 10:1), palmitic acid,
stearic acid, oleic acid, linoleic acid,
arachidonic acid, palmitoleic acid

UPLC/Q-TOF MS
(Lietal., 2014)

Creatinine riboside, n-acetylneuraminic acid, NA QTOF-MS (Mathe
cortisol sulfate, 561+ etal., 2014)
Lactic acid, phosphoric acid, benzoic acid, 1-propene GC-MS (Musharraf

naphthalene, d-glucose, altrose, palmitic acid, etal., 2015)

octadecanoic acid, stearic acid, cholesterol

Maltose, ethanolamine, glycerol, palmitic acid, Tryptophan, lysine, histidine, GC-TOF MS

lactic acid glutamic acid (Miyamoto et al.,
2015)
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Comparison Upregulated M etabolites Downregulated Metabolites Metabolite
Analysis Technique
Used (Reference)
Glycerophospho-N-arachidonoyl ethanolamine, Sphingosine, prasterone sulfate, LC-Q-TOF-MS,

phoshorylcholine, T-linolenic acid, 9,12-
octadecadienoic acid, oleic acid, a-
hydroxyisobutyric acid

serine, 2,3,4-trihydroxybutyric acid

GC-MS (Chen et al.,
2015)

Leucine, isoleucine, acetate, n-acetyl-cysteine,
glutamate, methanol, glycerol, creatinine,
lactate

HDL, LDL, VLDL, adipic acid,
lipids (CH,-C=C and CH=CH),
glutamine, choline, threonine,
histidine

1H-NMR
(Puchades-Carrasco
etal., 2016)

B-hydroxybutyrate, acetoacetate, lactate,
glutamate, glutamine, tyrosine, histidine,
aspartate, asparagine, cysteine, isoleucine,
leucine

LDL, VLDL, unsaturated lipids, a-
glucose, B-glucose, choline,
phosphocholine,
glycerophosphocholine, betaine,
TMAO, methionine, tryptophan

1H-NMR (Zhang et
al., 2016)

Bisphenol A Retinol, L-proline LC-MS (Pamungkas
etal., 2016)
Putrescine/isobutyl decanoate, 189.09, diethyl Phosphatidylcholine (PC 18:0/18:1 FIE-MS, GC-MS
glutarate, cysteamine, hexanal, cysteic acid, and 16:0/14:1), heptanoic acid, 3- (Cameron et al.,
hydroxypyruvic acid methoxy-4-hydroxyphenylglycol 2016)

glucuronide, aminopropylcadaverine,
palmitaldehyde, 5-carboxy-gamma-
chromanol

Stage | adenocarcinoma
versus normal lung tissue

5,6-dihydrouracil, xanthine, 5"-Deoxy-5’-
methylthioadenosine, adenine-5-
monophosphate, cysteine, glutamate, 4-
hydroxybutyric acid, ribitol, fucose + rhamnose,
arabidose, alpha-tocopherol, uridine
diphosphate N-acetylglucosamine, uric acid

Citrulline, ornithine, lysine,
spermidine, 1-monostearin, caprylic
acid, glucose

GC-TOF (Wikoff et
al., 2015)

Squamous cell
carcinomas versus
adenocarcinomas

Creatinine, glutathione

Myo-inositol, phosphatidylcholine,
phosphoethanolamine, taurine

1H-NMR, HRMAS-
NMR (Rocha et al.,
2015)

Pyruvate, lactate, valine, proline, isoleucine,
histidine, 2-aminobutyrate, leucine and
alloisoleucine

2-oxoisocaproate, 4-hydroxybutyrate,
lysine, arginine, dimethylamine,
isobutyrate, 3-hydroxybutyrate,
acetate, asparagine, phenylalanine

IH-NMR, GC-MS
(Hao et al., 2016)

Small cell lung
carcinomas versus non-
small cell lung
carcinomas

Phenylacetic acid, L-fucose, caprylic acid,
acetic cid, propionic acid and glycine

NA

FIE-MS (O’Shea et
al., 2016)

Early stage (I-11) lung
carcinomas versus
healthy individuals

Lactic acid, 2-hydroxybutyric acid, 3-
hydroxybutyric acid, benzoic acid, octanoic
acid, L-proline, fumaric acid, malic acid,
aconitic acid, uric acid

Glyceric acid, aspartic acid, lauric
acid

GC/MS (Hori et al.,
2011)

Advanced stage lung
cancer (I11-1V) versus
healthy individuals

Lactic acid, 2-hydroxybutyric acid, L-glycine,
sarcosine, 2-hydroxyisovaleric acid, malonic
acid, benzoic acid, octanoic acid, fumaric acid,
malic acid, 2-hexenedioic acid, 2-propyl-
glutaric acid, 4-hydroxyphenyllactic acid

Glyceric acid, 5-oxoproline, L-
glutamic acid, indol-3-acetic acid

GC/MS (Hori etal.,
2011)

Advanced stage (l11-1V)

Creatinine, N-acetylated glycoproteins (NAC1,

Isoleucine, acetoacetate, lipid L8,

1H-NMR (Deja et

versus Early stage (I-11) NAC?2), glycerol creatinine, acetone, valine, al., 2014)

NSCLC carcinomas isobutyrate, lactate

Advanced Stage non- Leucine/isoleucine, lysine, N-acetyl-cysteine, 3-hydroxybutyrate, adipic acid, IH-NMR

small cell carcinoma glutamate, citrate, valine, glycerol, creatine, H glutamine, glucose, lipids (CH,- (Puchades-Carrasco
versus early stage non- a/B amino acids, lactate, phenylalanine C=C) etal., 2016)

small cell carcinoma

Patients with non-small
cell lung carcinoma
versus patients with
chronic obstructive
pulmonary disease

N-acetylated glycoproteins 1 (NAC1), NAC2,
leucine, lysine, mannose, choline, lipid
(L3+L4), lipid (L6), isoleucine, valine, 3-
hydroxybutyrate, acetoacetate, isobutyrate, a-
glucose, glycine, glycerol

Acetate, citrate, methanol,
trimethylamine

IH-NMR (Deja et
al., 2014)
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Comparison

Upregulated M etabolites

Downregulated Metabolites

Metabolite
Analysis Technique
Used (Reference)

Patients with non-small
cell lung carcinoma
versus patients with
benign pulmonary disease

Very high density lipoproteins, low density
lipoproteins, adipic acid, lipids (CH,-C=C,
CH=CH-CH,-CH=CH and CH=CH), N-acetyl-
cysteine, glutamine, choline, proline, methanol,
creatinine, myo-inositol, threonine

Leucine/isoleucine, acetate,
glutamate, creatine, lactate, glucose

H-NMR
(Puchades-Carrasco
etal., 2016)

Lung cancer patients
versus smokers/risk-
factor individuals

Trihexose, tetrahexose, urocanic acid, muconic
acid

Suberic acid, nonanedioic acid, MG
(22:2)

LC-QTOF MS/MS
(Calderon-Santiago
etal., 2015)
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