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Abstract

Background Oral cancer is one of the most frequently occurring cancers. Metabolic reprogramming is an important hallmark
of cancer. Metabolomics characterizes all the small molecules in a biological sample, and a complete set of small molecules
in such sample is referred as metabolome. Nuclear magnetic resonance spectroscopy and mass spectrometry are two widely
used techniques in metabolomics studies. Increasing evidence demonstrates that metabolomics techniques can be used to
explore the metabolic signatures in oral cancer. Elucidation of metabolic alterations in oral cancer is also important for the
understanding of its pathological mechanisms.

Aim of review In this paper, we summarize the latest progress of metabolomics study in oral cancer and provide the sug-
gestions for the future studies.

Key scientific concepts of review The metabolomics studies in saliva, serum, and tumor tissues revealed the existence of
metabolic signatures in bio-fluids and tissues of oral cancer, and several tumor-specific metabolites identified in individual
study could discriminate oral cancer from healthy controls or precancerous lesions, which are potential biomarkers for the
screening or early diagnosis of oral cancer. Metabolomics study of oral cancers in the future should aim to establish a rou-
tine procedure with high sensitivity, profile intracellular metabolites to find out the metabolic characteristics of tumor cells,
and investigate the mechanism behind metabolomic alterations and the metabolic response of cancer cells to chemotherapy.

Keywords Oral cancer - Oral squamous cell carcinoma - Metabolomics - Metabolome - Metabolites

1 Introduction hallmark of cancer (Yu et al. 2017). Cancer cells are more
likely to use glycolysis, even when sufficient oxygen is avail-
able. This phenomenon is known as aerobic glycolysis or

the Warburg effect (Warburg 1956; Yu et al. 2017), which

Oral cancer, a type of head and neck cancer, is the sixth
most common cancer in the world, and over 90% of them

are oral squamous cell carcinoma (OSCC) (Rai et al. 2018).
Several oral lesions, such as lichen planus, leukoplakia,
erythroplakia, and oral sub-mucous fibrosis are considered
as oral potentially malignant disorders (Chen and Zhao
2017). The pathological mechanisms of oral cancer are
not well understood, and thus the early diagnosis is critical
for the improvement of patient’s survival rates. Metabolic
reprogramming has been demonstrated to be an important
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promotes tumorigenesis and cancer progression. In addition
to the Warburg effect, cancer undergoes complex metabolic
changes, including metabolic reprogramming of lipids and
amino acids, such as glutaminolysis (Yang et al. 2017; Naka-
gawa et al. 2018; Sun et al. 2018). Whether oral cancer has
special metabolic characteristics has not been well studied.
Elucidation of metabolic alterations in oral cancer is of great
importance for identifying novel biomarkers and understand-
ing the development and progression of oral cancer.
Metabolomics aims to characterize all the small mol-
ecules in a sample, and a complete set of small molecule
chemicals found within a such biological sample is referred
as metabolome (Nicholson and Lindon 2008). Nuclear mag-
netic resonance (NMR) spectroscopy and mass spectrom-
etry (MS) are two common analytical techniques used for
metabolomics (Markley et al. 2017; Rai et al. 2018). Nuclear
magnetic resonance detects hydrogen atoms in metabolites
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of a biological sample, and all hydrogen-containing mole-
cules will produce an 'H NMR spectrum. The preparation of
NMR samples is simple, and some bio-fluids, such as serum,
may require no preparation (Bag et al. 2015; Gupta et al.
2015). Plasma containing proteins and lipids that interfere
with NMR spectral quality can be treated with methanol to
remove lipoproteins (Markley et al. 2017). Nuclear magnetic
resonance provides excellent analytical precision in identifi-
cation of cancer metabolomic signature. Mass spectrometry
is an analytical technique that ionizes chemical species and
sorts the ions based on their mass to charge ratio, producing
a mass spectrum. Mass spectrometry is usually coupled with
chromatography and other separation techniques to improve
its mass-resolving and mass-determining capabilities (Ye
et al. 2014; Ohshima et al. 2017). Increasing evidence has
demonstrated that metabolomics techniques can be used to
explore the metabolic signatures in bio-fluids and tissues
of oral cancer (Table 1) (Shin et al. 2016; Rai et al. 2018).
In the current paper, PubMed search engine and various
combinations of keywords such as oral, cancer (tumor),
metabolomics (metabolomic), and HNSCC were used for
literature retrieval. A total of 78 articles were obtained, of
which 22 were used for preparation of the review after omit-
ting reviews and repetitive articles. We summarize the latest
progress of metabolomics study in oral cancer and propose
the suggestions for the future studies.

2 Salivary metabolome of oral cancer

Saliva is an informative biological fluid and saliva-based
diagnostics has been widely used in clinical practice (Yakob
et al. 2014). Metabolomics of saliva, the measurement of
all metabolites in saliva, has become a new powerful tool
to characterize the association between salivary metabo-
lites and the diseases, particularly cancer (Shankar et al.
2014; Mikkonen et al. 2016). When saliva collected from
oral cancers and other cancers was analyzed using capil-
lary electrophoresis and time-of-flight mass spectrometry
(CE-TOF-MS), the 57 principal metabolites were identified
to be associated with these cancers (Sugimoto et al. 2010),
suggesting that cancer-specific signatures are embedded
in saliva metabolites. Twenty-eight differential metabo-
lites, such as pyrroline hydroxycarboxylic acid, choline,
and amino acids, were revealed between oral cancers and
healthy controls (Sugimoto et al. 2010). Compared to con-
trols the significantly higher level of salivary polyamines
was detected in patients with oral cancer, and taurine and
piperidine were identified to be oral cancer-specific metabo-
lites that provide promising markers for oral cancer screen-
ing (Sugimoto et al. 2010). Up-regulation of polyamine has
been found to increase cell proliferation, decrease apop-
tosis, and promote tumor invasion and metastasis (Gerner
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and Meyskens 2004). For example, putrescine was used to
monitor the effect of chemotherapy on oral cancer (Okamura
et al. 2007). In another study the metabolome of saliva from
OSCC patients was analyzed, and a total of 25 discriminant
metabolites, including seven metabolites detected in the pre-
vious study (Sugimoto et al. 2010), were identified between
OSCC and healthy controls (Table 1) (Ohshima et al. 2017).

2.1 Metabolic stratification of oral epithelial lesions

Saliva metabolomics was applied for the early diagnosis
and monitoring of OSCC (Wang et al. 2014b, c). Metabo-
lomics analysis of saliva revealed a higher level of choline,
betaine, and pipecolinic acid, and a lower level of L-carni-
tine in OSCC (Wang et al. 2014c). Concentrations of these
metabolites can distinguish OSCC I-II from healthy controls,
suggesting that salivary biomarkers are valuable for OSCC
early diagnosis (Wang et al. 2014c). The researchers in the
same group further modified the experimental procedure
to overcome the limitations of a single chromatographic
method due to different polarity of metabolites and identi-
fied 14 potential discriminant metabolites in the saliva of
OSCC patients (Table 1) (Wang et al. 2014b). Combina-
tion of 5 salivary metabolites, propionylcholine, N-acetyl-
L-phenylalanine, sphinganine, phytosphingosine, and S-car-
boxymethyl-L-cysteine can precisely distinguish early stage
of OSCC from the controls (Wang et al. 2014b). The results
are exciting, but more studies are needed to validate them.

Salivary metabolomics was explored as a diagnostic and
stratification tool for oral cancer. In an early study, saliva
from OSCC and precancerous lesions oral lichen planus
(OLP) and oral leukoplakia (OLK) was analyzed with
HPLC-MS. The diagnostic models established based on
metabolic profiles could precisely diagnose and discriminate
OSCC, OLP, and OLK (Yan et al. 2008). Salivary metabo-
lites in OSCC, OLK and controls were profiled in another
similar study, and each group had characteristic salivary
metabolic signatures (Wei et al. 2011). A total of 41, 61,
and 27 discriminant metabolites were identified between
OSCC and control, OSCC and OLK, and OLK and con-
trol, respectively. The five most discriminant metabolites
are y-aminobutyric acid, phenylalanine, valine, n-eicosanoic
acid, and lactate (Wei et al. 2011). The potential of these
metabolites in detection of OSCC was evaluated, and a com-
bination of valine, lactate, and phenylalanine was found to
be a powerful predictive marker in distinguishing OSCC
from the controls or OLK, suggesting a supplementary role
of salivary metabolome diagnostics in the clinical detection
of OSCC and stratification of the different oral epithelial
lesions (Wei et al. 2011).

In order to explore the application of salivary metabolite
biomarkers in oral cancer screening, the hydrophilic metabo-
lites in saliva and tumor tissues of patients with oral cancer
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were analyzed by CE-TOF-MS (Ishikawa et al. 2016). In
total, 85 metabolites in tumor and 45 metabolites in saliva
were identified to be significantly different between oral can-
cer and controls, and 17 metabolites among them shared a
similar tendency in both saliva and tissue. Of 17 metabolites,
the combination of S-adenosylmethionine and pipecolate can
discriminate oral cancers from controls. Results suggest that
integrating metabolomics of saliva and tumor tissue is useful
for the identification of salivary metabolite biomarkers for
non-invasive oral cancer screening (Ishikawa et al. 2016).

2.2 Factors impacting metabolomic profiles
of saliva

Although several studies revealed the existence of salivary
metabolic signatures of oral cancer, it is still hard to get
a set of common salivary metabolite biomarkers for the
OSCC screening or diagnosis. Multiple factors may affect
metabolomic profiles, including biological and technical
aspects. The differences of salivary metabolome between
male and female, stimulated and unstimulated, and smok-
ing status were observed (Takeda et al. 2009). Almost all
metabolites are higher in the unstimulated saliva than in the
stimulated saliva (Takeda et al. 2009). Smokers had higher
concentrations of citrate, lactate, pyruvate, and sucrose and
lower level of formate than non-smokers. Concentrations
of several metabolites such as acetate, formate, glycine and
lactate in male saliva were significantly higher than those
in female saliva (Takeda et al. 2009). Diurnal variation
was also observed in salivary metabolomic profiles (Cooke
et al. 2003; Kawanishi et al. 2018). Putrescine was the most
abundant amine studied, followed by cadaverine and indole
(Cooke et al. 2003). When people first woke up, the con-
centration of amines was found to be the highest, dropping
rapidly after breakfast and brushing their teeth (Cooke et al.
2003). These metabolites were known as oral malodour
(Goldberg et al. 1994) and may be affected by age. Salivary
amino acids showed age-dependent changes (Tanaka et al.
2010). Glycine was the most abundant amino acid in saliva.
Glycine and lysine levels increased significantly with age,
but not with gender differences (Tanaka et al. 2010). There-
fore, these factors must be fully taken into account when
interpreting the results of salivary metabolome (Sugimoto
et al. 2010).

The stability of metabolites in saliva may depend on the
characteristics of metabolites, the time and temperature of
sample storage, and the processing conditions of samples.
For example, the time point at which saliva is collected after
meals affects the level of salivary metabolites, and the 12 h
fasting time point after dinner is the best (Ishikawa et al.
2017). Some metabolites, such as choline, betaine, pipeco-
linic acid and L-carnitine, are relatively stable in saliva at
room temperature for 24 h or at least one month at — 35 °C

(Wang et al. 2014c¢). The effect of saliva storage at — 18 °C
on polyamines and amino acids was the smallest (Tomita
et al. 2018). Polyamines were more stable than amino acids
at a higher temperature, and addition of ethanol significantly
stabilized polyamine (Tomita et al. 2018). The charged
metabolites in plasma showed better stability than those in
serum (Hirayama et al. 2015). Understanding the stability of
metabolites under various saliva storage conditions is help-
ful to establish a protocol for the clinical usage.

In addition to biological aspects, there is also a need
for improvement in detection methods. It is necessary to
establish a standard protocol by taking the advantages of
various techniques or pay attention to other new methods
(Yuvaraj et al. 2014). Moreover, the source and mechanism
of tumor-related metabolites in saliva need further study. It
is not clear how oral and even distant cancers release their
metabolites into saliva (Wang et al. 2017). It is possible to
release exosomes through cancer cells (Lau et al. 2013).

2.3 Salivary metabolomics in other cancers
or periodontal diseases

Not only salivary metabolomics of oral cancer has been
studied. In addition, the metabolite profiles of saliva in other
cancers or diseases were analyzed (Takayama et al. 2016;
Zhong et al. 2016). Sugimoto et al. conducted a comprehen-
sive metabolite analysis of saliva samples from patients with
oral cancer, pancreatic cancer, breast cancer and periodontal
disease, and identified 57 metabolites that were significantly
different between patients and healthy controls, including 28
metabolites for oral cancer, 28 for breast cancer and 48 for
pancreatic cancer (Table 1) (Sugimoto et al. 2010). Although
salivary metabolites contain cancer-specific characteristics,
some of them in the three cancers are overlapping. For
example, ornithine and putrescine levels in breast cancer or
pancreatic cancer patients were higher than those in healthy
controls. However, the levels of these metabolites in oral
cancer patients were markedly higher than those in healthy
controls, suggesting that polyamines in saliva were affected
by cancer types (Sugimoto et al. 2010). The spermine and
acetyl-spermidine in saliva of the patients with breast can-
cer (Takayama et al. 2016) or pancreatic cancer (Asai et al.
2018) were significantly different from those in healthy con-
trols. Since changes in polyamines have been observed in
many types of cancer, the specificity of these changes in oral
cancer needs to be verified.

Salivary metabolomics is used not only in the diagnosis
of oral cancer, but also in periodontal diseases (Mikkonen
et al. 2016; Sakanaka et al. 2017; Romano et al. 2018). Sali-
vary metabolites cadaverine and hydrocinnamate were asso-
ciated with periodontal inflamed surface area (PISA), which
is an indicator of periodontal inflammation, while uric acid
and ethanolamine were associated with the decline of PISA
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(Sakanaka et al. 2017). In another study, a combination of
cadaverine, 5-oxoproline, and histidine in saliva was found
to have satisfactory accuracy in the diagnosis of periodon-
titis (Kuboniwa et al. 2016). Compared with healthy peri-
odontal individuals, the salivary levels of pyruvate, N-acetyl
groups and lactate in patients with generalized chronic peri-
odontitis and generalized aggressive periodontitis (GAgP)
were significantly lower, while the levels of proline, phenyla-
lanine, and tyrosine were significantly higher (Romano et al.
2018). We note that some metabolites such as cadaverine,
histidine, and phenylalanine are associated with oral cancer
and periodontitis (Sugimoto et al. 2010; Kuboniwa et al.
2016; Sakanaka et al. 2017; Romano et al. 2018), and their
importance in oral cancer needs to be carefully evaluated.

3 Serum metabolome of oral cancer

Serum metabolome assay of oral cancer is another applica-
tion of metabolomics. In an early study when blood samples
from oral cancer patients were analyzed using 'H NMR-
based metabolomics, a distinct signature of altered energy
metabolism was observed, which presents as accumulation
of ketone bodies, suppression of tricarboxylic acid (TCA)
cycle, and abnormal amino acid catabolism (Tiziani et al.
2009). The metabolic profile alteration occurs in early stage
of oral cancer and distinguishes from the finding in the con-
trols, suggesting existence of a systemic metabolic response
to cancer and a potential value for early diagnosis (Tiziani
et al. 2009). In another study, 'H and '*C NMR was used to
analyze OSCC serum, and down-regulation of choline was
detected in OSCC, with concomitant up-regulation of its
break-down product of trimethylamine N-oxide (Bag et al.
2015). Plasma metabolite profiles also revealed that phos-
pholipid metabolism plays a critical role in the oncogenesis
of esophageal squamous cell carcinoma (Liu et al. 2013).
Malonate was found to be up-regulated, suggesting the exist-
ence of an alternative glucose metabolism pathway (Bag
et al. 2015).

The serum metabolomics was used to discriminate
OSCC, oral potentially malignant disorder, and healthy
controls (Zhou et al. 2009; Gupta et al. 2015). It was found
that four metabolites, glutamine, propionate, acetone, and
choline, were able to accurately distinguish oral cancer from
healthy controls, and a combination of glutamine, acetone,
acetate, and choline were able to precisely distinguish OLK
from OSCC (Gupta et al. 2015). The results demonstrated
that serum metabolite signature exists in oral cancer, and
even in OLK stage. In order to explore time-dependent meta-
bolic changes during the oral carcinogenesis, the lesions of
OLK and OSCC were induced in Sprague—Dawley rats by
the administration of 4-nitroquinoline-1-oxide and NMR-
based blood plasma metabolome was analyzed (Kong et al.
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2015). Up-regulation of lactate, choline and glucose and
down-regulation of proline, valine, isoleucine, aspartate
and 2-hydroxybutyric acid may contribute to the oral cancer
development, suggesting that plasma metabolites are poten-
tial metabolic biomarkers for oral carcinogenesis, which are
probably applied in the early diagnosis and prevention of
oral cancer (Kong et al. 2015).

When the metabolomic changes of serum and tissue sam-
ples of head and neck squamous cell carcinoma (HNSCC)
patients were comparatively analyzed using GC-MS, it
was found that the serum levels of several amino acids
were down-regulated in HNSCC patients, and levels of a
few of metabolites involved in the glycolytic pathway were
up-regulated (Yonezawa et al. 2013). In contrast to sera,
levels of some amino acids, such as valine, tyrosine, ser-
ine and methionine, were increased and the levels of many
glycolysis-related metabolites were decreased in tumor
tissues of HNSCC compared with non-tumorous tissues
(Yonezawa et al. 2013). The different directional changes of
certain metabolites in cancer tissue and serum may not be
an inconsistency. The metabolite increased in cancer tissue
but decreased in serum, which may indicate an increased
uptake of that metabolite in cancer. This needs to be verified.

As discussed above, serum metabolomics was also
applied to the other cancers or diseases. For example, tau-
rine, glutamate and ethylmalonic acid in serum were iden-
tified as important metabolites for detecting human breast
cancer (Wang et al. 2018). Compared with healthy con-
trols, serum urea and allo-inositol levels in GAgP patients
increased significantly, while the levels of glutathione,
2,5-dihydroxybenzaldehyde, adipic acid and 2-deoxy-
guanosine decreased (Chen et al. 2018). Although these
metabolites are not consistent with those in the serum of
oral cancer patients, some of them, such as taurine and glu-
tamate, increase in saliva (Sugimoto et al. 2010; Ohshima
et al. 2017) or tumor tissue (Somashekar et al. 2011) of oral
cancer patients. Therefore, the source, mechanism and speci-
ficity of serum cancer-related metabolites in patients with
oral cancer need further study.

4 Metabolomics study of oral cancer tissues
and cells

Metabolomics study of oral cancer or HNSCC is valuable
for the understanding of the pathophysiological processes
and underlying mechanisms of these cancers. In early stud-
ies of metabolomics, certain amino acids, glutathione, and
polyamine were found more likely to be detected in HNSCC
than in normal tissues (Mukherji et al. 1997), and taurine,
choline, glutamate, lactate, and lipid were found to have
diagnostic potential (El-Sayed et al. 2002). When metabolic
profiles of matched HNSCC, adjacent normal tissues, and
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associated lymph-node metastatic tissues were explored,
both primary and metastatic HNSCC tissues were found
to have the increased levels of amino acids, choline-con-
taining compounds, creatine, taurine, and glutathione, and
decreased levels of triglycerides (Somashekar et al. 2011).
Metabolomics study in OSCC supported the findings above
(Srivastava et al. 2011). A recent study revealed an enhance-
ment of glucose and glutamine consumption in OSCC tis-
sues (Table 1) (Ogawa et al. 2014). Glutamate is the highest
prominent amino acid in OSCC tissues, whereas the most
abundant amino acid in normal tissues is glutamine. The
enhanced glutamine consumption and lactate production
represent the existence of glutaminolysis and the Warburg
effect (Ogawa et al. 2014). The 2-hydroxyglutarate, a TCA
cycle analog, was detected in HNSCC tumor and cell lines
but not in adjacent normal tissues, suggesting its potential as
non-invasive biomarker (Mukherjee et al. 2017).

Considering the heterogeneous property of tumor tissues,
metabolome of HNSCC cell lines and primary cultures of
normal human oral keratinocytes was analyzed (Tripathi
et al. 2012). More than 35 metabolites were identified in
cell extracts, indicating that HNSCC cells have extensive
metabolic reprogramming. Glutaminolysis was found to
be a major carbon source in HNSCC cells (Tripathi et al.
2012). The altered levels of choline-containing metabolites
and elevated arachidonic acid in HNSCC cells suggested that
there is a change in membrane choline phospholipid metabo-
lism. This was further supported by the enhanced cytosolic
activity of phospholipase A2 (PLA2) (Tripathi et al. 2012).
The extract of HNSCC cells showed similar metabolomic
profile to that of HNSCC tissues (Tripathi et al. 2012), and
the tumor tissues of different anatomical parts of head and
neck also showed similar metabolomic profile (Somashekar
et al. 2011).

Metabolomics analysis of tumor tissues or cells has
also been used to identify the metabolites associated with
metastatic potential, stemness, and precancerous lesion of
oral cancer. SCC-9, a human tongue squamous cell carci-
noma cell, was inoculated into the footpads of nude mice
to increase metastatic potential (Sant’Anna-Silva et al.
2018), and the metabolites of cell extract were analyzed
by NMR. Compared with tongue fibroblasts, malonate,
methyl malonic acid, n-acetyl, and unsaturated fatty acids
were found to accumulate along with the metastatic poten-
tial progression, suggesting that lipogenesis is related to the
increased invasiveness (Sant’Anna-Silva et al. 2018). The
sugar monophosphates, in particular, b-fructose 6-phosphate
and a-p-glucose 6-phosphate, were found to be significantly
higher in stem-like cancer cells of HNSCC compared with
nonstem cancer cells, implying that glycolysis pathway
may be activated in the stem-like cancer cells (Wang et al.
2014a). Metabolome of OSCC, oral sub-mucous fibrosis,
and controls was analyzed with GC-MS, and 31 differential

compounds were identified among samples, suggesting
potential roles of tissue metabolic profiles in detecting oral
cancer (Musharraf et al. 2016). Metabolomics approach is
also applied to analyze the effect of key metabolic genes on
the metabolism in oral cancer. The knockdown of metabolic
enzyme adenylate kinase 2 or phosphorylate glycerol kinase
1 gene resulted in distinct changes in metabolic phenotypes
in oral cancer cells (Ji et al. 2017).

Multiple metabolic pathway alterations were observed
in oral cancer, which include highly active glycolysis,
increased influx of amino acids, glutaminolysis, lipolysis,
TCA cycle, membrane choline phospholipid metabolism,
and anti-oxidant mechanism (Somashekar et al. 2011; Tri-
pathi et al. 2012; Wang et al. 2014a). Increased levels of
choline-containing molecules and alteration of membrane
biogenesis were observed in OSCC tissues in numerous
studies. Choline to creatine ratio was found to be increased
in HNSCC compared to healthy controls (Mukherji et al.
1997; Star-Lack et al. 2000; El-Sayed et al. 2002), predict-
ing a poor treatment response and bad prognosis (Bezabeh
et al. 2005). Choline is an important constituent of cellular
membrane phospholipid, and abnormal choline metabolism
is regarded as a metabolic hallmark for tumor development
and progression (Glunde et al. 2011). Metabolomics analysis
identified a significant change of lipid metabolism interme-
diates in oral sub-mucous fibrosis and cancer, revealing the
alteration of membrane biogenesis in oral cancer and pre-
cancerous lesion (Bag et al. 2016).

5 Metabolomics of chemo-resistant oral
cancer cells

Understanding of cancer type-specific metabolic pathways
and the effects of chemotherapeutic drugs on these path-
ways is valuable for the development of new strategies for
diagnosing specific cancers and more effective anticancer
agents (Urakami et al. 2013). Metabolomics analysis can
reflect the unique chemical fingerprints of specific cell
processes, which can be used to evaluate the response of
chemotherapy and identify novel therapeutic biomarkers
(Zhang et al. 2016; Zaal et al. 2017; Cardoso et al. 2018). It
has been applied to identify the serum metabolic signatures
of OSCC patients in response to TPF (docetaxel, cispla-
tion, and fluorouracil) induction chemotherapy, which uses
chemotherapeutic drugs as initial treatment prior to radio-
therapy or surgery of cancer (Ye et al. 2014). Chemotherapy
leads to up-regulation of fatty acids, steroids, and antioxi-
dant substances in all patients. The metabolic response of
amino acids and carbohydrates were significantly different in
patients with significant or no significant efficacy of chem-
otherapy, and metabolites related to glycolysis and amino
acid metabolism were reversely regulated (Ye et al. 2014).
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Fig.1 Applications of metabolomics studies in oral cancer. The
saliva, serum and tissue obtained from oral cancer are subject to
metabolomics analysis and discriminant metabolites or biomark-
ers are identified. A panel of discriminant metabolites will be used

The lactate, glucose, glutamate, aspartate, leucine, and glyc-
erol were remarkably associated with efficacy of induction
chemotherapy. The lactate, glutamate, and aspartate were
defined as potential biomarkers, which can precisely predict
the suitability and efficacy of induction chemotherapy. These
results suggest the potential application of metabolomics in
personalized induction chemotherapy (Ye et al. 2014).

The development of multidrug resistance (MDR) is a
major obstacle in the cancer chemotherapy. Carboplatin and
pingyangmycin were used to induce MDR in oral squamous
cell carcinoma cell line Tca8113 in vitro, and extracellular
metabolome was analyzed using NMR (Wang et al. 2015).
The results indicated that the amount of glutamate, glyc-
erophosphoethanol amine, and glucose was significantly
altered in the drug-induced Tca8113 cells compared with
the parental Tca8113 cell line (Wang et al. 2015). A rela-
tively higher level of acetate and lower level of lactate were
observed in drug-resistant cells, suggesting their important
role in the drug resistance of cells. Metabolomic analysis
may have potential for monitoring the formation of MDR
during chemotherapy (Wang et al. 2015).

Metabolomics studies of chemo-resistance in oral cancer
are relatively limited, and the metabolic changes caused by
chemotherapeutic resistance need to be verified. For exam-
ple, patients with oral cancer have higher levels of glutamate
and lactate in tumor tissues (Srivastava et al. 2011; Ogawa
et al. 2014) and higher level of glutamate in saliva (Sugi-
moto et al. 2010; Ohshima et al. 2017), indicating enhanced
glutamine consumption and lactate production. The levels
of serum glutamate and lactate significantly decreased after
successful induction chemotherapy (Ye et al. 2014). How-
ever, lactate level also decreased in drug-resistant cell cul-
ture (Wang et al. 2015). These metabolites come from differ-
ent sources, making them difficult to compare. We note that
only extracellular metabolites have been profiled in the two
studies described. Further studies may focus on intracellular
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for the screening or early diagnosis of oral cancer, evaluation of the
responses of cancer cells to chemotherapy, and investigation of the
association of metabolic characteristics of oral cancer with clinic-
pathophysiology

metabolome of chemo-resistant cells in order to understand
the cellular metabolic responses to chemotherapy and iden-
tify the potential targets for tumor therapy.

6 Conclusion

The metabolomics has been applied in many aspects of
cancer study including cancer pathophysiology, biomarker
discovery, and treatment response (Backshall et al. 2011;
Roodhart et al. 2011; Tan et al. 2012; Weaver et al. 2012;
Ye et al. 2012). Majority of metabolomics studies in oral
cancer focus on the metabolic profiles of saliva, serum, and
tumor tissues in order to identify potential biomarkers for
the screening or early diagnosis (Fig. 1), although a few of
studies involve other samples or applications. For example,
a set of metabolites identified through urine metabolomics
can accurately predict OSCC (Xie et al. 2012), and metabo-
lomics was applied to screen the novel structural chemicals
with potential activity against OSCC (Suzuki et al. 2014).
While a panel of tumor-specific metabolites are usually iden-
tified in individual study, it seems difficult to get consensus
biomarkers derived from multiple studies. Some studies even
obtained discrepant results, such as whether the Warburg
effect exists or not in OSCC (Ogawa et al. 2014; Bag et al.
2015). Therefore, it is necessary to perform comprehensive
studies to evaluate the various discriminant metabolites in
different bio-fluids or tissues in order to identify several
genuine biomarkers for the clinical application. In addition,
few metabolite biomarkers in oral cancer are validated. This
is why these metabolites could not yet be used as clinical
markers for the screening or diagnosis of oral cancer.
Some suggestions for future research are put forward.
Methodologically, the recently used techniques and meth-
ods should be optimized to establish a highly sensitive rou-
tine procedure, which can be suitable for different polarities
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of metabolites in various samples. Secondly, most of the
available studies focus on the metabolomics of bio-fluids
or extracellular metabolites. It is critical to profile intracel-
lular metabolites and find the metabolic characteristics of
cancer cells. Thirdly, and most importantly, the mechanism
behind metabolomic alterations should be clarified. This
is probably accomplished by integrating transcriptomics
and/or proteomics analysis to find out the genes or proteins
resulted in or related to the metabolomic changes, which
could be potential targets for the therapy of oral cancer. The
metabolic changes of cancer cells in response to drug should
be analyzed to uncover the metabolic mechanisms of drug-
resistance in oral cancer, which may provide opportunity
to overcome the chemo-resistance of cancer or revert the
sensitivity of cancer by the regulation of metabolism. The
metabolomics offers novel insights into cancer metabolism
and will be widely applied in the diagnosis and therapy of
oral cancer in the future.
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