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Given the highly increased incidence of human diseases, a better understanding of the related mechanisms

regarding endogenous metabolism is urgently needed. Mass spectrometry-based metabolomics has been

used in a variety of disease research areas. However, the deep research of metabolites remains a difficult

and lengthy process. Fortunately, mass spectrometry is considered to be a universal tool with high

specificity and sensitivity and is widely used around the world. Mass spectrometry technology has been

applied to various basic disciplines, providing technical support for the discovery and identification of

endogenous substances in living organisms. The combination of metabolomics and mass spectrometry

is of great significance for the discovery and identification of metabolite biomarkers. The mass

spectrometry tool could further improve and develop the exploratory research of the life sciences. This

mini review discusses metabolomics biotechnology with a focus on recent applications of metabolomics

as a powerful tool to elucidate metabolic disturbances and the related mechanisms of diseases.
1. Introduction

With the advancement of science and technology, scientists have
found that simply studying a certain direction cannot explain all
biomedical problems, so it was proposed to apply the concept of
omics from a holistic perspective. The birth of genomics,
metabolomics, proteomics, lipidomics and transcriptomics has
provided a new approach to exploring the pathogenesis of human
disease. The application of metabolomics as an important
method for studying modern life sciences is closely related to the
latest developments in science and technology (Fig. 1). Metab-
olomics, as an important part of systems biology, mainly analyzes
substances such as blood, urine, and feces, and then studies
small molecule metabolites of various metabolic pathway
matrices and products.1 Techniques involved in metabolomics
methods include nuclearmagnetic resonance,mass spectrometry
(MS), and chromatography. Mass spectrometry-based metab-
olomics plays an important role in clinical research, disease
treatment, drug characterization, animal and plant research,
agricultural research, and nutrition.2 In recent years, a large
number of domestic and foreign scholars have concentrated on
the research of metabolomics, and based on their important
position in the eld of science, the metabolomics techniques and
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methods have been optimized.3 Understanding the research
status and achievements of different scholars in this eld, and
interpreting the imperfect areas in this eld, will lay a foundation
for further study of metabolomics and elaboration of metabolic
mechanisms. We will discuss this from the perspectives of
metabolomics research and the application of MS.
2. The metabolomics method

In 1999, Professor Jeremy Nicholson rst proposed the
concept of metabolomics.4 Using the same idea as genomics
and proteomics, metabolomics is a way to quantitatively
analyze all metabolites in organisms and to nd the relative
relationship between metabolites and physiological and
pathological changes. As an integral part of systems biology,
most of the research objects in metabolomics are small
molecules with a relative molecular weight of less than 1000.
Advanced analytical techniques combined with pattern
recognition and expert systems are the basic methods of
metabolomics research.5 The research process includes
sample preparation, sample analysis, data analysis and
metabolic pathway analysis. Biological samples analyzed
mainly include blood, urine, feces and the like. Sample
preparation is generally composed of sample extraction,
compound pretreatment and separation. The quality of the
obtained sample is critical to the success of the experiment.
Oen, a large amount of pretreatment is required before the
sample is analyzed. Pretreatment is an important aspect of
sample preparation. In short, sample analysis in sample
preparation includes sample source management, sample
RSC Adv., 2019, 9, 37245–37257 | 37245
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Fig. 1 A flow chart of metabolomics analysis technology.
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storage, and sample extraction to ensure that the metabolic
information does not change due to sample processing.
Different analyses have distinct requirements for sample
processing. The information of the sample may change with
the environment in which it is used. For example, when
analyzing samples by NMR, there are certain requirements for
the pH and ionic strength of the sample, which are different
when mass spectrometry is utilized to study metabolism. In
the case of the samples, macromolecules should be elimi-
nated and small molecules should be recovered as completely
as possible.

Analytical tools for metabolomics research include nuclear
magnetic resonance spectroscopy (NMR), gas chromatography-
mass spectrometry (GC-MS), and liquid chromatography-mass
spectrometry (LC-MS). Among them, the NMR technique
generally uses a hydrogen spectrum (1H NMR), a carbon spec-
trum (13C NMR), or a phosphorus spectrum (31P NMR), of which
1H NMR is the most widely used.6–9 Metabolomics research is
still a complete explanation of the data. Because the original
map of metabolomics research is complex and the data volume
is large, it cannot be analyzed by conventional data processing
methods, so metabolomics analysis involves a special analysis
with three steps: data extraction, data preprocessing and
pattern recognition. Data extraction is the visualization of the
37246 | RSC Adv., 2019, 9, 37245–37257
map; data preprocessing includes noise ltering, overlapping
the peak resolution, peak alignment, peak matching, normali-
zation, etc.; pattern recognition can be conducted using
a supervised mode or an unsupervised mode. Unsupervised
models include principal component analysis (PCA), cluster
analysis (HCA) and nonlinear mapping (NLM); supervisory
models include articial neural networks (ANN), partial least
squares discriminant analysis (PLS-DA), positive and negative
minimum two-square discriminant analysis (OPLS-DA), etc.10–12

Metabolomics needs to process a large amount of raw data and
extract the potential information in the data through statistical
processing and explain the biological merit contained in the
data, which will be the key to metabolomics research. The use of
statistical means to deeply explore the information in metabolic
samples will strongly promote the development of metab-
olomics technology.

Metabolomics studies investigate endogenous small molecule
compounds, including sugars, organic acids, amino acids, lipids,
and the like. The goal of metabolomics is to discover the affected
small molecules and ultimately apply them to certain related
diseases. As an application-driven emerging science, metab-
olomics technology has been widely used inmedical-related elds,
with signicant impacts on life, food and plant sciences, drug
development, toxicology, environmental science, and medicine.
This journal is © The Royal Society of Chemistry 2019
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3. Mass spectrometry technology

In 1919, British physicists successfully studied the world's rst
mass spectrometer. By the middle of the 20th century, mass
spectrometers had become analytical tools used by chemists
and they are increasingly used for organic analysis. Compared
with general analytical methods, mass spectrometry is an
analytical method for measuring the mass-to-charge ratio of
ions. It provides abundant structural information in one anal-
ysis and plays a key role in the identication of organic mole-
cules. It can quickly and extremely accurately determine the
molecular weight of biomacromolecules, enabling proteomics
research from protein identication to advanced structural
studies and investigations into the interactions between various
proteins. With the application of mass spectrometry tech-
nology, mass spectrometry technology is gradually improving,
and the combination of separation technology and mass spec-
trometry is a breakthrough in scientic separation methods.13,14

Because of their high sensitivity, low sample consumption, fast
analysis, and advantages of separation and identication, mass
spectrometers are widely used in chemistry, the environment,
energy, medicine, sports medicine, criminal science and tech-
nology, life sciences, materials science and pharmaceuticals.

In the 21st century, the development of modern science and
technology poses new challenges to analytical testing tech-
niques. Unlike classical chemical analysis methods and tradi-
tional instrumental analysis methods, in situ, real-time, online,
non-destructive, high-throughput, high-sensitivity, high-
selectivity, and low-loss are always the goals pursued by
analysts in modern analytical science. Among the many
analytical test methods, the MS method is considered to be
a method with high specicity and high sensitivity and is widely
used. Electrospray desorption ionization technology, corona
discharge real-time direct analysis ionization technology and
electrospray ionization technology have met the needs of the
times, meeting the requirements of scientic and technological
development, and have opened a window for rapid MS analysis
of complex samples.15–17
4. Recent advances and applications

The number of MS-based metabolomics studies has increased.
MS-based metabolomics methods have been used to study the
effects of drugs, toxins, and various diseases on metabolites.
MS-based metabolomics methods have been used to study
many diseases, including breast cancer, kidney cancer, cardio-
vascular disease, bladder cancer, esophageal cancer and gastric
cancer, kidney disease, natural metabolic errors, toxicological
effects, and nutrition.18–24
4.1 Disease diagnosis

Metabolomics research focuses on the commonality of
specic components, and ultimately involves studying the
commonalities, properties, and laws of each of the metabolic
components. Metabolomics is more closely linked to physi-
ology than genomics and proteomics. The disease causes
This journal is © The Royal Society of Chemistry 2019
changes in the pathophysiological process of the body, which
eventually causes corresponding changes in metabolites. By
analyzing certain metabolites and comparing them with
normal human metabolites, the biomarkers of the disease are
sought. Metabolomics methods will serve as a new approach
to disease diagnosis. Johno, H. et al. used electrostatic ioni-
zation mass spectrometry to establish a diagnostic method for
automatic atherosclerotic disease detection. Cholesterol
sulfate and phospholipids are considered to be new
biomarkers of arteriosclerosis.25 Tavares, G. et al. performed
metabolomics on plasma from 56 DKD patients. Their results
indicate that lower levels of 1,5-anhydroglucitol, norvaline
and L-aspartic acid are associated with the progression of
macroalbuminuric DKD. Inverse biomarkers of hypergly-
cemia could be explored as a new tool in DKD.26 Hao, M. et al.
used a combination of plasma metabolomics and network
pharmacology to elucidate the mechanism of Yishu in treat-
ing blood stasis from a metabolic point of view. It was found
that the improvement of blood stasis by Curcuma wenyujin
rhizomes was mainly related to lipid metabolism and amino
acid metabolism.27

Nowadays, people's understanding of diseases is shallow,
and people oen do not know that well aer illness, many
diseases can lurk in the patient's body, and many can be
lurking for several years. Some diseases do not immediately
damage the body, and most patients tend to have a neglected
attitude. This can lead to the patient missing the best treat-
ment period, making the treatment more difficult. Under-
standing the causes of diseases and their inuencing factors
through mass spectrometry-based metabolomics methods is
of great signicance for understanding the mechanism of
action of diseases. Using LC-MS/MS analysis, Abdulwahab, R.
A. et al. revealed new associations between 37 proteins and
T2DM, as well as signicant up-regulation of immunoglob-
ulin.28 Using UPLC-QTOF/MS and multivariate statistical
analysis, Yang, G. et al. found that there were 33 distinct
metabolites in the urine of femoral head necrosis patients and
healthy people.29 Lin, S. et al. used gas chromatography-MS to
detect plasma metabolites, and found that the levels of
alanine, aspartic acid and carbamate were signicantly
different among all groups of patients with respiratory distress
classied from mild to severe.30

Understanding the causes of diseases and their inuencing
factors is of great signicance for understanding diseases. The
application of mass spectrometry-based metabolomics
methods in disease diagnosis will be explained through the
following examples. Øvrehus, M. A. et al. found that early
hypertensive nephrosclerosis showed disturbances in dopa-
mine intrarenal biosynthesis.31 Barbosa-Breda, J. et al. have
conducted many studies on glaucoma patients and compared
them with healthy people by MS. Signicant differences were
found in metabolic pathways such as palmitoyl carnitine,
sphingolipid, vitamin D-related compounds and steroid
precursors.32 Dong, S. et al. used LC/MS as a biomarker for
nonalcoholic fatty liver disease and nonalcoholic steatohepa-
titis, and found signicant differences in 31 metabolites
between the two groups.33 Based on the metabolomic method
RSC Adv., 2019, 9, 37245–37257 | 37247
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of GC-MS, Wang, D. et al. found that the changes of acute
ischemic stroke metabolites in serum were mainly related to
amino acid-related metabolism.34 Li, Q. et al. used GC-MS to
analyze changes in urine metabolism in gout patients. It was
found that there are 30 different metabolites in the urine of
patients with gout, mainly involving metabolic pathways such
as amino acid metabolism, lipid metabolism and the tricar-
boxylic acid cycle. The discovery of differential metabolites
provides a new idea for the diagnosis of gout disease.35 Sun, H.
et al. used UPLC/MS to perform metabolomics analysis of
ischemic stroke and found signicant changes in 12 metabo-
lites, mainly related to heme and fatty acid metabolism.36 Lu,
H. et al. used HPLC-MS to study the effects of hydrogen on
serum and urine metabolites in a kidney injury model. It was
found that the differential metabolites were mainly related to
amino acid metabolism, fatty acid metabolism and phospho-
lipid metabolism.37

Biomarkers have a very wide range of uses during research
processes. They can be utilized for disease diagnosis, judging
disease stage or evaluating new drugs. Understanding the
impact of metabolomics techniques on biomarkers is impor-
tant for understanding biomarkers. The following examples
will illustrate the application of metabolomics techniques in
the discovery of disease biomarkers from different directions,
laying the foundation for the close integration of metab-
olomics and clinical medicine. Zhao, H. et al. used UPLC-Q-
TOF/MS to identify different metabolites of potential
biomarkers in the urine of patients with essential hyperten-
sion. The metabolic pathways involved were amino acid
metabolism, fatty acid metabolism, steroid hormones,
biosynthesis and oxidative stress.38 Dittharot, K. et al. used GC/
MS to study the urinary metabolomics characteristics of
patients with chronic hepatitis B. Compared with normal
individuals, 12 differential metabolites were found, mainly
related to fatty acid, amino acid, bile acid and intestinal
microbial metabolic pathways.39 Zhao, H. et al. used LC-MS-
based metabolomics to study potential biomarkers of Parkin-
son's disease and identied 17 signicant metabolites, mainly
related to tyrosine biosynthesis, glycerophospholipid metab-
olism, carnitine metabolism and bile acids.40 Li, X. Z. et al.
used UPLC-QTOF-MS to study the pathogenesis of oral lichen
planus and identied 12 regulated metabolites, which were
presumed to be potential biomarkers.41 UPLC/MS was used to
analyze urine samples from patients with acute coronary
syndrome and healthy controls. Wang, Y. et al. found that fatty
acid metabolism, fatty acid b-oxidative metabolism, amino
acid metabolism and TCA cycle play an important role in acute
coronary syndrome.42 Based on the metabolomics method of
gas chromatography-MS, Wei, J. et al. studied the metabolic
characteristics of systemic lupus erythematosus and found
that it is mainly related to energy metabolism and amino acid
metabolism pathways.43 Metabolomics technology is of great
signicance in the diagnosis of diseases, but this diagnosis is
still one-sided. It should be closely integrated with modern
medical technology to better understand the disease, under-
stand the pathogenesis of the disease, and add protection to
the health of patients.
37248 | RSC Adv., 2019, 9, 37245–37257
4.2 Cancer research

Cancer is still a major problem, with tens of millions of people
dying of cancer every year; therefore, how to treat and conquer
cancer is a contemporary issue of the times. Understanding the
causes of cancer and its inuencing factors is important for
understanding cancer. Because cancer is affected by many
factors, such as environment, irrational diet, and genetic
factors, researchers use metabolomics to describe the effects of
various factors on cancer. For example, Yang, W. et al. used MS
to explore the metabolic changes of ovarian cancer and identi-
ed 18 metabolites closely related to ovarian cancer.44 An, Y.
et al. used LC/MS to study the metabolic changes of pancreatic
cancer tissues and found that seven metabolites may be
potential biomarkers.45 Jasbi, P. et al. used LC-MS/MS to identify
metabolic markers of breast cancer and found that the affected
metabolic pathways are closely related to tumor growth,
metastasis and immune escape mechanisms.46 Fan, X. et al.
used a combination of LC-MS and GC-MS to study the effect of
Macranthoidin B on the total metabolites of colorectal cancer
cells. It was found to inhibit colorectal cancer cell proliferation
by inducing reactive oxygen species-mediated apoptosis.47 The
problem of cancer has been plaguing humans, and the number
of patients dying from cancer is increasing every year. An
understanding of cancer mechanisms and appropriate treat-
ments are urgently needed, and emerging technologies will face
the enormous challenges of cancer, so there is a long way to go.
Although metabolomics technology is used to discover the
mechanism of action in cancer, cancer is a special disease that
is difficult to cure, and clinical samples of cancer patients are
difficult to obtain. Therefore, further development has been
hindered.
4.3 Metabolic mechanism

Clearly clarifying the metabolic mechanism of a disease plays
a crucial role in the treatment of the disease. Because the
occurrence of diseases is affected by many factors, such as
environmental and genetic factors, researchers use metab-
olomics techniques to describe the effects of various factors on
disease mechanisms. Studies have shown that breviscapine
plays a therapeutic role in mice with Alzheimer's disease caused
by amyloid b1-42, and found that breviscapine mainly improves
the metabolism of phospholipids by regulating the level of
serotonin and so on. For the purpose of studying learning and
memory impairment,48 Zhao, G. et al. investigated the hypo-
glycemic effect of Crassostrea gigas polysaccharides by UPLC-Q-
TOF-MS. 19 metabolites were used as potential therapeutic
biomarkers, mainly involved in amino acid metabolism,
carbohydrate metabolism and purine metabolism.49 Ji, H. et al.
used UPLC-ESI-QTOF-MS technology to nd that aloe emodin
has a good therapeutic effect on HFD-induced hyperlipidemia
by regulating metabolic disorders.50 The metabolomics method
is also used to study diseases such as arthritis. Pang, Z. et al.
found that methotrexate can inhibit the development of
arthritis by inhibiting the activation of NF-kappa B and NLRP3/
caspase-1 pathways and regulating inammatory-related meta-
bolic networks.51 A disease is caused by the disorder of the
This journal is © The Royal Society of Chemistry 2019
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action mechanism in the living body. However, different
diseases may be inuenced by multiple mechanisms of action.
Therefore, researchers discuss the mechanism of action of the
disease in order to nd a new method for disease treatment.
Rodrigues, D. et al. found that a GC-MS metabolomics-based
approach for analysis of volatile organic compounds is a valu-
able strategy for identifying new and specic biomarkers that
may improve bladder cancer diagnosis.52 Zhou, P. et al. have
used ultra-performance liquid chromatography-mass spec-
trometry to characterize the fecal metabolome of Clostridium
difficile positive and negative diarrhea and healthy control stool
samples. They found that Clostridium difficile diarrhea has
obvious fecal metabolome characteristics.53 Shou, Q. et al.
appliedmetabolomics techniques to investigate themechanism
of paeoniorin in the treatment of allergic asthma. They found
that paeoniorin can treat allergic asthma by regulating fatty
acid metabolism, inammation and system-level adhesion.54

Disorders of metabolic mechanisms are one of the crucial
factors affecting a disease. The biological mechanism of the
body in a normal state is in a relatively balanced state. The
occurrence of a disease is tantamount to disruption of this
relative equilibrium state. Studies have demonstrated that
angiotensin-(1–7) can improve angiotensin II-stimulated meta-
bolic perturbations associated with cardiac broblast activa-
tion. Pyroglutamic acid and arachidonic acid may be potential
biomarkers for monitoring angiotensin-(1–7) anti-brotic
effects.55 Matsutomo, T. et al. found that a single dose of S-1-
propenylcysteine (S1PC) exerted an antihypertensive effect.
They explored the potential mechanism of the antihypertensive
effect of S1PC in spontaneously hypertensive rats using
a metabolomic approach and found that S1PC alters histidine
metabolism and consequently exerts an antihypertensive effect
via the central histamine H3 receptor.56,57 The homeostasis of
the metabolic mechanism depends not only on the stability of
the internal environment, but also on individual differences.
How to study the mechanism of action will be an important
point to promote advances in medicine and biology.
4.4 Drug efficacy and screening

Traditional Chinese medicine theory and western medical
theory are essentially different in nature, and applying metab-
olomics technology to understand the development process of
a disease, and the theory of the holistic view, system view and
dialectical view of Chinese medicine are inconsistent with each
other, giving Chinese medicine a complicated theoretical
system. Research provides new ideas and methods. The appli-
cation of metabolomics technology in the eld of traditional
Chinese medicine is increasing, and it has gradually penetrated
into various elds of traditional Chinese medicine research,
such as the study of drugs, mechanisms of action and
compatibility.

The research on traditional Chinese medicine is fairly
divided into unit drug research and Chinese medicine
compound research. The study of single-avored drugs pays
heed to the specic pharmacological effects, toxic and side
effects, and metabolic mechanisms of the drugs; the research of
This journal is © The Royal Society of Chemistry 2019
the compound mainly studies the compatibility rules and
metabolic pathways. Li, C. R. et al. found that the process of
different treatments of the drug could be distinguished by
metabolic methods.58 Bao, J. et al. used UPLC/MS-based
metabolomics to rapidly identify anticancer compounds in
Forsythia, and found that betulinic acid is the most effective
anticancer compound in Forsythia suspensa.59 Yuan, A. et al.
used UPLC-Q-TOF-MS/MS to study the anti-inammatory
mechanism of Forsythia extracts and Forsythia oil, and found
that they exert anti-inammatory effects by acting on different
metabolic pathways.60 Zhuang, Y. et al. used UHPLC/MS to
study the potential mechanism of Xanthii Fructus for allergic
rhinitis. Twenty-seven potential biomarkers were discovered,
mainly involved in metabolic pathways such as glycer-
ophospholipid metabolism and branched-chain amino acid
metabolism.61 Wang, Y. et al. found that gross saponins of
Tribulus terrestris fruit can reverse middle cerebral artery
occlusion-induced serum metabolic deviations by regulating
multiple metabolic pathways.62 Zhou, J. et al. found that
gastrointestinal injury was mainly related to vitamin B6
metabolism, phenylalanine metabolism, arachidonic acid
metabolism, and taurine. Fructus Gardenia affects the normal
functions of the gastrointestinal tract via regulating a variety of
metabolic pathways to an abnormal state.63 It has become
a mission of the times to develop and carry forward the tradi-
tional Chinese medicine culture, to understand the effect and
mechanism of the efficacy of traditional Chinese medicine, and
to recognize the role of traditional Chinese medicine more
clearly, for it to be recognized at home and abroad.

Today, Chinese medicine and western medicine develop
together. At the same time, they also pay attention to each
other's treatment methods. The difference between Chinese
medicine and western medicine is that western medicine has
a single component, whereas traditional Chinese medicine has
complex components, and the system plays a role in treating
diseases. The sole component of western medicine has obvious
effects on the treatment of diseases, but long-term use of
western medicine alone will cause certain damage to the
patient's body. Therefore, it is especially important to examine
the metabolic mechanism of western medicine. Metabolomics
research based on MS has paved the way for drug research.64

Liu, Z. et al. used GC-MS/MS to determine 9 common sulfonates
in drugs. These alkyl sulfonates have been successfully used for
the determination of capecitabine and imatinib mesylate, and
can be further applied to other drugs.65

Metabolomics has a wide range of applications in animal
model validation, drug screening, drug efficacy and toxicity
evaluation, and clinical evaluation. Based on the metabolomics
method of ultra-performance liquid chromatography combined
with quadrupole time-of-ight mass spectrometry, the acute
and chronic hepatotoxicity of gourd extract on mice was inves-
tigated.66 Kim, J. H. et al. used liquid chromatography-mass
spectrometry-based metabolomics to assess the metabolic
characteristics of ketoconazole in mice and humans and to
determine the underlying mechanisms of its hepatotoxicity.67

Yan, H. et al. used HPLC-TOF-MS to investigate the toxicity of
brodifacoum, and found that it mainly played a toxic role by
RSC Adv., 2019, 9, 37245–37257 | 37249
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disturbing metabolic pathways such as the tricarboxylic acid
cycle and glycolysis.68 Wang, Z. et al. used UPLC-MS to study the
hepatotoxicity of the sheath Genkwa Flos, and found that
aminoglycan-1-phosphate metabolism and fatty acid metabo-
lism disorders may be the key factors leading to liver injury.69

Zhao, D. S. et al. used gas chromatography-mass spectrometry
to study the hepatotoxicity of Dioscorea bulbifera rhizomes, and
found that they regulate amino acids, bile acids and energy
metabolism to affect the physiological and biological functions
of the liver.70 While the drug is treating the disease, it will also
bring different degrees of damage to the body, mainly in terms
of liver function and kidney function damage, etc. How to use
metabolomics to determine the tissues and organs and their
parts affected by drug toxicity, speculative drugs and the
mechanism of action is critical to identifying potential
biomarkers associated with toxicity. Liu, S. Y. et al. discovered
that the protection mechanism in anti-ischemic cerebral
reperfusion damage of Kudiezi injection was possibly related to
the biosynthesis of phenylalanine, tyrosine, and tryptophan.71

Zhu, B. et al. studied the mechanism of Schisandra poly-
saccharide treatment of Alzheimer's disease, and found that it
treats AD by reducing the degree of phosphorylation of tau
protein, deposition of Ab and oxidative damage.72

4.5 Nutrition

The application of metabolomics in the eld of nutrition is
called nutritional metabolomics, and refers to the systematic
study of the interaction between diet and organism metabo-
lism using metabolomics in different health and disease states
of organisms. Vegetables and fruits are full of trace elements
required by the human body, which can supplement the trace
elements required by the human body. There are many factors
affecting the content of trace elements in fruit. These include
geographical factors and biological stress. Characteristics of
metabolomics in nutrition can be described by a number of
examples. Among them, Zhao, L. et al. used 1H NMR and GC-
MS techniques to examine the changes of cucumber fruit
metabolites under nano-Cu stress. They found that nano-
copper exposure had an effect on the metabolic prole of
fruit metabolites.73 Wang, Y. Q. et al. used a UHPLC-MS/MS-
based metabolomics strategy to study the nutrient proles of
Chinese kale. It was found that the contents of components in
different cabbage varieties were different.74 Rahman, M. M.
et al. used LC-MS/MS to analyze dinitrofuran and its three
metabolites in plums, which laid a foundation for the study of
plum components, etc.75 Alolga, R. N. et al. used Q/TOF-MS
technology to explore the difference in secondary metabo-
lites and heavy metal content in dried ginger from different
habitats. It is speculated that abiotic stress due to metals may
lead to differences in metabolite abundance.76 Ramı́rez-
Acosta, S. et al. used GC-MS technology to study the meta-
bolic changes of strawberry fruit caused by controlled atmo-
sphere treatment, and found that several metabolites related
to it were mainly biologically active compounds.77 Kim, G. D.
et al. used LC-MS/MS to identify caffeic acid derivatives and
Danshensu as the main anti-inammatory substances in the
leaves of kiwi fruit plants.78
37250 | RSC Adv., 2019, 9, 37245–37257
However, it is not only vegetables and fruits that provide
nutrients, and many other substances provide essential
proteins, lipids and sugars to the body. A study found that
major royal jelly proteins improve spatial memory in aged rats
by affecting niacin and nicotine metabolism, cysteine–taurine
metabolism, and energy metabolism pathways.79 Wang, D. et al.
used a new metabolomics strategy to detect the content of
different metabolites in black sesame and white sesame, and
found differences in the activity of phenylpropanol biosyn-
thesis, tyrosine metabolism and riboavin metabolism.80

Gil-Solsona, R. et al. used a metabolomic model to identify
sensitive and robust biomarkers of malnutrition in cultured
sh.81 Moreira, V. et al. used a metabolomic method based on
MS to assess the effect of orange juice on blood lipid levels in
healthy volunteers aer two weeks of drinking orange juice.
They found that orange juice intake may affect fatty acid b-
oxidation through themitochondria and peroxidase pathways.82

Saa, D. L. T. et al. used gas chromatography-mass spectrometry
to study the volatile components of different baking products
and explore ways to improve the quality of bread, providing new
ideas for further study of nutrients in food.83 Xu, L. et al. used
a UPLC-QTOF-based non-target metabolomics method to study
the difference in coffee brewed by boiling. Nine potential
biomarkers were identied.84

Liao, Y. et al. studied the metabolic difference of different
beef cattle under heat stress by gas chromatography-mass
spectrometry and found that Xuanhan yellow cattle have
higher glycolytic activity and possess a stronger antioxidant
defense system.85 Arapitsas, P. et al. used LC-MS to study the
effects of storage conditions on the composition of wine. It was
found that the storage conditions had signicant effects on the
metabolites, such as phenols and vitamins in red wine.86 At
present, the world is facing the double problem of nutritional
deciencies and overnutrition. The prevalence of nutrition-
related chronic diseases is increasing year by year. Nutritional
metabolic diseases such as diabetes, high blood pressure and
obesity are serious threats to national health. Studies have
shown that personalized diets can change the metabolism of
living organisms, which in turn affects the health status of
living organisms.

4.6 Agronomy and plant biology

Metabolomics based on MS is increasingly used in different
scientic elds, especially agronomy and plant biology, to
understand the behavior of plants under different stress
conditions.87 We have summarized several interesting examples
to illustrate the application of metabolomics techniques in
agriculture and the biotechnology industry. In the process of
plant growth, a large number of elements are oen required,
and it is essential to explore the inuence of elements on the
growth laws of plants. Xu, S. et al. analyzed the metabolic
characteristics of leaves and roots of soybean seedlings cultured
under normal and excessive Mo conditions by UPLC-MS/MS.
They speculated that organic compounds such as 2-oxo-
arginine, L-nicotine, gluconic acid, D-gluconic acid and citric
acid play an important role in the chelation of molybdenum and
reducing its toxicity.88 Ghosson, H. et al. used metabolomics
This journal is © The Royal Society of Chemistry 2019
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based on MS to investigate the effects of sulfur deciency on
metabolites, which laid the foundation for agricultural
research. This is helpful to the management of fertilization in
agriculture.89 Yang, N. et al. studied the metabolic responses of
magnesium deciency in soybean leaves and roots. It was found
that there were signicant differences in carbon and nitrogen
metabolic responses between leaves and roots under magne-
sium deciency.90

Nitrogen plays an important role in plant growth. Nitrogen is
the major component of protein. Protein is the most basic
substance that makes up plants. Nitrogen is also an important
element in chlorophyll. Allwood, J. W. et al. studied the yield,
grain quality and response of grain metabolites to increasing
nitrogen application and found that nitrogen application had
a signicant effect on grain yield.91 Zhang, Y. et al. performed
metabonomic analysis on two wheat varieties with different
induced nitrogen levels, and found that avonoids and their
related derivatives were considered as potential biomarkers
under low nitrogen stress.92 Herbicide residues are one of the
important issues of concern in modern agriculture. How to
control herbicide residues within a reasonable range is not only
an important way to increase production, but also a safety
guarantee for consumers. Du, P. et al. used UPLC and triple
tandem quadrupole mass spectrometry to determine the
content of sulfonylurea and its metabolites in rice and dis-
cussed the problem of herbicide residues.93

In addition to their signicant application in agriculture, the
plant and biological aspects still have a very wide range of
applications. For example, an LC-MS-based metabolomics
method was optimized for cyanobacterium Synechocystis sp.
PCC 6803, and Pei, G. et al. detected 24 important carbohydrates
and important metabolites related to energy metabolism.94

Mibei, E. K. and others used gas chromatography-mass
metabolomics methods to characterize the effects of drought
stress on metabolites in different growth stages of eggplants.
Drought stress was found to have a signicant effect on
metabolites such as amino acids, sugars and organic acids.95

Qian, Y. et al. used UPLC/MS to investigate the effect of in vitro
sucrose on the quality components of tea plants, and found that
sucrose regulates polyphenol biosynthesis in tea plants by
changing the expression of transcription factor genes and
pathway genes.96 Not only this, but also the application trend in
the eld of agriculture and plant biology has become increas-
ingly prominent. How to combine metabolomics technology
with agriculture and plant biology will be key in the eld of
agriculture and plant biology. Metabolomics technology is
widely used in crop information measurement, disease diag-
nosis, etc., and contributes to increasing agricultural income.
The mutual integration of the two has opened up a new direc-
tion for the development of the discipline of metabolomics.

5. Limitations

Some analytical techniques have not been able to achieve
comprehensive qualitative and quantitative analysis of all
metabolites in all metabolic pathways in living organisms.
There are limitations in metabolomics research and different
This journal is © The Royal Society of Chemistry 2019
analytical methods can achieve unusual results.97–102 At the
same time, the testing instruments and equipment required for
conducting metabolomics research are expensive, the required
expertise of the operators are high, and there are certain
restrictions on the promotion and application of metabolomics
technology. Secondly, some non-experimental factors in the
study can cause large interference with the results. Experiments
have shown that various physiological factors, such as gender,
age, diet, healthy animal strains, temperature and other stimuli,
and even changes in climatic environment can affect the
metabolites and metabolic proles of organisms, thus compli-
cating data analysis.103–110 At the same time, in metabolomics
data analysis, although there are several commonly used data-
bases, the number of collected metabolites needs to be
improved. Many of the metabolites found during the research
process are currently not conrmed by the database. Therefore,
the metabolomics database needs to be further improved;
again, in the process of metabolomics data analysis, statistical
analysis methods such as principal component analysis and
partial least squares are commonly used. Most of thesemethods
are applied to linear data sets, and how to use them for
nonlinear data is an outstanding issue. Effective extraction of
metabolites is also a problem faced by metabolomics.111–119 This
requires the latest research results in the elds of mathematics
and statistics to be fully borrowed and absorbed into metab-
olomics research.120–125 Perfection of metabolomics still requires
extensive effort. How to integrate traditional Chinese medicine
theory with metabolomics has become a topic of the time.

6. Future perspectives

Metabolomics technology will be combined with more
emerging technologies to provide a guarantee for the devel-
opment of metabolomics. Metabolomics based on MS will be
more perfect, and all kinds of combined techniques, such as
LC/MS and GC/MS, will provide a scientic basis for solving
the problem of metabolite research and elucidating metabolic
pathways. Mass spectrometry continues to play a leading role
as an important analytical tool in the eld of metabolomics.
Advances in this eld have enabled the discovery of many
putative disease biomarkers and provided insight into the
pathogenesis of various diseases.126–129 Numerous studies have
also been tested, including early disease detection, treatment
prediction and prognosis, monitoring treatment and recur-
rence testing.130–139 Given the extreme complexity of biological
mixtures, most MS analytical methods involve the use of LC,
GC or CE. However, rapidly growing applications using
evolving separation methods and protocols offer opportunities
and challenges. Clearly, developments in chromatographic
methods have been effective in separating metabolites and
increasing the number of metabolites detected.140,141 However,
one major challenge is the inability to compare and correlate
the results of these studies, which are performed on the same
or similar samples obtained by independent research groups.
This is the main bottleneck in the development of this eld.
Other factors such as sample preparation, sample matrix and
residual effects can also lead to data variability. To overcome
RSC Adv., 2019, 9, 37245–37257 | 37251
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these challenges, it is necessary to shi from the convention-
ally used relative metabolite concentration measurements to
a more reliable absolute concentration determination, which
will be independent of the analytic platform, method and
protocol used. This method is not straightforward for MS, but
it is very important.
7. Conclusion

Since the birth of metabolomics, its research has made great
progress. As an emerging research technique, it also faces the
challenges of methods and applications. Methodologically,
the analytical instruments, analytical techniques, and data
acquisition and data analysis require further improvement.
From the application point of view, although a large number
of important landmark metabolites related to genetic varia-
tion or physiological and pathological changes have been
obtained, it is a huge challenge to establish a clinical
predictive diagnostic expert system to achieve diagnostic
rationalization. A challenge is accompanied by opportunities,
so the challenges currently encountered in metabolomics are
opportunities for future development. It is believed that with
the continuous optimization and improvement of metab-
olomics research methods, drug safety evaluation will be
more accurate and efficient, and the understanding of disease
processes will be more comprehensive, and it may even
become a powerful means to guide human health and
monitor the human environment.
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metabolomic signature of bladder cancer cell lines based
on gas chromatography-mass spectrometry, Metabolomics,
2018, 14(5), 62.

53 P. Zhou, N. Zhou, L. Shao, et al., Diagnosis of Clostridium
difficile infection using an UPLC-MS based metabolomics
method, Metabolomics, 2018, 14(8), 102.

54 Q. Shou, L. Jin, J. Lang, et al., Integration of Metabolomics
and Transcriptomics Reveals the Therapeutic Mechanism
Underlying Paeoniorin for the Treatment of Allergic
Asthma, Front. Pharmacol., 2019, 9, 1531.

55 Y. L. Chen, J. Fan, L. Cao, et al., Unique mechanistic
insights into the benecial effects of angiotensin-(1–7) on
the prevention of cardiac brosis: A metabolomic analysis
of primary cardiac broblasts, Exp. Cell Res., 2019, 378(2),
158–170.

56 T. Matsutomo, M. Ushijima, K. Kunimura, et al.,
Metabolomic study reveals the acute hypotensive effect of
S-1-propenylcysteine accompanied by alteration of the
plasma histidine level in spontaneously hypertensive rats,
J. Pharm. Biomed. Anal., 2019, 168, 148–154.

57 X. Yan, Y. Zhuo, X. Bian, et al., Integrated Proteomics,
Biological Functional Assessments, and Metabolomics
Reveal Toosendanin-Induced Hepatic Energy Metabolic
Disorders, Chem. Res. Toxicol., 2019, 32(4), 668–680.

58 C.-R. Li, M.-N. Li, H. Yang, et al., Rapid characterization of
chemical markers for discrimination of Moutan Cortex and
its processed products by direct injection-based mass
37254 | RSC Adv., 2019, 9, 37245–37257
spectrometry proling and metabolomic method,
Phytomedicine, 2018, 45, 76–83.

59 J. Bao, R. B. Ding, X. Jia, et al., Fast identication of
anticancer constituents in Forsythiae Fructus based on
metabolomicsapproaches, J. Pharm. Biomed. Anal., 2018,
154, 312–320.

60 A. Yuan, L. Gong, L. Luo, et al., Revealing anti-inammation
mechanism of water-extract and oil of forsythiae fructus on
carrageenan-Induced edema rats by serum metabolomics,
Biomed. Pharmacother., 2017, 95, 929–937.

61 Y. Zhuang, K. Qin, B. Yu, et al., A metabolomics research
based on UHPLC-ESI-Q-TOF-MS coupled with metabolic
pathway analysis: Treatment effects of stir-frying Xanthii
Fructus on allergic rhinitis in mice model, Biomed.
Chromatogr., 2018, 32(12), e4352.

62 Y. Wang, H. Zhao, Y. Liu, et al., GC-MS-BasedMetabolomics
to Reveal the Protective Effect of Gross Saponins of Tribulus
terrestris Fruit against Ischemic Stroke in Rat, Molecules,
2019, 24(4), E793.

63 J. Zhou, N. Yao, S. Wang, et al., Fructus Gardeniae-induced
gastrointestinal injury was associated with the
inammatory response mediated by the disturbance of
vitamin B6, phenylalanine, arachidonic acid, taurine and
hypotaurine metabolism, J. Ethnopharmacol., 2019, 235,
47–55.

64 A. F. Nassar, T. Wu, S. F. Nassar, et al., UPLC-MS for
metabolomics: a giant step forward in support of
pharmaceutical research, Drug Discovery Today, 2017,
22(2), 463–470.

65 Z. Liu, H. Fan, Y. Zhou, et al., Development and validation
of a sensitive method for alkyl sulfonate genotoxic
impurities determination in drug substances using gas
chromatography coupled to triple quadrupole mass
spectrometry, J. Pharm. Biomed. Anal., 2019, 168, 23–29.

66 Z. Wei, Q. Qian, X. Dong, et al., Metabolomic approach to
understand the acute and chronic hepatotoxicity of
Veratrum nigrum extract in mice based on ultra-high-
performance liquid chromatography coupled with
quadrupole time-of-ight mass spectrometry, Toxicol.
Mech. Methods, 2017, 27(9), 687–696.

67 J.-H. Kim, W.-G. Choi, S. Lee, et al., Revisiting the
Metabolism and Bioactivation of Ketoconazole in Human
and Mouse Using Liquid Chromatography-Mass
Spectrometry-Based Metabolomics, Int. J. Mol. Sci., 2017,
18(3), E621.

68 H. Yan, X. Y. Zhuo, B. H. Shen, et al., Evaluation of
Brodifacoum-induced Toxicity by Metabonomics
ApproachBased on HPLC-TOF-MS, Fayixue Zazhi, 2017,
33(3), 247–251.

69 Z. Wang, Y. Zhang, Q. Liu, et al., Investigation of the
mechanisms of Genkwa Flos hepatotoxicity by a cell
metabolomics strategy combined with serum
pharmacology in HL-7702 liver cells, Xenobiotica, 2019,
49(2), 216–226.

70 D. S. Zhao, L. L. Jiang, Y. X. Fan, et al., Investigation of
Dioscorea bulbifera Rhizome-Induced Hepatotoxicity in
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06697g


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

8:
20

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Rats by a Multisample Integrated Metabolomics Approach,
Chem. Res. Toxicol., 2017, 30(10), 1865–1873.

71 S. Y. Liu, W. Cai, F. Wang, et al., UHPLC-LTQ-Orbitrap-
based metabolomics coupled with metabolomics pathway
analysis method for exploring the protection mechanism
of Kudiezi injection in a rat anti-ischemic cerebral
reperfusion damage model, Chin. J. Nat. Med., 2017,
15(12), 955–960.

72 B. Zhu, H. Cao, L. Sun, et al., Metabolomics-based
mechanisms exploration of Huang-Lian Jie-Du decoction
on cerebral ischemia via UPLC-Q-TOF/MS analysis on rat
serum, J. Ethnopharmacol., 2018, 216, 147–156.

73 L. Zhao, J. Hu, Y. Huang, H. Wang, et al., A. 1H NMR and
GC-MS based metabolomics reveal nano-Cu altered
cucumber (Cucumis sativus) fruit nutritional supply, Plant
Physiol. Biochem., 2017, 110, 138–146.

74 Y. Q. Wang, L. P. Hu, G. M. Liu, et al., Evaluation of the
Nutritional Quality of Chinese Kale (Brassica alboglabra
Bailey) Using UHPLC-Quadrupole-Orbitrap MS/MS-Based
Metabolomics, Molecules, 2017, 22(8), E1262.

75 M. M. Rahman, A. M. Abd El-Aty, M. H. Kabir, et al., A quick
and effective methodology for analyzing dinotefuran and its
highly polar metabolites in plum using liquid
chromatography-tandem mass spectrometry, Food Chem.,
2018, 239, 1235–1243.

76 R. N. Alolga, M. A. S. C. Chavez, et al., Untargeted UPLC-Q/
TOF-MS-based metabolomics and inductively coupled
plasma optical emission spectroscopic analysis reveal
differences in the quality of ginger from two provinces in
Zambia, J. Pharm. Pharmacol., 2018, 70(9), 1262–1271.

77 S. Ramı́rez-Acosta, A. Arias-Borrego, J. L. Gómez-Ariza, et al.,
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