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1.1 Introduction

At present, a series of systems biology disciplines, such as genomics, proteomics,
transcriptomics, metabolomics, and lipidomics have provided new methods for
researchers to explore the pathogenesis of diseases. As an important component
of systems biology, metabolomics can discover the metabolite biomarkers and
various related metabolic pathways in bio-samples [1]. Metabolomics is usually
used with nuclear magnetic resonance (NMR), mass spectrometry (MS), and
chromatography, and it plays an important role in clinic, disease treatment, drug
metabolism, plant research, agricultural, and nutrition research [2]. Due to the
important position of metabolomics in the life science, a large number of domestic
and foreign scholars have improved the innovation research of techniques and
methods of metabolomics [3]. In this chapter, we show the recent advancements
and current application as well as future development of metabolomics.

1.2 Metabolomics

In 1999, Dr. Jeremy Nicholson proposed the concept of metabolomics [4].
Metabolomics is a method to quantitatively analyze all the metabolites in bio-sample
and to reveal the relationship between metabolites and pathological changes.
It mainly focuses on the small-molecule metabolites with relative molecular weight
of less than 1000 [5]. Its research process mainly includes sample preparation
and analysis, data processing and analysis, and metabolic mechanism analysis.
Metabolomics studies used analytical tools including NMR spectroscopy, liquid
chromatography–mass spectrometry (LC–MS), and gas-chromatography–mass
spectrometry (GC–MS) [6–9]. Due to the very complex and huge original data
volume of metabolome, it cannot be analyzed by conventional methods. Instead,
it often uses pattern recognition analysis, such as principal component analysis
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Figure 1.1 Principal component analysis in high-throughput metabolomics.

(Figure 1.1) and loading (molecules) analysis (Figure 1.2), for screening metabolites
(Figure 1.3) and for exploring the metabolic pathway (Figures 1.4 and 1.5) and the
metabolic network change mechanism (Figure 1.6). Thus metabolomics analysis
has formed a series analysis approaches including data extraction, data preprocess-
ing, supervised and unsupervised pattern recognition, and biological information
exploration [10–12].

1.3 Mass Spectrometry Technology

MS has become a widely used analytical tool for chemists and is increasingly used
for metabolomics analysis. It plays a key role in the identification of structural infor-
mation for metabolite molecules. With the advance of technology, MS combination
with separation technology is gradually improving [13, 14]. Due to the high speci-
ficity and sensitivity, low sample consumption, fast analysis, and the advantages
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Figure 1.2 The loading ion analysis for metabolomics.
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Figure 1.3 The variable importance in projection for screening metabolites from large
biological data sets.
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Figure 1.4 Metabolic pathway analysis for the biologically meaningful metabolite sets.

of identification, mass spectrometer is widely used in metabolomics science, and it
opens up a new gate for the rapid analysis of complex samples [15–17].

1.4 Recent Advancements and Applications

MS-based metabolomics methods have been used to reveal the disease diagnosis,
drug effects, metabolic mechanism, toxins, and various diseases including cardiovas-
cular disease, cancer, natural product discovery, toxicological effects, and nutrition
[18–24].

1.4.1 Disease Diagnoses and Metabolism

The disease causes the pathophysiological changes and eventually result in cor-
responding metabolites and pathway changes. Some scholars have established a
diagnostic method for diseases by detection of metabolites. Cholesterol sulfate and
phospholipids are considered as novel biomarkers for atherosclerosis [25]. The
levels of norvaline, 1,5-anhydroglucitol, and L-aspartic acid are linked with macroal-
buminuric diabetic kidney disease [26, 27]. Abdulwahab et al. used MS-based
metabolomics and revealed new associations between 37 proteins and T2DM and
found the significant up-regulation of immunoglobulin [28]. Yang et al. found that
there were 33 distinct metabolites in the urine of femoral head necrosis patients [29].
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Figure 1.5 Metabolite enrichment analysis for the biologically meaningful metabolite sets
based on the libraries.

Lin et al. used MS to detect plasma metabolites and found that the alanine, aspartic
acid, and carbamate were significantly different among all groups of respiratory dis-
tress patients [30]. Øvrehus et al. had found that early hypertensive nephrosclerosis
showed disturbances in dopamine intrarenal biosynthesis [31]. Metabolic pathways
such as sphingolipid, vitamin D-related compounds, and steroid precursors were
discovered in glaucoma patients [32]. Dong et al. discovered the 31 metabolites
between nonalcoholic fatty liver disease and nonalcoholic steatohepatitis [33].
Based on the metabolic method, Wang et al. found that the changes of acute
ischemic stroke were mainly related to amino acid-related metabolism [34]. There
are 30 different metabolites of gout patients, mainly involving tricarboxylic acid
cycle, amino acid metabolism, and lipid metabolism [35]. A total of 12 metabolites,



6 1 Current State of the Art of High-Throughput Metabolomics

5,6-Epoxy-8,11,14-eicosatrienoic acid

PE(20:3(8Z,11Z,14Z)/0:0)

p-Cresol

PC(18:0/20:5(19Z,11Z, 13Z, 15Z, 17Z))

4-Hydroxybenzaldehyde

Indoleacnylic acid
Cytidine

PC(O-18:0/0:0)

Inosine

7′-Carboxy-gamma-tocotrienol

PC(18:4(6Z,9Z,12Z,15Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z))

PC(20:3(8Z,14Z)/0:0)

3,4-Dimethylbenzoic acid

PA(O-16:0/0:0)

Phenylalanylphenylalanine

PC(0:0/18:0)

a-N-Phenylacetyl-L-glutamine

Androsterone sulfateGlycochenodeoxycholate-3-sulfate

Deoxycholic acid  3-glucuronide

17 alpha,21-Dihydroxypregnenolone

S Adenosylmethionine
Sphinganine

PC(18:3)(6Z,9Z,12Z)/0:0)

Ceramide (d18:1/24:1(15Z))

Chenodeoxycholic acid sulfate

Figure 1.6 Metabolic networks for the biologically meaningful metabolite sets performed
with MetaboAnalyst online tool (www.metaboanalyst.ca).

mainly related to fatty acid metabolism, exerted significant changes in ischemic
stroke [36]. Metabolomics research is of great significance for the disease diagnosis,
to better understand the disease pathogenesis and to provide new evidence for the
primary prevention of disease [37–43]. Cancer is a major health problem in the
world, so understanding the metabolic causes of cancer and its influencing factors
is important for disease treatment. Yang et al. used MS to explore the metabolic
changes of ovarian and had identified 18 metabolites closely related to ovarian
cancer [44]. Some scholars used LC/MS to study the metabolic changes of pancre-
atic cancer tissue and found that seven metabolites may be potential biomarkers
[45]. Metabolic pathways are closely related to tumor growth, metastasis, and
immune escape mechanism [46, 47].

1.4.2 Metabolic Mechanisms

The disorder of metabolic mechanism is one of the crucial factors affecting the
disease, for clarifying the metabolic mechanism plays a crucial role in the treatment
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of the disease. Breviscapine mainly improves the metabolism of phospholipids by
regulating the level of serotonin [48]. A total of 19 metabolites were found with the
hypoglycemic effect of Crassostrea gigas polysaccharide and mainly involved in car-
bohydrate metabolism, amino acid metabolism, and purine metabolism [49]. Aloe
emodin has a therapeutic effect on hyperlipidemia by regulating metabolic disorders
[50]. Pang et al. had found that methotrexate could regulate the inflammatory-
related metabolic networks [51]. Metabolic mechanism of disease research in
metabolomics-based approach provided a new method for disease treatment
[52–56].

1.4.3 Drug Efficacy

The efficacy evaluation is an essential requirement for discovering the effective con-
stituents and therapeutic targets. Therefore, based on the metabolomics and other
omics techniques, the innovative methods such as chinmedomics, fectomics, and
functiomics could be established and used for evaluating the efficacy; discovering
the chemicalome and metabolome; screening of active compounds, fectome and
functiome; revealing the effective mechanism of drug, herbal medicine, and tradi-
tional medicine; etc. and seek to elucidate the therapeutic properties with modern
techniques. Some scholars have found that the process of drug treatments could
be uncovered by metabolic methods [57]. Bao et al. used UPLC/MS metabolomic
method to rapidly identify the anticancer compounds in Forsythia and found that
betulinic acid was the most effective anticancer compound. The forsythia extract
can exert anti-inflammatory effect through acting on different metabolic pathways
[58, 59]. A total of 27 potential biomarkers were discovered and related with effec-
tive mechanism of Xanthii Fructus for allergic rhinitis, which mainly involved glyc-
erophospholipid and branched-chain amino acid metabolism [60]. Gross saponins
of Tribulus terrestris fruit could regulate the multiple metabolic pathways to reverse
the middle cerebral artery occlusion [61]. Gastrointestinal injury was mainly related
to phenylalanine, arachidonic acid, and taurine. Fructus Gardenia affected func-
tion state of gastrointestinal via regulating a variety of metabolic pathways [62].
Metabolomics has a wide range of applications in drug efficacy, drug screening, and
toxicity and effectiveness evaluations [63–68].

1.4.4 Nutrition

The application of metabolomics in the nutrition field is called nutritional
metabolomics, which refers to the systematic study of the interaction between
diet and organism metabolism. The changes of cucumber fruit metabolites under
nano-Cu stress were examined by NMR and GC–MS and found that nano cop-
per exposure had an effect on the metabolic profile of fruit metabolites [69].
UPLC–MS-based metabolomics strategy was used to explore the nutrient profiles
of kale and found that the contents of components in different cabbage varieties
were different [70]. MS technology was used to explore the differences of secondary
metabolites and heavy metals content in dried ginger from different habitats.
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It showed that abiotic stress due to metals may lead to differences in metabolite
abundance [71]. GC–MS technology was used to investigate the metabolic changes
of strawberry fruit caused by controlled atmosphere treatment and found that
several metabolites were mainly related to the biologically active compounds [72].
These studies have provided the scientific basis for the regulation and balance of
nutrition and diet [73–80].

1.4.5 Plant Biology

The metabolic characteristics of leaves and roots of soybean seedlings cultured
under normal and excessive Mo conditions were analyzed by UPLC–MS/MS.
2-Oxo-arginine, L-nicotine, gluconic acid, D-gluconic acid, and citric acid play an
important role in chelation of molybdenum and reducing its toxicity [81]. Yang et al.
studied the metabolic responses of magnesium deficiency in soybean leaves and
roots and found that there were considerable differences in carbon and nitrogen
metabolic responses between leaves and roots under magnesium deficiency [82].
Allwood et al. had investigated the yield, grain quality, and response of grain
metabolites to increase nitrogen application and found that nitrogen application
had a significant effect on grain yield [83]. Zhang et al. performed metabolomic
analysis on two wheat varieties with different induced nitrogen levels and revealed
that flavonoids were considered as potential biomarkers under low nitrogen
stress [84]. Metabolomics is increasingly utilized in agronomy and plant biology to
understand the behavior of plants under different stress conditions [85–88].

1.5 Limitation

Although metabolomics technology is widely used, there are still many problems.
The analytical techniques have not been able to achieve comprehensive qualitative
and quantitative analysis of all metabolites in living organisms [89–94]. The
instruments and equipment required for conducting the metabolomics research
are expensive, and the proficiency of the operators is a high-level demand. The
experiments have shown that various interference factors, such as age, gender,
diet, temperature, and even changes in environment, could affect the metabolic
profiles [95–102]. In the metabolomics data analysis, although there are several
commonly used databases, the number of metabolites is currently not identified by
the standard compound. Therefore, the metabolomics database needs to be further
improved. In the process of data analysis, most methods are applied to linear
data sets, and how they are used from nonlinear data is worth thinking deeply.
Effective extraction of metabolites is still a faced problem [7, 103–110]. It requires
mathematics and statistics to be fully borrowed and absorbed in metabolomics field
[111–116]. Perfection of metabolomics still requires further efforts.
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1.6 Conclusions and Future Perspectives

A better understanding of the disease-related mechanisms on the endogenous
metabolism is an urgent need. Fortunately, the MS-based metabolomics has been
used in various areas, providing scientific support for the discovery of endogenous
metabolites. Advances in this field have enabled the discovery of numerous disease
biomarkers and then provided insight into the disease pathogenesis [117–120].
It addresses the challenges of methods and applications for the discovery and identi-
fication for metabolite biomarkers, but the analytical instruments, techniques, and
data acquisition or analysis require additional improvement. It is still challenging
to establish a predictive model for diagnostic rationalization. Other challenges such
as sample preparation, sample matrix, and residual effects can also lead to data
variability. The challenge is usually accompanied by opportunities, and the current
challenges are also huge opportunities for future development. With the improve-
ment of methods, it is believed that metabolomics will be comprehensive, efficient,
and even become a powerful tool to monitor disease from beginning to end.

Acknowledgments

This work was supported by grants from the Key Program of Natural Science
Foundation of State (Grant No. 81973745, 81302905), Natural Science Foundation
of Heilongjiang Province (YQ2019H030), and Heilongjiang Touyan Innovation
Team Program.

References

1 Ju, R., Liu, X., Zheng, F. et al. (2019). Removal of false positive features to
generate authentic peak table for high-resolution mass spectrometry-based
metabolomics study. Analytica Chimica Acta 1067: 79–87.

2 Yang, Q., Zhang, A.H., Miao, J.H. et al. (2019). Metabolomics biotechnology,
applications, and future trends: a systematic review. RSC Advances 9 (64):
37245–37257.

3 Amberg, A., Riefke, B., Schlotterbeck, G. et al. (2017). NMR and MS methods
for metabolomics. Methods in Molecular Biology (Clifton, N.J.) 1641: 229–258.

4 Nicholson, J.K., Lindon, J.C., and Holmes, E. (1999). ‘Metabonomics’: under-
standing the metabolic responses of living systems to pathophysiological stimuli
via multivariate statistical analysis of biological NMR spectroscopic data.
Xenobiotica 29 (11): 1181–1189.

5 Zhang, Y., Liu, P., Li, Y. et al. (2017). Exploration of metabolite signatures using
high-throughput mass spectrometry coupled with multivariate data analysis.
RSC Advances 7 (11): 6780–6787.



10 1 Current State of the Art of High-Throughput Metabolomics

6 Zhang, A.H., Ma, Z.M., Sun, H. et al. (2019). High-throughput metabolomics
evaluate the efficacy of total lignans from Acanthophanax senticosus stem
against ovariectomized osteoporosis rat. Frontiers in Pharmacology 10: 553.

7 Zhang, A., Sun, H., Wang, P. et al. (2013). Salivary proteomics in biomedical
research. Clinica Chimica Acta 415: 261–265.

8 Xie, J., Zhang, A.H., Qiu, S. et al. (2019). Identification of the perturbed
metabolic pathways associating with prostate cancer cells and anticancer affects
of obacunone. Journal of Proteomics 206: 103447.

9 Bar, N., Korem, T., Weissbrod, O. et al. (2020). A reference map of potential
determinants for the human serum metabolome. Nature 588 (7836): 135–140.

10 Zhang, A., Sun, H., Yan, G. et al. (2016). Mass spectrometry-based
metabolomics: applications to biomarker and metabolic pathway research.
Biomedical Chromatography 30 (1): 7–12.

11 Zhang, A., Sun, H., Wang, P. et al. (2012). Modern analytical techniques in
metabolomics analysis. Analyst 137 (2): 293–300.

12 Wang, X.J., Gao, X., Zhang, A.H. et al. (2019). High-throughput metabolomics
for evaluating the efficacy and discovering the metabolic mechanism of
Luozhen capsules from the excessive liver-fire syndrome of hypertension.
RSC Advances 9 (55): 32141–32153.

13 Sun, H., Li, X.N., Zhang, A.H. et al. (2019). Exploring potential biomark-
ers of coronary heart disease treated by Jing Zhi Guan Xin Pian using
high-throughput metabolomics. RSC Advances 9 (20): 11420–11432.

14 Sun, H., Wang, M., Zhang, A. et al. (2013). UPLC-Q-TOF-HDMS analysis
of constituents in the root of two kinds of Aconitum using a metabolomics
approach. Phytochemical Analysis 24 (3): 263–276.

15 Sovio, U., Goulding, N., McBride, N. et al. (2020). A maternal serum metabolite
ratio predicts fetal growth restriction at term. Nature Medicine 26 (3): 348–353.

16 Zhang, A., Sun, H., and Wang, X. (2014). Potentiating therapeutic effects by
enhancing synergism based on active constituents from traditional medicine.
Phytotherapy Research 28 (4): 526–533.

17 Wang, X.J., Ren, J.L., Zhang, A.H. et al. (2019). Novel applications of mass
spectrometry-based metabolomics in herbal medicines and its active ingredi-
ents: current evidence. Mass Spectrometry Reviews 38 (4–5): 380–402.

18 Zhang, A.H., Sun, H., Qiu, S. et al. (2013). NMR-based metabolomics coupled
with pattern recognition methods in biomarker discovery and disease diagnosis.
Magnetic Resonance in Chemistry 51 (9): 549–556.

19 Sun, H., Zhang, A.H., Liu, S.B. et al. (2018). Cell metabolomics identify
regulatory pathways and targets of magnoline against prostate cancer. Jour-
nal of Chromatography B: Analytical Technologies in the Biomedical and Life
Sciences 1102, 1103: 143–151.

20 Zhang, A.H., Sun, H., Qiu, S. et al. (2013). Metabolomics in noninvasive breast
cancer. Clinica Chimica Acta 424: 3–7.

21 Zhang, A.H., Qiu, S., Xu, H.Y. et al. (2014). Metabolomics in diabetes. Clinica
Chimica Acta 429: 106–110.



References 11

22 Yan, G.L., Zhang, A.H., Sun, H. et al. (2013). An effective method for deter-
mining the ingredients of Shuanghuanglian formula in blood samples using
high-resolution LC-MS coupled with background subtraction and a multiple
data processing approach. Journal of Separation Science 36 (19): 3191–3199.

23 Zhang, A.H., Sun, H., Yan, G.L. et al. (2013). Serum proteomics in biomedical
research: a systematic review. Applied Biochemistry and Biotechnology 170 (4):
774–786.

24 Sun, H., Zhang, A.H., Zou, D.X. et al. (2014). Metabolomics coupled with
pattern recognition and pathway analysis on potential biomarkers in liver
injury and hepatoprotective effects of Yinchenhao. Applied Biochemistry and
Biotechnology 173 (4): 857–869.

25 Johno, H., Yoshimura, K., Mori, Y. et al. (2018). Detection of potential
new biomarkers of atherosclerosis by probe electrospray ionization mass
spectrometry. Metabolomics: Official Journal of the Metabolomic Society
14 (4): 38.

26 Tavares, G., Venturini, G., Padilha, K. et al. (2018). 1,5-Anhydroglucitol predicts
CKD progression in macroalbuminuric diabetic kidney disease: results from
non-targeted metabolomics. Metabolomics: Official Journal of the Metabolomic
Society 14 (4): 39.

27 Hao, M., Ji, D., Li, L. et al. (2018). Mechanism of Curcuma wenyujin rhizoma
on acute blood stasis in rats based on a UPLC-Q/TOF-MS metabolomics and
network approach. Molecules 24 (1): 82.

28 Abdulwahab, R.A., Alaiya, A., Shinwari, Z. et al. (2019). LC-MS/MS proteomic
analysis revealed novel associations of 37 proteins with T2DM and notable
upregulation of immunoglobulins. International Journal of Molecular Medicine
43 (5): 2118–2132.

29 Yang, G., Zhao, G., Zhang, J. et al. (2019). Global urinary metabolic profiling of
the osteonecrosis of the femoral head based on UPLC-QTOF/MS. Metabolomics:
Official Journal of the Metabolomic Society 15 (3): 26.

30 Lin, S., Yue, X., Wu, H. et al. (2019). Explore potential plasma biomarkers
of acute respiratory distress syndrome (ARDS) using GC-MS metabolomics
analysis. Clinical Biochemistry 66: 49–56.

31 Øvrehus, M.A., Bruheim, P., Ju, W. et al. (2018). Gene expression studies
and targeted metabolomics reveal disturbed serine, methionine, and tyrosine
metabolism in early hypertensive nephrosclerosis. Kidney International Reports
4 (2): 321–333.

32 Barbosa-Breda, J., Himmelreich, U., Ghesquière, B. et al. (2018). Clinical
metabolomics and glaucoma. Ophthalmic Research 59 (1): 1–6.

33 Dong, S., Zhan, Z.Y., Cao, H.Y. et al. (2017). Urinary metabolomics analysis
identifies key biomarkers of different stages of nonalcoholic fatty liver disease.
World Journal of Gastroenterology 23 (15): 2771–2784.

34 Wang, D., Kong, J., Wu, J. et al. (2017). GC-MS-based metabolomics identifies
an amino acid signature of acute ischemic stroke. Neuroscience Letters 642:
7–13.



12 1 Current State of the Art of High-Throughput Metabolomics

35 Li, Q., Wei, S., Wu, D. et al. (2018). Urinary metabolomics study of patients
with gout using gas chromatography-mass spectrometry. BioMed Research
International 2018: 3461572.

36 Sun, H., Zhao, J., Zhong, D. et al. (2017). Potential serum biomarkers and
metabonomic profiling of serum in ischemic stroke patients using UPLC/Q-TOF
MS/MS. PLoS One 12 (12): e0189009.

37 Lu, H., Ding, J., Liu, W. et al. (2018). UPLC/MS-based metabolomics investiga-
tion of the protective effect of hydrogen gas inhalation on mice with calcium
oxalate-induced renal injury. Biological & Pharmaceutical Bulletin 41 (11):
1652–1658.

38 Zhao, H., Liu, Y., Li, Z. et al. (2018). Identification of essential hyperten-
sion biomarkers in human urine by non-targeted metabolomics based on
UPLC-Q-TOF/MS. Clinica Chimica Acta 486: 192–198.

39 Dittharot, K., Jittorntam, P., Wilairat, P. et al. (2018). Urinary metabolomic
profiling in chronic hepatitis B viral infection using gas chromatography/mass
spectrometry. Asian Pacific Journal of Cancer Prevention 19 (3): 741–748.

40 Zhao, H., Wang, C., Zhao, N. et al. (2018). Potential biomarkers of Parkinson’s
disease revealed by plasma metabolic profiling. Journal of Chromatography B:
Analytical Technologies in the Biomedical and Life Sciences 1081–1082: 101–108.

41 Li, X.Z., Yang, X.Y., Wang, Y. et al. (2017). Urine metabolic profiling for the
pathogenesis research of erosive oral lichen planus. Archives of Oral Biology 73:
206–213.

42 Wang, Y., Sun, W., Zheng, J. et al. (2018). Urinary metabonomic study of
patients with acute coronary syndrome using UPLC-QTOF/MS. Journal of
Chromatography B: Analytical Technologies in the Biomedical and Life Sciences
1100–1101: 122–130.

43 Liang, Q., Liu, H., Xing, H. et al. (2016). Urinary UPLC-MS metabolomics
dissecting the underlying mechanisms of Huaxian capsule protects against
sepsis. RSC Advances 6 (46): 40436–40441.

44 Yang, W., Mu, T., Jiang, J. et al. (2018). Identification of potential biomarkers
and metabolic profiling of serum in ovarian cancer patients using UPLC/Q-TOF
MS. Cell Physiol. Biochem. 51 (3): 1134–1148.

45 Nan, Y., Zhou, X., Liu, Q. et al. (2016). Serum metabolomics strategy for
understanding pharmacological effects of Shen Qi pill acting on kidney yang
deficiency syndrome. Journal of Chromatography B: Analytical Technologies
in the Biomedical and Life Sciences 1026: 217–226. https://doi.org/10.1016/j
.jchromb.2015.12.004.

46 Liang, Q., Liu, H., Li, X. et al. (2016). High-throughput metabolomics analysis
discovers salivary biomarkers for predicting mild cognitive impairment and
Alzheimer’s disease. RSC Advances 6 (79): 75499–75504.

47 Liang, Q., Liu, H., Xing, H. et al. (2016). UPLC-QTOF/MS based metabolomics
reveals metabolic alterations associated with severe sepsis. RSC Advances 6 (49):
43293–43298.

48 Xia, H., Wu, L., Chu, M. et al. (2017). Effects of breviscapine on amyloid beta
1-42 induced Alzheimer’s disease mice: a HPLC-QTOF-MS based plasma



References 13

metabonomics study. Journal of Chromatography B: Analytical Technologies
in the Biomedical and Life Sciences 1057: 92–100.

49 Zhao, G., Hou, X., Li, X. et al. (2018). Metabolomics analysis of alloxan-induced
diabetes in mice using UPLC-Q-TOF-MS after Crassostrea gigas polysaccharide
treatment. International Journal of Biological Macromolecules 108: 550–557.

50 Ji, H., Liu, Y., He, F. et al. (2018). LC-MS based urinary metabolomics study
of the intervention effect of aloe-emodin on hyperlipidemia rats. Journal of
Pharmaceutical and Biomedical Analysis 156: 104–115.

51 Pang, Z., Wang, G., Ran, N. et al. (2018). Inhibitory effect of methotrexate on
rheumatoid arthritis inflammation and comprehensive metabolomics analysis
using ultra-performance liquid chromatography-quadrupole time of flight-mass
spectrometry (UPLC-Q/TOF-MS). International Journal of Molecular Sciences
19 (10): 2894.

52 Rodrigues, D., Pinto, J., Araújo, A.M. et al. (2018). Volatile metabolomic
signature of bladder cancer cell lines based on gas chromatography-mass
spectrometry. Metabolomics: Official Journal of the Metabolomic Society 14 (5):
62.

53 Liang, Q., Liu, H., Jiang, Y. et al. (2016). Novel liquid chromatography-mass
spectrometry for metabolite biomarkers of acute lung injury disease. Analytical
Methods 8 (31): 6017–6022.

54 Pareek, V., Tian, H., Winograd, N. et al. (2020). Metabolomics and mass spec-
trometry imaging reveal channeled de novo purine synthesis in cells. Science
368 (6488): 283–290.

55 Liang, Q., Liu, H., Xing, H. et al. (2016). High-resolution mass spectrometry
for exploring metabolic signatures of sepsis-induced acute kidney injury. RSC
Advances 6 (36): 29863–29868.

56 Liang, Q., Yu, Q., Wu, H. et al. (2014). Metabolite fingerprint analysis of cer-
vical cancer using LC-QTOF/MS and multivariate data analysis. Analytical
Methods 6 (12): 3937–3942.

57 Li, C.R., Li, M.N., Yang, H. et al. (2018). Rapid characterization of chemical
markers for discrimination of Moutan Cortex and its processed products by
direct injection-based mass spectrometry profiling and metabolomic method.
Phytomedicine: International Journal of Phytotherapy and Phytopharmacology
45: 76–83.

58 Bao, J., Ding, R.B., Jia, X. et al. (2018). Fast identification of anticancer con-
stituents in Forsythiae Fructus based on metabolomics approaches. Journal of
Pharmaceutical and Biomedical Analysis 154: 312–320.

59 Yuan, A., Gong, L., Luo, L. et al. (2017). Revealing anti-inflammation mech-
anism of water-extract and oil of forsythiae fructus on carrageenan-induced
edema rats by serum metabolomics. Biomedicine & Pharmacotherapy 95:
929–937.

60 Zhuang, Y., Qin, K., Yu, B. et al. (2018). 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. Biomedi-
cal Chromatography 32 (12): e4352.



14 1 Current State of the Art of High-Throughput Metabolomics

61 Wang, Y., Zhao, H., Liu, Y. et al. (2019). GC-MS-based metabolomics to
reveal the protective effect of gross saponins of Tribulus terrestris fruit against
ischemic stroke in rat. Molecules 24 (4): 793.

62 Zhou, J., Yao, N., Wang, S. et al. (2019). Fructus Gardeniae-induced gastroin-
testinal injury was associated with the inflammatory response mediated by
the disturbance of vitamin B6, phenylalanine, arachidonic acid, taurine and
hypotaurine metabolism. Journal of Ethnopharmacology 235: 47–55.

63 Zhang, A., Sun, H., and Wang, X. (2012). Saliva metabolomics opens door to
biomarker discovery, disease diagnosis, and treatment. Applied Biochemistry and
Biotechnology 168 (6): 1718–1727.

64 Zhang, A.H., Sun, H., Yan, G.L. et al. (2019). Chinmedomics: a powerful
approach integrating metabolomics with serum pharmacochemistry to evaluate
the efficacy of traditional Chinese medicine. Engineering 5 (1): 60–68.

65 Zhang, H.L., Zhang, A.H., Miao, J.H. et al. (2019). Targeting regulation of tryp-
tophan metabolism for colorectal cancer therapy: a systematic review. RSC
Advances 9 (6): 3072–3080.

66 Li, X., Zhang, A., Sun, H. et al. (2017). Metabolic characterization and path-
way analysis of berberine protects against prostate cancer. Oncotarget 8 (39):
65022–65041.

67 Fang, H., Zhang, A., Yu, J. et al. (2016). Insight into the metabolic mechanism
of scoparone on biomarkers for inhibiting Yanghuang syndrome. Scientific
Reports 6: 37519.

68 Wang, X., Wang, Q., Zhang, A. et al. (2013). Metabolomics study of intervention
effects of Wen-Xin-formula using ultra high-performance liquid chromatogra-
phy/mass spectrometry coupled with pattern recognition approach. Journal of
Pharmaceutical and Biomedical Analysis 74: 22–30.

69 Zhao, L., Hu, J., Huang, Y. et al. (2017). 1H NMR and GC-MS based
metabolomics reveal nano-Cu altered cucumber (Cucumis sativus) fruit nutri-
tional supply. Plant Physiology and Biochemistry 110: 138–146.

70 Wang, Y.Q., Hu, L.P., Liu, G.M. et al. (2017). Evaluation of the nutri-
tional quality of Chinese kale (Brassica alboglabra Bailey) using
UHPLC-quadrupole-orbitrap MS/MS-based metabolomics. Molecules 22 (8):
1262.

71 Alolga, R.N., Chavez, M., and Muyaba, M. (2018). Untargeted
UPLC-Q/TOF-MS-based metabolomics and inductively coupled plasma opti-
cal emission spectroscopic analysis reveal differences in the quality of ginger
from two provinces in Zambia. Journal of Pharmacy and Pharmacology 70 (9):
1262–1271.

72 Ramírez-Acosta, S., Arias-Borrego, A., Gómez-Ariza, J.L. et al. (2019).
Metabolomic study of bioactive compounds in strawberries preserved under
controlled atmosphere based on GC-MS and DI-ESI-QqQ-TOF-MS. Phytochemi-
cal Analysis 30 (2): 198–207.

73 Kim, G.D., Lee, J.Y., and Auh, J.H. (2019). Metabolomic screening of
anti-inflammatory compounds from the leaves of Actinidia arguta (hardy kiwi).
Foods 8 (2): 47. https://doi.org/10.3390/foods8020047.



References 15

74 Mendonca, C.M., Yoshitake, S., Wei, H. et al. (2020). Hierarchical routing in
carbon metabolism favors iron-scavenging strategy in iron-deficient soil Pseu-
domonas species. Proceedings of the National Academy of Sciences of the United
States of America 117 (51): 32358–32369.

75 Wang, D., Zhang, L., Huang, X. et al. (2018). Identification of nutritional com-
ponents in black sesame determined by widely targeted metabolomics and
traditional Chinese medicines. Molecules 23 (5): 1180.

76 Moreira, V., Brasili, E., Fiamoncini, J. et al. (2018). Orange juice affects acyl-
carnitine metabolism in healthy volunteers as revealed by a mass-spectrometry
based metabolomics approach. Food Research International 107: 346–352.

77 Saa, D., Nissen, L., and Gianotti, A. (2019). Metabolomic approach to study
the impact of flour type and fermentation process on volatile profile of bakery
products. Food Research International 119: 510–516.

78 Liao, Y., Hu, R., Wang, Z. et al. (2018). Metabolomics profiling of serum and
urine in three beef cattle breeds revealed different levels of tolerance to heat
stress. Journal of Agricultural and Food Chemistry 66 (26): 6926–6935.

79 Shinozaki, Y., Beauvoit, B.P., Takahara, M. et al. (2020). Fruit setting rewires
central metabolism via gibberellin cascades. Proceedings of the National
Academy of Sciences of the United States of America 117 (38): 23970–23981.

80 Defossez, E., Pitteloud, C., Descombes, P. et al. (2021). Spatial and evolutionary
predictability of phytochemical diversity. Proceedings of the National Academy of
Sciences of the United States of America 118 (3): e2013344118.

81 Xu, S., Hu, C., Hussain, S. et al. (2018). Metabolomics analysis reveals poten-
tial mechanisms of tolerance to excess molybdenum in soybean seedlings.
Ecotoxicology and Environmental Safety 164: 589–596.

82 Yang, N., Jiang, J., Xie, H. et al. (2017). Metabolomics reveals distinct carbon
and nitrogen metabolic responses to magnesium deficiency in leaves and roots
of soybean [Glycine max (Linn.) Merr.]. Frontiers in Plant Science 8: 2091.

83 Allwood, J.W., Xu, Y., Martinez-Martin, P. et al. (2019). Rapid UHPLC-MS
metabolite profiling and phenotypic assays reveal genotypic impacts of nitro-
gen supplementation in oats. Metabolomics: Official Journal of the Metabolomic
Society 15 (3): 42.

84 Zhang, Y., Ma, X.M., Wang, X.C. et al. (2017). UPLC-QTOF analysis reveals
metabolomic changes in the flag leaf of wheat (Triticum aestivum L.) under
low-nitrogen stress. Plant Physiology and Biochemistry 111: 30–38.

85 Du, P., Wu, X., Xu, J. et al. (2017). Determination and dissipation of mesotrione
and its metabolites in rice using UPLC and triple-quadrupole tandem mass
spectrometry. Food Chemistry 229: 260–267.

86 Pei, G., Niu, X., Zhou, Y. et al. (2017). Crosstalk of two-component signal trans-
duction systems in regulating central carbohydrate and energy metabolism
during autotrophic and photomixotrophic growth of Synechocystis sp. PCC 6803.
Integrative Biology: Quantitative Biosciences from Nano to Macro 9 (5): 485–496.

87 Mibei, E.K., Owino, W.O., Ambuko, J. et al. (2018). Metabolomic analyses to
evaluate the effect of drought stress on selected African eggplant accessions.
Journal of the Science of Food and Agriculture 98 (1): 205–216.



16 1 Current State of the Art of High-Throughput Metabolomics

88 Qian, Y., Zhang, S., Yao, S. et al. (2018). Effects of vitro sucrose on quality com-
ponents of tea plants (Camellia sinensis) based on transcriptomic and metabolic
analysis. BMC Plant Biology 18 (1): 121.

89 Koelmel, J.P., Ulmer, C.Z., Jones, C.M. et al. (2017). Common cases of improper
lipid annotation using high-resolution tandem mass spectrometry data and
corresponding limitations in biological interpretation. Biochimica et Biophysica
Acta, Molecular and Cell Biology of Lipids 1862 (8): 766–770.

90 Vaysse, P.M., Heeren, R., Porta, T. et al. (2017). Mass spectrometry imaging for
clinical research – latest developments, applications, and current limitations.
Analyst 142 (15): 2690–2712.

91 Li, Y.F., Qiu, S., Gao, L.J. et al. (2018). Metabolomic estimation of the diagnosis
of hepatocellular carcinoma based on ultrahigh performance liquid chromatog-
raphy coupled with time-of-flight mass spectrometry. RSC Advances 8 (17):
9375–9382.

92 Wang, H., Yan, G., Zhang, A. et al. (2013). Rapid discovery and global char-
acterization of chemical constituents and rats metabolites of Phellodendri
amurensis cortex by ultra-performance liquid chromatography-electrospray
ionization/quadrupole-time-of-flight mass spectrometry coupled with pattern
recognition approach. Analyst 138 (11): 3303–3312.

93 Wang, X., Li, J., and Zhang, A.H. (2016). Urine metabolic phenotypes analysis
of extrahepatic cholangiocarcinoma disease using ultra-high performance liquid
chromatography-mass spectrometry. RSC Advances 6 (67): 63049–63057.

94 Zhang, A.H., Sun, H., Yan, G.L. et al. (2014). Metabolomics study of type 2
diabetes using ultra-performance LC-ESI/quadrupole-TOF high-definition MS
coupled with pattern recognition methods. Journal of Physiology and Biochem-
istry 70 (1): 117–128.

95 Zhang, A., Sun, H., Qiu, S. et al. (2014). Metabolomics insights into pathophys-
iological mechanisms of nephrology. International Urology and Nephrology 46
(5): 1025–1030.

96 Sun, H., Zhang, A.H., Song, Q. et al. (2018). Functional metabolomics discover
pentose and glucuronate interconversion pathways as promising targets for
Yang Huang syndrome treatment with Yinchenhao Tang. RSC Advances 8 (64):
36831–36839.

97 Zhang, A.H., Yu, J.B., Sun, H. et al. (2018). Identifying quality-markers from
Shengmai San protects against transgenic mouse model of Alzheimer’s dis-
ease using chinmedomics approach. Phytomedicine: International Journal of
Phytotherapy and Phytopharmacology 45: 84–92.

98 Zhang, A., Sun, H., Xu, H. et al. (2013). Cell metabolomics. Omics: A Journal of
Integrative Biology 17 (10): 495–501.

99 Wang, X., Zhang, A., Zhou, X. et al. (2016). An integrated chinmedomics strat-
egy for discovery of effective constituents from traditional herbal medicine.
Scientific Reports 6: 18997.

100 Fang, H., Zhang, A.H., Sun, H. et al. (2019). High-throughput metabolomics
screen coupled with multivariate statistical analysis identifies therapeu-
tic targets in alcoholic liver disease rats using liquid chromatography-mass



References 17

spectrometry. Journal of Chromatography B: Analytical Technologies in the
Biomedical and Life Sciences 1109: 112–120.

101 Cao, H., Zhang, A., Zhang, H. et al. (2015). The application of metabolomics
in traditional Chinese medicine opens up a dialogue between Chinese and
Western medicine. Phytotherapy Research 29 (2): 159–166.

102 Liu, X.Y., Zhang, A.H., Fang, H. et al. (2018). Serum metabolomics strategy for
understanding the therapeutic effects of Yin-Chen-Hao-Tang against Yanghuang
syndrome. RSC Advances 8 (14): 7403–7413.

103 Zhao, Y., Lv, H., Qiu, S. et al. (2017). Plasma metabolic profiling and novel
metabolite biomarkers for diagnosing prostate cancer. RSC Advances 7 (48):
30060–30069.

104 Li, X.N., Zhang, A., Wang, M. et al. (2017). Screening the active compounds of
Phellodendri Amurensis cortex for treating prostate cancer by high-throughput
chinmedomics. Scientific Reports 7: 46234.

105 Zhang, A., Sun, H., Han, Y. et al. (2013). Urinary metabolic biomarker and
pathway study of hepatitis B virus infected patients based on UPLC-MS system.
PLoS One 8 (5): e64381.

106 Sun, H., Zhang, A., and Wang, X. (2012). Potential role of metabolomic
approaches for Chinese medicine syndromes and herbal medicine. Phytotherapy
Research 26 (10): 1466–1471.

107 Zhang, A., Sun, H., Yan, G. et al. (2014). Metabolomics in diagnosis and
biomarker discovery of colorectal cancer. Cancer Letters 345 (1): 17–20.

108 Zhang, A., Sun, H., Han, Y. et al. (2012). Exploratory urinary metabolic
biomarkers and pathways using UPLC-Q-TOF-HDMS coupled with pattern
recognition approach. Analyst 137 (18): 4200–4208.

109 Zhang, A.H., Wang, P., Sun, H. et al. (2013). High-throughput
ultra-performance liquid chromatography-mass spectrometry characteriza-
tion of metabolites guided by a bioinformatics program. Molecular BioSystems
9 (9): 2259–2265.

110 Sun, H., Zhang, A., Yan, G. et al. (2013). Metabolomic analysis of key regula-
tory metabolites in hepatitis C virus-infected tree shrews. Molecular & Cellular
Proteomics 12 (3): 710–719.

111 Ge, N., Kong, L., Zhang, A.H. et al. (2021). Identification of key lipid metabo-
lites during metabolic dysregulation in the diabetic retinopathy disease
mouse model and efficacy of Keluoxin capsule using an UHPLC-MS-based
non-targeted lipidomics approach. RSC Advances 11 (10): 5491–5505.

112 Zhang, A., Sun, H., Wang, P. et al. (2012). Future perspectives of personal-
ized medicine in traditional Chinese medicine: a systems biology approach.
Complementary Therapies in Medicine 20 (1–2): 93–99.

113 Chu, H., Zhang, A., Han, Y. et al. (2016). Metabolomics approach to explore
the effects of Kai-Xin-San on Alzheimer’s disease using UPLC/ESI-Q-TOF
mass spectrometry. Journal of Chromatography B: Analytical Technologies in the
Biomedical and Life Sciences 1015–1016: 50–61.

114 Zhang, A., Sun, H., Yan, G. et al. (2015). Metabolomics for biomarker discovery:
moving to the clinic. BioMed Research International 2015: 354671.



18 1 Current State of the Art of High-Throughput Metabolomics

115 Zhang, A., Sun, H., and Wang, X. (2017). Emerging role and recent applications
of metabolomics biomarkers in obesity disease research. RSC Advances 7 (25):
14966–14973.

116 Sun, H., Wang, H., Zhang, A. et al. (2015). Berberine ameliorates nonbacterial
prostatitis via multi-target metabolic network regulation. Omics: A Journal of
Integrative Biology 19 (3): 186–195.

117 Xiong, H., Zhang, A.H., Zhao, Q.Q. et al. (2020). Discovery of quality-marker
ingredients of Panax quinquefolius driven by high-throughput chinmedomics
approach. Phytomedicine: International Journal of Phytotherapy and Phytophar-
macology 74: 152928.

118 Zhang, A., Wang, H., Sun, H. et al. (2015). Metabolomics strategy reveals thera-
peutical assessment of limonin on nonbacterial prostatitis. Food and Function 6
(11): 3540–3549.

119 Zhang, H.L., Zhang, A.H., Zhou, X.H. et al. (2018). High-throughput lipidomics
reveal mirabilite regulating lipid metabolism as anticancer therapeutics. RSC
Advances 8 (62): 35600–35610.

120 Sun, H., Zhang, A.H., Yang, L. et al. (2019). High-throughput chinmedomics
strategy for discovering the quality-markers and potential targets for Yinchen-
hao decoction. Phytomedicine: International Journal of Phytotherapy and
Phytopharmacology 54: 328–338.


