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ABSTRACT 

 
Metabolomics, study of small metabolites, represents the final outcome of all genetic and 

environmental influences in microbes to humans. It finds application in health and disease management, 
mutation studies, growth condition optimisation, environmental effects etc. Its workflow includes sample 
collection & preservation, data acquisition & processing, data analysis and metabolite identification. Recent 
past has witnessed an exponential growth in metabolomics due to development of cost effective/high 
throughput cutting edge technologies in instrumentation and data acquisition-analyses-interpretation. Its 
ability to simultaneously capture multiple metabolites, quantitatively and qualitatively, supplants individual 
metabolite specific assays making it a cost and time effective approach. Identification of key metabolites 
furthers understanding of biochemical pathways underlying several long/short term patho-physiological 
changes. These metabolites can be biomarkers for early disease diagnosis, progression monitoring and 
treatment compliances. Metabolomics has extensively contributed to existing knowledge-base at molecular 
level in crop and breeding science, embryogenesis, health and diseases, environmental stress and pollutants, 
herbal medicines etc. Several literature based databases and reference libraries have been created and 
continuously updated that complement further studies. This review summarises global and Indian picture of 
metabolomic studies across diverse fields along with a brief account of technical developments and 
methodologies involved and its path forward. 
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CONCEPTUAL BASIS 
 

Metabolomics represent a rapidly growing application driven science of system biology offering a 
direct and holistic view on the phenotype and physiology of any biological system. The word “metabolomics” 
represents the comprehensive analysis of all low molecular weight endogenous and exogenous metabolites 

(1500 Da) at any given point of time [1-5]. These metabolites are indicators of metabolic pathways occurring 
during normal cell function and include processes like anabolism, catabolism etc.[6]. The complexity and 
magnitude of the metabolome depends on the organism as well as biological sample type such as blood, urine, 
cerebral spinal fluid (CSF) or tissue [7]. Recently volatile organic compounds (VOCs), which denote a wide 
range of stable chemicals / metabolites volatile at ambient temperature detectable in breathe out air / urine / 
faeces and sweat, are shown to offer understanding of healthy and disease specific metabolic variations [3, 4, 
8-11]. 
 

Proximity of metabolomics to physiology, comprehending and reflecting biological effects of a cell or 
organism at the molecular level, facilitates its high applicability to various fields. Metabolome denotes the final 
expression of genes in a biological system and yields key information for a more cognitive understanding of 
systems biology. Phenotypic perturbations are reflected as amplified downstream metabolic adaptations, 
hence, metabolomics can serve as a tool to further enhance our knowledge on various functions and diseases 
of organisms [2, 12-15]. Its frequently used synonym, metabonomics has been defined by Nicholson et al.[16] 
as the quantitative measurement of the time linked multi-parametric response at metabolic level in living 
systems to pathological / physiological stimuli, drugs, toxins or alterations of genes. In practice, no difference 
prevails between both metabonomics and metabolomics and are often used interchangeably [17]. 
 

Methodologies in metabolomics can be untargeted and targeted. The former comprehensively 
analyses all the quantifiable analytes including chemical unknowns in a sample, while the latter measures 
designated groups of chemically and biochemically defined metabolites. Quantitative investigation of 
metabolites in a designated metabolic pathway or a specific category of compounds encompassing the analysis 
of a few metabolites is “metabolic profiling”. “Metabolic fingerprinting” presents the equitable, global 
metabolite patterns or fingerprints that can identify differential metabolites in samples which may be a 
response to disease, environmental or genetic variations. Extracellular metabolites’ fingerprint analysis in a cell 
culture medium reflecting cellular excretion or uptake of metabolites is “metabolic foot-printing” [3, 18, 19]. 
Study of the metabolome has been going on from decades with early applications in the field of toxicology, 
inborn metabolic errors and nutrition. In spite of this, metabolomics has received much lesser attention as 
against, transcriptomics, genomics and proteomics. Latest developments in analytical tools like Nuclear 
Magnetic Resonance (NMR) and Mass Spectroscopy (MS) have led the extension of metabolomics in many 
arenas, including medicine, synthetic biology, predictive modelling of plant, animal and microbial systems. 

 
Table 1 presents a representative compilation of some of the recently published reviews on 

metabolomics studies from diverse fields of study. 
 

Table 1: Reviews on metabolomics 
 

SL. NO Title of review paper Ref 

1.  Current Challenges in Plant Eco-Metabolomics [20] 

2.  Guidelines and considerations for the use of system suitability and quality control 
samples in mass spectrometry assays applied in untargeted clinical metabolomic 
studies 

[21] 

3.  Vitamin C in Cancer: A Metabolomics Perspective [22] 

4.  Citrate usage in the leading causes of blindness: new possibilities for the old 
metabolite 

[23] 

5.  Microbial markers in colorectal cancer detection and/or prognosis [24] 

6.  Integration of genomics and metabolomics for prioritization of rare disease variants: a 
2018 literature review 

[25] 

7.  Understanding and Designing the Strategies for the Microbe-Mediated Remediation 
of Environmental Contaminants Using Omics Approaches 

[26] 

8.  Unraveling Nutritional Regulation of Tacrolimus Biosynthesis in Streptomyces [27] 
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tsukubaensis through omic Approaches 

9.  Functional Genomics Approaches to Studying Symbioses between Legumes and 
Nitrogen-Fixing Rhizobia 

[28] 

10.  Concepts and Methods to Access Novel Antibiotics from Actinomycetes [29] 

11.  Using Omics to Understand and Treat Pulmonary Vascular Disease [30] 

12.  Biomarkers for primary biliary cholangitis: current perspectives [31] 

13.  Gene Discovery of Characteristic Metabolic Pathways in the Tea Plant (Camellia 
sinensis) Using ‘Omics’-Based Network Approaches: A Future Perspective 

[32] 

14.  Metabolomics in Radiation-Induced Biological Dosimetry: A Mini-Review and a 
Polyamine Study 

[33] 

 
METABOLOMIC METHODOLOGY 

 
Sampling and Sample Preparation 
 

There exist multiple approaches for sampling and sample preparation for plants, animals and 
microbes. Plant sample preparation is chosen depending upon the analytical tools and metabolites of interest. 
Microbial metabolomics requires appropriate sample-preparation steps such as quenching of enzymatic 
activities, separation of exo- and endo-metabolomes and a thorough extraction of metabolites [34]. Biological 
sampling from humans or animals includes both invasive and non-invasive techniques. Biofluids are analysed 
usually without any extraction steps [35, 36]. Extensively studied biological fluids include blood and urine. 
Recently saliva and VOCs are attracting wide attention due to its non-invasive nature along with speedy and in-
expensive disease screening procedures. Metabolic profiles are highly sensitive to external and internal factors 
such as hormones, genetic drift, age, rate of metabolism, diet, physical activities, xenobiotics etc. Therefore 
details concerning diet, physical activities and other validations are to be noted during sample collection. 
Animal / human samples procured for metabolic analysis need to be cautiously handled (maintaining low 
temperature and consistent sample extraction). Collected samples are to be preserved at appropriate 
conditions to prevent  
 

For analysis, protein rich samples such as plasma may require prior extraction and/or filtration. Saliva 
samples may be treated with acetonitrile (for UPLC-QTOF-MS) or mixed with buffer and D2O (for NMR). 
Generally urine needs minimal sample preparation, however due to effect of pH and the ionic strength 
variation on proton, lyophilisation is performed [37-39]. Frozen samples of urine and faeces for VOCs analyses 
are thawed at 60°C in a water bath. Urine samples may be treated with base/salt/acid to increase the 
concentration of VOCs available for analysis. Carboxen/polydimethylsiloxane solid phase micro extraction 
fibres are used to collect the VOCs from the faeces/urine vial headspaces and inject into the Chromatography 
(GC) port for GC/ GC-MS analysis [10, 11]. Breathe processing involves collection of the alveolar breath using 
portable breath collection condensers with filters for separation of saliva / dead space air. The subjects wear a 
nose clip while inspiring and expiring for sample collection. Collected samples may be stored at -80 °C till, GC-
MS or NMR based, analyses are carried out [40-43]. 

 
Analytical Techniques 
 

MS and NMR platforms dominate the metabolomic literature, each with its own advantages and 
limitations [44]. One of the main advantages of using NMR for metabolomics is that most metabolites exhibit 
characteristic spectra. However the limitations include its higher detection levels (1–5 µM) that require larger 
sample volume [19, 43]. Recent advances in NMR instrumentation have greatly enhanced its sensitivity. MS 
offers exceptional selectivity and sensitivity, and is based on mass-to-charge ratio of molecules. There are 
many existing variations for the ionization as well as analysis of the fragments [3, 43, 45-47]. Although it is 
destructive to sample, costly and labour intense, MS offers greater sensitivity for metabolite detection. 
Generally MS systems are coupled to GC, LC or capillary electrophoresis (CE) for the separation of metabolites. 
GC supports robust separation of volatile and non-volatile metabolites after derivatization. Through LC, 
separation of different categories of metabolites based on the column and eluent can be achieved. CE has an 
added advantage of separating polar metabolites in reduced sample volumes. Advancements in MS techniques 
as well as fast, high-resolution separation systems like capillary HPLC and Ultra-Performance Liquid 
Chromatography (UPLC) have significantly improved specificity and sensitivity of these techniques for 
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metabolite analysis [12, 13]. Other techniques used for metabolomics include Infrared and Raman 
spectroscopy which involve rapid high-throughput global metabolic analysis to discriminate samples [48]. 
Selection and suitability of these technologies rely on the study objectives and the requisite sensitivity and 
selectivity. 

 
Processing of raw data and data analysis  
 

The complex spectra from MS / NMR containing signals relating to several metabolites is processed 
and analysed to obtain relevant data (Figure 1). Data extraction is followed by chemometric analysis using 
computer assisted statistical interpretation strategies based on the data magnitude and intricacy. A series of 
data obtained by the use of different techniques such as NMR, MS, UV–Vis and IR spectroscopy enhance the 
accuracy of metabolite identification. Addition of pure reference compound for confirmation of metabolite 
identification has been found to be useful [43, 49-56]. 

 

 
 

Figure 1: Data Processing Outline 

 
POTENTIAL APPLICATIONS  

 
Microbial Metabolomics  
 

Metabolomics has applications in various microbiological fields such as metabolic pathway 
identification, microbial engineering, phytopathogen studies, mutant screening, functional gene research and 
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foodomics. Metabolome analysis at the level of microorganisms plays an important role for developing ways 
for studying higher organisms [34]. Microbial metabolomic phenotyping experiments can distinguish silent 
gene knockout mutants leading to identification of specific gene function [57]. Extensive studies have been 
carried out on yeast metabolomics [58-60]. These include phenotyping of aging-related genes, in vivo 
metabolite protein interactions and foot-printing to distinguish yeast mutants for functional genomics [2, 61-
63]. Yeast has been reported to have an estimated 1100 metabolites [64]. Metabolomic studies, on the 
collaborative dynamics between E. coli O157:H7 and Bifidobacterium longum representing pathogenic - 
commensal bacterial gut model, demonstrated that aspartate and serine from B. longum are utilized by E. coli. 
This revealed the establishment of a producer - consumer like relationship between them [65]. Similar 
symbiotic relationship between two isolated colonies of Bacillus megaterium and Ketogulonicigenium vulgare 
via metabolites exchange in their ecosystem has also been studied [66]. 
 

Metabolomic studies on phytopathogens delineated several facets of these microbes such as 
identification of gene functions and involvement in transport mechanism and cellular stress, effect of mutant 
pathogens and identification of fungal diseases on infected hosts [67, 68]. Cao, et al. [69] could characterize a 
symbiotic relationship between endophytic fungus Neotyphodiumlolii and rye grass by metabolomic analysis of 
three infected and uninfected host tissues. Via 1H-NMR, Keon, et al. [70] have reported significant increase in 
apoplastic metabolites during infection of Septoriatritici (wheat) by Mycosphaerella graminicola. Traditionally, 
most investigations on the interaction of entomopathogens and hosts have been focused at the levels of 
genome and transcriptome and only recently metabolomics approach has been explored [71-73]. 
 

Gut microbes play an important integral part in the intestinal ecosystem and modulate various 
processes at the systemic level. Thus alterations in commensal microflora were found to influence human 
health and disease. Studies revealed the impact of gut microbiota in modulating metabotype expression at 
gut, other organs and biofluids [74].Choline, bile acids and fatty acids were the main chemical classes involved 
in the microbiome-mammalian metabolism [75, 76]. 
 

Apart from metabolites, initial draft of the human metabolome has also reported 1200 drugs and 

3500 food components [6].‘‘Foodomics’’ is a discipline that applies diverse omics technologies to examine the 
connection of food components and diet with health and disease for improved health. Some of the wide 
applications of metabolomics in this domain include (i) detecting/profiling of toxins/volatile metabolites 
related to a particular microbial food contamination, (ii) genetically-modified (GM) crops quality analyses, (iii) 
elucidating variation between harvests from different seasons, (iv) exploring gut microbiota-host metabolic 
communications with a specific attention on the co-metabolism of food composition and (v) to study the 
metabolic phenotypic shift in response to diverse weaning diets. Toxins and sub-products in food degraded by 
micro-organisms are relevant aspects of food safety [12, 77-84]. Representative website resources for 
microbial metabolomics are presented in table 2. 
 

Table 2: Database Resources for Metabolomics 
 

Table 2a: Databases for human, plant and microbial metabolomics 
 

Studies based on human samples 

Name Website 

Human Metabolome Database 
http://www.hmdb.ca/ 

[6, 85, 86] 

LIPID Metabolites and Pathways Strategy 
http://www.lipidmaps.org/ 

[87] 

Madison-Qingdao Metabolomics Consortium 
Database 

http://mmcd.nmrfam.wisc.edu/ 
[88] 

Small Molecule Pathway Database 
http://smpdb.ca/ 

[89] 

Studies based on plant samples 

KaPPA-View 
http://kpv.kazusa.or.jp/ 

[90] 

The Metabolome Tomato Database http://www.ab.wur.nl/moto/ 

http://www.hmdb.ca/
http://www.lipidmaps.org/
http://mmcd.nmrfam.wisc.edu/
http://smpdb.ca/
http://kpv.kazusa.or.jp/
http://www.ab.wur.nl/moto/
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[91] 

KOMICS The Kazusa Metabolomics Portal 
http://www.kazusa.or.jp/komics/en/ 

[90] 

Studies based on microbes 

Encyclopaedia of Escherichia coli K-12 Genes and 
Metabolism 

http://www.ecocyc.org/ 
http://www.ecmdb.ca 

[92] 

The Yeast Metabolome Database 
http://www.ymdb.ca 

[93] 

SYSTOMONAS 
http://www.systomonas.de 

[94] 

Microbial Natural Products Database http://archive.is/9ZKLI 

University of Minnesota 
Biocatalysis/Biodegradation Database 

http://umbbd.ethz.ch/ 
[95] 

BioCyc Pathway/Genome Databases and Pathway 
Tools Software 

http://biocyc.org/ 
[96] 

 
Table 2 b: General databases for metabolomics 

 

Name Website 

Biochemically, Genetically and Genomically 
structured 

http://bigg.ucsd.edu. 
[97] 

DOME 
http://www.comp-sys-

bio.org/DOME/domeschema.html 

KEGG COMPOUND 
http://www.genome.jp/kegg/compound/ 

http://www.genome.jp/kegg/kegg1a.html 
[98] 

PubChem http://pubchem.ncbi.nlm.nih.gov/about.html 

MetaCyc Metabolic Pathway Database 
http://metacyc.org/ 

[99] 

Biological Magnetic Resonance Data Bank/ 
http://www.bmrb.wisc.edu/metabolomics 

[100] 

MetaboLights 
http://www.ebi.ac.uk/metabolights 

[101] 

KNApSAcK Family Databases/ 
http://kanaya.naist.jp/KNApSAcK_Family 

[102] 

NMRShiftDB 
http://nmrshiftdb.nmr.uni-koeln.de/ 

[103] 

MapMan 
http://mapman.gabipd.org/web/guest/mapman 

[104] 

Magnetic Resonance Metabolomics Database 
http://www.liu.se/hu/mdl/main/ 

[105] 

MassBank http://massbank.ufz.de/MassBank/index.html 

ACD Databases http://www.acdlabs.com/products/dbs/nmr_db/ 

 
 
 
 
 
 
 

http://www.kazusa.or.jp/komics/en/
http://www.ecocyc.org/
http://www.ecmdb.ca/
http://www.ymdb.ca/
http://www.systomonas.de/
http://archive.is/9ZKLI
http://umbbd.ethz.ch/
http://biocyc.org/
http://bigg.ucsd.edu/
http://www.comp-sys-bio.org/DOME/domeschema.html
http://www.comp-sys-bio.org/DOME/domeschema.html
http://www.genome.jp/kegg/compound/
http://www.genome.jp/kegg/kegg1a.html
http://pubchem.ncbi.nlm.nih.gov/about.html
http://metacyc.org/
http://www.bmrb.wisc.edu/metabolomics
http://www.ebi.ac.uk/metabolights
http://kanaya.naist.jp/KNApSAcK_Family
http://nmrshiftdb.nmr.uni-koeln.de/
http://mapman.gabipd.org/web/guest/mapman
http://www.liu.se/hu/mdl/main/
http://www.massbank.eu/MassBank/
http://massbank.ufz.de/MassBank/index.html
http://www.acdlabs.com/products/dbs/nmr_db/
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Table 2 c: Miscellaneous databases 
 

Name Website 

FooDB http://foodb.ca/ 

USDA Database for the Flavonoid Content of 
Selected Foods 

http://www.ars.usda.gov/News/docs.htm?docid=623
1 

National Microbiological Database 
http://www.foodsafety.govt.nz/industry/general/nm

d/ 

DrugBank 
http://www.drugbank.ca/ 

[106] 

The Toxin and Toxin Target Database 
http://www.t3db.ca/ 

[107] 

Spectral Database for Organic Compounds http://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi 

 
Table 2 d: Reference Libraries 

 

Name Website 

Golm Metabolome Database 
http://gmd.mpimp-golm.mpg.de/ 

[108] 

MS-based NIST/EPA/NIH Mass Spectral Library http://www.nist.gov/srd/nist1a.cfm 

Birmingham Metabolite Library 
http://www.bml-nmr.org/ 

[109] 

ChEBI 
https://www.ebi.ac.uk/chebi/ 

[110] 

 
Plant Metabolomics 
 

Metabolomics in plant science has played a key role to understand cellular systems and interpreting 
gene functions. Plant kingdom cataloguing reveals an approximate of 200,000 metabolites [18].This new 
conceptual approach is a favourable tool for finding bio-activities from medicinal plants and nutraceutical 
breeding [111, 112]. A strategy of combined study of the transcriptome, metabolome and metabolic pathway 
was utilised to understand the governing mechanisms between gene expression and subsequent metabolic 
phenotype [113]. Studies on the phytochemical diversity and core metabolic systems in Arabidopsis thaliana 
species showed involvement of a small number of key regulatory genes contributing to its functional 
differentiation. A simple transcript-to-metabolite mode of regulation has been suggested to bring about plant 
secondary metabolism related dynamics and diversity. Gene-to-metabolite link governing the metabolism 
against sulphur deficiency induced stress or pathogen infection has been examined for various plants [114]. 
Prediction of new gene function via exploration of association between expression of gene and metabolite 
build-up is yet another accomplishment of this integrated analysis. This approach in the model plant Athaliana 
was exhaustively done to construct the AtMetExpress development dataset [113]. 
 

Metabolomic approach finds its application in crop and breeding science as well. Genetics in 
conjunction with metabolomics may lead to the identification of new biomarkers for quality enhancing 
breeding programmes and can lead to the development of a hybrid cultivar rich in quality enhancing 
metabolites. It offers enormous potential for enhancing nutritive, pharmaceutical as well as nutraceuticals in 
plants [111, 115]. This approach has been used for differentiating four chemotypes of Withaniasomnifera [114, 
116]. GM and metabolomics studies indicated that GM potatoes were similar in composition to the parent 
cultivar except for the metabolites originating from the introduced gene. Such an approach can largely 
contribute to the public approval of GM crops [117]. 
 

Application of metabolomics is attracting attention in the development of natural products in health 
care sector. Metabolic fingerprints of herbal medicine products allow rigorous quality control. Metabolome-
refined herbal extracts can be combined with other desired biochemical components for developing wide 
spectrum therapeutic products. It is anticipated to provide crucial evidence-based scientific validations for 
developing modern phytomedicines and to overcome the bottlenecks in natural product research. Various 

http://www.ars.usda.gov/News/docs.htm?docid=6231
http://www.ars.usda.gov/News/docs.htm?docid=6231
http://www.foodsafety.govt.nz/industry/general/nmd/
http://www.foodsafety.govt.nz/industry/general/nmd/
http://www.drugbank.ca/
http://www.t3db.ca/
http://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi
http://gmd.mpimp-golm.mpg.de/
http://www.nist.gov/srd/nist1a.cfm
http://www.bml-nmr.org/
https://www.ebi.ac.uk/chebi/
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other applications of metabolomics include quantitative bioactivity prediction, bioavailability and fate of 
natural compounds and safety / toxicity assessment of herbal medicines [118-121]. 

 
Animal Metabolomics 
 

Different animal models have been used to understand systems biology via metabolomic approach as 
they share numerous vital cellular/molecular structures and biological characteristics with advanced organisms 
like humans. Danio rerio (Zebra fish), Caenorhabditis elegans, Drosophila melanogaster and Rattusnorvegicus 
(rat) are some of such well explored vertebrate models due to their genomic similarity with humans, rapid life 
cycle, availability of many mutants and analysis amenability [50, 122-124]. 
 

Robust correlation between the types and quantities of metabolome and biological activities during 
embryogenesis of zebra fish showed the importance of metabolomics as a specific finger print during 
developmental process [123]. Embryos of wild-type and mutant zebra fish were visibly indistinguishable but 
had distinct metabolomes [122]. NMR- and UPLC-MS analysis of metabolites of wild and metallothionein 
deletion mutants of C. elegans, after exposure to cadmium, demonstrated enhanced production of 
phytochelatins and protective role of phytochelatin synthase against cadmium toxicity [125]. Metabolomic 
studies on mitochondrial mutants of C. elegans, generally used as models for primary mitochondrial disease, 
showed the alterations in energy yielding catabolic pathways [126]. Metabolomics has been used to examine 
the association between metabolites, breeding conditions and phenotype (temperature, stress etc.) in D. 
melanogaster. Changes in metabolite fingerprints were observed in inbred and outbred flies [124]. 
Perturbations in homeostasis in D melanogaster, in response to environmental factors, demonstrated the 
suitability of this platform for study of environmental stressors on organisms [127-130]. 
 

Rat model has been used to study the effects of exposure to diverse environmental stress and 
pollutants. Neerathilingam, et al. [50] demonstrated that exposure of rats to environmental chemicals such as 
organophosphates led to presence of signature metabolites in urine. These metabolite variations may serve as 
markers to screen water safety, nuclear processing and environmental monitoring. They further identified a 
group of important metabolites for differentiating chronic and acute exposure to tributyl phosphate or 
triphenyl phosphate [131]. Rapid imbalance in the metabolites associated with TCA cycle (succinate, 2-
oxoglutrate and citrate) and catecholamine metabolic pathway (phenylalanine) in rat urine in response to 
exposure to acute heat stress was observed by Gandhi, et al. [132]. They emphasised a possible role of 
reduced creatinine and hippurate levels as an initial marker for renal function impairment and altered gut 
microflora respectively in heat stress. NMR-based metabolomic profiling identified 1- and 3-methylhistidine as 
potential serum and urine biomarkers of cerivastatin-induced skeletal muscle toxicity and hypertrophy in 
Sprague–Dawley rats [133]. 

 
Medical Metabolomics  
 

Disease specific studies have demonstrated application of metabolomics in diverse clinical areas that 
influence diagnostics, therapeutics and development of drugs. As primary focus of metabolomics is the 
exploration of endogenous small metabolite molecules, metabolic profiling of biofluids, VOCs etc. can illustrate 
associated pathophysiogical changes. This will strengthen early detection, preventive and improved 
management strategies for several chronic diseases [8, 9, 44, 75, 76, 134, 135]. 
 

The world cancer burden continues to increase largely because of aging and growth of world 
population in conjunction with growing implementation of cancer causing behaviours [136]. Metabolome 
based studies on carcinogenesis and cancer biology enabled deep examination of specific aspects and allows 
discovery based analysis. The Warburg effect shed light into cancer cell’s selective adoption of anaerobic 
glycolysis for energy over oxidative phosphorylation. Many common cancer specific mutations were later 
identified including many metabolic enzymes and hypoxia inducing factors which further supported the 
positive association of carcinogenesis with Warburg effect [137]. Denkert and co-workers [138] in their study 
identified α-glycerophosphate and uracil as significant differential metabolites between ovarian carcinoma and 
borderline tumors. Sarcosine in urine has been identified as a biomarker in the progression of prostate cancer 
in metabolic studies reported by Sreekumar et al. [139]. Extracellular profiling of metabolites with proliferating 
cancer and non-cancerous cell lines indicated that the consumption of glycine specifically correlated with 
cancer cell growth [137]. Quantification of multiple metabolites as against a single entity can offer improved 
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tumor classification, staging and metastasis identification. This approach even contributes to characterize 
treatment efficacy / toxicity and to understand overall survival rates in cancer. Hence research on the use of 
metabolic profiles instead of traditional tumor markers is being carried out [137]. NMR spectra from patients 
with benign and malignant condition of biliary tract presented distinct patterns on analysis validating the 
ability of metabolomics approach to possibly complement the available diagnostic approaches [140]. NMR 
based metabolomic study of gastric cell lines identified 21 metabolites that could differentiate gastric cancer 
spheroids from normal gastric spheroids. These metabolites were found to correspond mostly to changes in 
energy metabolism and composition of lipid or lipid derivatives [141]. Correlation of faecal volatile organic 
metabolites with diarrhoea predominant inflammatory bowel syndrome have also been observed [142]. 
 

Central nervous system disorders present difficulty in establishing quantitative diagnostic criteria, 
hence there still exists a need for establishing marker/s for diagnosis and confirmation of treatment effects. 
Holmes et al.,[143] reported an imbalance in CSF glucose homeostasis in drug-naive schizophrenics. This 
suggests that targeted neural metabolomics can help identify patients from healthy subjects and track drug 
response [143]. Altered pyruvate metabolism in Parkinson’s disease patients, and fatty acid and aliphatic 
amino acid (AA) metabolic perturbations in Huntington disease patients reveal that brain degeneration affects 
the blood metabolite profile, despite the blood-cerebrospinal barrier [114]. 1H and 31P NMR based plasma and 
hepatic lipid metabolome was studied in Male Fischer rats with ethanol induced fatty liver. Significant changes 
in plasma lipid profile was observed that could help early stage diagnosis of this condition [144]. Differential 
metabolic profile between transplantation survivors and non-survivors projects its potential utility in the 
assessment of liver transplant status [145]. Differential perturbations were observed in serum metabolites 
following primary and secondary infections with different dengue virus serotypes. These potential small 
metabolite biomarkers can delineate pathways / pathogenic and immunologic mechanisms associated with 
dengue [146]. A comparative analysis of plasma from rheumatoid arthritis patients following anti-tumor 
necrosis factor therapy showed clear distinction between responders and non-responders [147]. Within 
preclinical toxicology, areas such as screening and predicting the outcome of therapeutic interventions, 
biomarkers of safety and mechanism of action continue to have significant impact of metabolomics [14, 148, 
149]. Table3 comprehends the perturbations in metabolic pathways associated with diverse human 
pathologies. 
 

Table 3: Overview of Studies for Disease-Related Marker Metabolites in Human Biofluids [114, 150-154] 
 

Disorders Perturbed metabolic pathways / significantly altered metabolite 

Diabetes and 
related disorders 

3-Indoxylsulfate, glycerophospholipids, bile acids 

Cancer 

Alpha-glycerolphosphate, uracil, glycine, 13C-enrichment in lactate, alanine, succinate, 
thiodiglycolic acid, lactic acid, 7-hydroxyoctanoic acid, xylitol, urea, hydroxy proline 
dipeptide, succinate, N-acetyl-aspartate, 2-hydroxyhippurate, Pyrroline, leucine þ 
isoleucine, taurine, Taurine, putrescine, leucine þ isoleucine, Leucine þ isoleucine, 

phenylalanine, alpha-amino butyric acid, phospholipids, triacylglycerides, cholesterol, 
retinol, L-proline, glycochenodeoxycholic acid, gycocholic acid, taurocholic acid, 

chenodeoxycholic acid, bile acids, histidine, inosine, acylcarnitines, quinolinate, 4-
hydroxybenzoate, gentisate, choline, 2-hydroxybutarate, aspartic acid, kynurenine, 

cystamine 

Respiratory 
diseases 

Lactate, taurine, threonine, arginine, aspartic acid, glutamate, acetate 

Metabolic 
syndromes and 

related condition 
Lysophosphatidylcholine, phosphatidylcholine 

Neurological 
disorders 

Threonate, myoinositol, suberate, Glycerol, urea, valine, Free fatty acids, triglycerides, 
Lactate, citrate, glucose, phosphatidylethanolamine 

Inborn errors of 
metabolism 

Propionyl carnitine, γ –butyrobetaine, isovaleryl carnitine, argininosuccinate, 
methionine, phenylalanine, 4-hydroxyphenylacetate, tyrosine, 2-hydroxyl-3-
methylvalerate, 2-hydroxyvalerate, isoleucine, leucine, valine 

Crohn´S Disease 
and Ulcerative 

Tryptophan, phenylalanine, arachidonic acid, oleic acid, stearic acid, palmitic acid, 6Z-, 
9Z- and 12Z-octadecatrienoic acids, linoleic acid, 4-hydroxyphenylacetylglycine, (Z)-4-
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Colitis hydroxyphenylacetaldehyde-oxime 

Celiac Disease 
glucose and 3-hydroxybutyric acid, indoxyl sulphate, meta-[hydroxyphenyl]propionic 
acid, phenylacetylglycine, 

Cardiovascular 
diseases and 

related conditions 
Gamma-amino-butyric acid, uric acid, citrate, trimethylamine N-oxide, choline, betaine 

Interstitial Cystitis Phenylacetylglutamine 

Uremia Alanine, lucine, linoleic acid, myristic acid 

Sarcoidosis 
3-hydroxybutyrate↑, acetoacetate↑, carnitine↑, cysteine↑, homocysteine↑, pyruvate↑, 

trimethylamine n-oxide↑, glutamine↓, isoleucine↓, succinate↓ 

Compiled from [114, 150-154] 
 

Pathogenesis of a disease can be delineated by the metabolomics in tissues taken from patient and/or 
animal models. For an improved understanding of the associations between changes in body and 
pathogenesis, a combined effort of all omics sciences is ideal. Medical metabolomics aims at interpretation of 
pathogenic mechanisms of a condition to identify drug targets along with highly sensitive-specific biomarkers. 
These may contribute markedly in the prognosis / diagnosis of such conditions where setting a diagnosis 
criterion is difficult, thus facilitating early diagnosis of cancer, psychiatric diseases etc. Diagnostic indices 
constructed based on multiple metabolite concentrations through metabolomic approach are found to be 
more promising than conventional biochemical markers in terms of specificity and/or sensitivity [150]. 
Authentication of these markers on a bigger patient population will confirm the efficacy of metabolomics in 
clinical science. 
 

The growth of environmental metabolomics has paved a way for exposome (build-up of 
environmental exposures across a lifetime) research. Studies have been carried out on various organisms 
under diverse stressors at both field and laboratory levels. These include studies on humans for xenobiotic 
obesity, cadmium exposure etc.; rodents and microorganisms for environmental contaminants; earthworms 
for soil health; D melanogaster for cold stress; terrestrial plants for drought, CO2, ozone and UV-B radiation 
exposure; mussels for eco-toxicity; behavioural studies in aquatic animals and a few studies on aquatic plants 
and arthropods. Significant metabolites have been identified from these studies which could be biomarker 
candidates for assessment of environmental stressors. Studies have demonstrated that variations in serum 
metabolites related to smoking are revocable post giving up smoking [151-153]. This may serve as prospective 
biomarkers to evaluate smoking cessation status and to characterize smoking-related diseases. 
 
TRENDS IN METABOLOMICS RESEARCH IN INDIA 
 

Though accumulated data demonstrates that researchers throughout the world have scientifically 
contributed towards the advancement of metabolomics, high income countries are found to be the key 
contributors. India in its course of advancement from a developing to a newly industrialised country is 
exploring new avenues as well as being exposed to diverse challenges. Population size with cultural complexity 
and high incidence of systemic/lifestyle diseases in India bring about a need for continuous research towards 
disease management strategies. Significant work has been carried out in the diagnosis, treatment and 
prognosis of infectious diseases. Elevated incidence and mortality from diseases such as CVDs, DM, cancer etc. 
in India, prompt an urgent need for novel specific and sensitive markers for timely diagnosis and improved 
management. Condition specific metabolite based diagnostic / prognostic markers may complement and 
speed up the existing treatment procedures and aid population screening operations for non-communicable 
diseases (NCDs) in high risk areas. Changes in lifestyle and environmental pollution are among its present day 
priority concerns. This has led to a dynamic research and development sector working towards state of the art 
strategies for pressing issues like health care, pollution abatement, improving nutritional value of food etc. In 
agriculture metabolomics finds application in selection of high yielding and disease resistant cultivars. 
Agriculture being the most important sector of Indian economy, phytometabolomics may help in finding 
solutions for food shortage and improving the nutrient value of food crops. In addition, India also encounters 
diverse unfavourable environmental changes resulting from unregulated human interventions. The potentials 
metabolomics offer may be extended to assess such exposure associated changes for the overall well-being of 
living organisms. The last five years have seen an escalating leap in metabolomic studies including on human 
health and diseases, plant, animal/worm /insect models, micro-organisms, food-omics etc. In this part of the 



ISSN: 0975-8585 

January – February  2019  RJPBCS 10(1)  Page No. 1327 

review we have attempted to summarise the Indian contribution along with future directive to advance in this 
field. A PubMed search for the past five years using keywords ‘Metabolomics’ and ‘India’ fetched a total of 272 
articles including both review and research papers (Figure 2). Thirty articles were excluded as they fell outside 
the scope of this review. Table 4a-e compiles the specific areas of a few Indian metabolomics research groups. 
 

 

 
 

Figure 2: PubMed search outcome 

 
FUTURE DIRECTIONS  
 

Metabolomics is an evolving field of science which has made a marked presence in varied fields of 
research worldwide. Extensive work is being carried out in diverse fields using the metabolomics approach. 
However this is majorly concentrated in the developed pockets of the world. Application of metabolomics in 
research in the developing countries has also been initiated. However there still remains a huge potential to be 
explored. The current data acquisition and analysis tools are relatively expensive. Development of cost 
effective and easy-to-use supporting techniques may support the extended implementation of metabolomics. 
More extensive application of metabolomics beyond the research sector is beckoning. Metabolomics platform 
also do offer an attractive career option and employment opportunity to a large array of technically trained / 
skilled individuals from various backgrounds. Researchers ambitious towards establishing new challenging 
avenues and contributing to the scientific community and social causes alike will find this platform 
inspirational. 
 

REFERENCES 
 

[1] JK Nicholson and JC Lindon. Nature 2008; 7216: 1054-6. 
[2] GJ Patti, O Yanes and G Siuzdak. Nat. Rev. Mol. Cell Biol. 2012; 263 - 269. 
[3] SG Villas-Boˆas, S Mas, M A°kesson, J Smedsgaard and J Nielsen. Mass Spectrom. Rev. 2005; 613 - 646. 
[4] S Sokolenko, R McKay, EJM Blondeel, MJ Lewis, D Chang, B George and MG Aucoin. Metabolomics 

2013; 4: 887-903. 
[5] O Fiehn. Comp. Funct. Genomics 2001; 155 – 168. 
[6] DS Wishart, D Tzur, C Knox, R Eisner, AC Guo, N Young, D Cheng, K Jewell, D Arndt, S Sawhney, C Fung, L 

Nikolai, M Lewis, M-A Coutouly, I Forsythe, P Tang, S Shrivastava, K Jeroncic, P Stothard, G Amegbey, D 
Block, DD Hau, J Wagner, J Miniaci, M Clements, M Gebremedhin, N Guo, Y Zhang, GE Duggan, GD 



ISSN: 0975-8585 

January – February  2019  RJPBCS 10(1)  Page No. 1328 

MacInnis, AM Weljie, R Dowlatabadi, F Bamforth, D Clive, R Greiner, L Li, T Marrie, BD Sykes, HJ Vogel 
and L Querengesser. Nucleic Acids Res. 2007; D521 – 526. 

[7] WB Dunn, DI Broadhurst, HJ Atherton, R Goodacre and JL Griffin. Chem. Soc. Rev. 2011; 387 - 426. 
[8] R Pal, A Gurung, SD Bhutia, A Sharma and S Dahal. Asian J. Biomed. Pharm. Sci. 2013; 21: 1-5. 
[9] J Pereira, P Porto-Figueira, C Cavaco, K Taunk, S Rapole, R Dhakne, H Nagarajaram and JS Câmara. 

Metabolites 2015; 1: 3-55. 
[10] T Khalid, R Aggio, P White, BDL Costello, R Persad, H Al-Kateb, P Jones, CS Probert and N Ratcliffe. PLoS 

ONE 2015; 11: e0143283. 
[11] CE Garner, S Smith, BdL Costello, P White, R Spencer, CSJ Probert and NM Ratcliffe. The FASEB Journal 

2017; 8: 1675-1688. 
[12] S Moco, RJ Bino, RCHD Vos and J Vervoort. Trends Anal. Chem. 2007; 9: 857 - 866. 
[13] W Weckwerth and K Morgenthal. Drug Discovery Today: Targets 2005; 22: 1551 - 8. 
[14] R Kaddurah-Daouk, BS Kristal and RM Weinshilboum. Annu. Rev. Pharmacol. Toxicol 2008; 653-683. 
[15] R Gehlaut and S Yadav. Int. J. Therap. Appl. 2012; 33-42. 
[16] JK Nicholson, J Connelly, JC Lindon and E Holmes. Nat. Rev. Drug Discovery 2002; 153 - 162. 
[17] JK Nicholson. Mol. Syst. Biol. 2006; 6. 
[18] O Fiehn. Plant Mol. Biol. 2002; 155 – 171. 
[19] DS Wishart. Trends Anal. Chem. 2008; 3: 228 - 237. 
[20] K Peters, A Worrich, A Weinhold, O Alka, G Balcke, C Birkemeyer, H Bruelheide, OW Calf, S Dietz, K 

Dührkop, E Gaquerel, U Heinig, M Kücklich, M Macel, C Müller, Y Poeschl, G Pohnert, C Ristok, VM 
Rodríguez, C Ruttkies, M Schuman, R Schweiger, N Shahaf, C Steinbeck, M Tortosa, H Treutler, N 
Ueberschaar, P Velasco, BM Weiß, A Widdig, S Neumann and NM van Dam. International Journal of 
Molecular Sciences 2018; 5: 1385. 

[21] D Broadhurst, R Goodacre, SN Reinke, J Kuligowski, ID Wilson, MR Lewis and WB Dunn. Metabolomics 
2018; 6: 72. 

[22] S Park, S Ahn, Y Shin, Y Yang and CH Yeom. Front. Physiol. 2018; 762. 
[23] M Michalczuk, B Urban, T Porowski, A Wasilewska and A Bakunowicz-Łazarczyk. Metabolomics 2018; 6: 

82. 
[24] R Villéger, A Lopès, J Veziant, J Gagnière, N Barnich, E Billard, D Boucher and M Bonnet. World J. 

Gastroenterol. 2018; 22: 2327-2347. 
[25] E Graham, J Lee, M Price, M Tarailo-Graovac, A Matthews, U Engelke, J Tang, LAJ Kluijtmans, RA 

Wevers, WW Wasserman, CDM van Karnebeek and S Mostafavi. J. Inherited Metab. Dis. 2018; 3: 435-
445. 

[26] MA Malla, A Dubey, S Yadav, A Kumar, A Hashem and EF Abd_Allah. Front. Microbiol. 2018; 1132. 
[27] M Ordóñez-Robles, F Santos-Beneit and JF Martín. Antibiotics 2018; 2: 39. 
[28] M Lardi and G Pessi. High-Throughput 2018; 2: 15. 
[29] JJ Hug, CD Bader, M Remškar, K Cirnski and R Müller. Antibiotics 2018; 2: 44. 
[30] AR Hemnes. Front. Med. 2018; 157. 
[31] E Kouroumalis, D Samonakis and A Voumvouraki. Hepatic Medicine : Evidence and Research 2018; 43-

53. 
[32] S Zhang, L Zhang, Y Tai, X Wang, C-T Ho and X Wan. Frontiers in Plant Science 2018; 480. 
[33] C Roh. Biomolecules 2018; 2: 34. 
[34] YJ Xu, C Wang, WE Ho and CN Ong. Trends Anal. Chem. 2014; 34 - 48. 
[35] O Beckonert, HC Keun, TMD Ebbels, J Bundy, E Holmes, JC Lindon and JK Nicholson. Nat. Protoc. 2007; 

11:  
[36] WB Dunn and DI Ellis. Trends Anal. Chem. 2005; 4: 285 - 294. 
[37] JR Sheedy, PR Ebeling, PR Gooley and MJ McConville. Anal. Biochem. 2010; 263–265. 
[38] K Akira, H Hichiya, M Shuden, M Morita and H Mitome. J. Pharm. Biomed. Anal. 2012; 339-344. 
[39] J Wei, G Xie, Z Zhou, P Shi, Y Qiu, X Zheng, T Chen, M Su, A Zhao and W Jia. Int. J. Cancer 2011; 9: 2207-

17. 
[40] M Phillips, N Altorki, JHM Austin, RB Cameron, RN Cataneo, J Greenberg, R Kloss, RA Maxfield, MI 

Munawar, HI Pass, A Rashid, WN Rom and P Schmitt. Cancer Biomarkers 2007; 95-109. 
[41] M Phillips, RN Cataneo, J Greenberg, R Gunawardena, A Naidu and F Rahbari-Oskoui. J. Lab. Clin. Med. 

2000; 3: 243-9. 
[42] S Carraro, S Rezzi, F Reniero, K He´berger, G Giordano, S Zanconato, C Guillou and E Baraldi. Am. J. 

Respir. Crit. Care Med. 2007; 986-90. 
[43] NJ Serkova, TJ Standiford and KA Stringer. Am. J. Respir. Crit. Care. Med. 2011; 647 - 655. 



ISSN: 0975-8585 

January – February  2019  RJPBCS 10(1)  Page No. 1329 

[44] A Smolinska. Title. te Siemianowice Sl., Polen, 2012, 339. 
[45] E de Hoffmann and V Stroobant. Mass spectrometry: principles and applications. New York, 2002, 420. 
[46] WM Claudino, PH Goncalves, A di Leo, PA Philip and FH Sarkar. Crit. Rev. Oncol. Hematol. 2012; 1: 1-7. 
[47] JL Griffin and JP Shockcor. Nat. Rev. Cancer 2004; 7: 551-61. 
[48] DI Ellis and R Goodacre. Analyst 2006; 875 - 885. 
[49] A Scalbert, L Brennan, O Fiehn, T Hankemeier, BS Kristal, Bv Ommen, E Pujos-Guillot, E Verheij, DS 

Wishart and S Wopereis. Metabolomics 2009; 435 - 458. 
[50] M Neerathilingam, DE Volk, S Sarkar, TM Alam, MK Alam, GA Ansari and BA Luxon. Toxicol. Lett. 2010; 

1: 10-6. 
[51] M Sugimoto, DT Wong, A Hirayama, T Soga and M Tomita. Metabolomics 2010; 78 - 95. 
[52] JL Spratlin, NJ Serkova and SG Eckhardt. Clin. Cancer Res. 2009; 2: 431 - 440. 
[53] JK Lee, PD Williams and S Cheona. Clin. Lab. Med. 2008; 1: 145-165. 
[54] M Brown, WB Dunn, DI Ellis, R Goodacre, J Handl, JD Knowles, S O¢Hagan, I Spasic´  and DB Kell. 

Metabolomics 2005; 1: 39-51. 
[55] TM Alam, MK Alam, SK Mclntyre, DE Volk, M Neerathilingam and BA Luxon. Anal. Chem. 2009; 4433-

4443. 
[56] J Schripsema. Phytochem. Anal. 2009; 14 - 21. 
[57] LM Raamsdonk, B Teusink, D Broadhurst, N Zhang, A Hayes, MC Walsh, JA Berden, KM Brindle, DB Kell, 

JJ Rowland, HV Westerhoff, K van Dam and SG Oliver. Nat. Biotechnol. 2001; 1: 45-50. 
[58] CJ Bolten and C Wittmann. Biotechnol. Lett. 2008; 11: 1993-2000. 
[59] AB Canelas, A Ten Pierick, C Ras, RM Seifar, JC van Dam, WM van Gulik and JJ Heijnen. Anal. Chem. 

2009; 17: 7379-89. 
[60] MF Clasquin, E Melamud, A Singer, JR Gooding, X Xu, A Dong, H Cui, SR Campagna, A Savchenko, AF 

Yakunin, JD Rabinowitz and AA Caudy. Cell 2011; 6: 969-80. 
[61] X Li, TA Gianoulis, KY Yip, M Gerstein and M Snyder. Cell 2010; 4: 639-50. 
[62] J Allen, HM Davey, D Broadhurst, JK Heald, JJ Rowland, SG Oliver and DB Kell. Nat. Biotech. 2003; 6: 

692-696. 
[63] R Yoshida, T Tamura, C Takaoka, K Harada, A Kobayashi, Y Mukai and E Fukusaki. Aging Cell 2010; 616-

625. 
[64] MJ Herrgård, N Swainston, P Dobson, WB Dunn, KY Arga, M Arvas, N Blüthgen, S Borger, R Costenoble, 

M Heinemann, M Hucka, NL Novère, P Li, W Liebermeister, M L. Mo, AP Oliveira, D Petranovic, S 
Pettifer, E Simeonidis, K Smallbone, I Spasić, D Weichart, R Brent, DS Broomhead, HV Westerhoff, B 
Kırdar, M Penttilä, E Klipp, BØ Palsson, U Sauer, SG Oliver, P Mendes, J Nielsen and DB Kell. Nat. 
Biotechnol. 2008; 10: 1155 –1160. 

[65] Y Nakanishi, S Fukuda, E Chikayama, Y Kimura, H Ohno and J Kikuchi. J. Proteome. Res. 2011; 2: 824-36. 
[66] J Zhou, Q Ma, H Yi, L Wang, H Song and Y-J Yuan. Appl. Environ. Microbiol. 2011; 19: 7023-7030. 
[67] RG Lowe, M Lord, K Rybak, RD Trengove, RP Oliver and PS Solomon. Fungal Genet. Biol. 2008; 11: 1479-

86. 
[68] K-C Tan, RD Trengove, GL Maker, RP Oliver and PS Solomon. Metabolomics 2009; 3: 330-335. 
[69] M Cao, A Koulman, LJ Johnson, GA Lane and S Rasmussen. Plant Physiol. 2008; 4: 1501-14. 
[70] J Keon, J Antoniw, R Carzaniga, S Deller, JL Ward, JM Baker, MH Beale, K Hammond-Kosack and JJ Rudd. 

Mol. Plant-Microbe Interact. 2007; 2: 178-193. 
[71] A Warburg and K Ostrovska. Experientia 1989; 8: 770-2. 
[72] JR Fuxa, ML Milks, YY Sokolova and AR Richter. J. Invertebr. Pathol. 2005; 1: 79-82. 
[73] BN Adhikari, CY Lin, X Bai, TA Ciche, PS Grewal, AR Dillman, JM Chaston, DI Shapiro-Ilan, AL Bilgrami, R 

Gaugler, PW Sternberg and BJ Adams. BMC Genomics 2009; 609. 
[74] SP Claus, TM Tsang, Y Wang, O Cloarec, E Skordi, FP Martin, S Rezzi, A Ross, S Kochhar, E Holmes and JK 

Nicholson. Mol. Syst. Biol. 2008; 219. 
[75] G Musso, R Gambino and M Cassader. Annu. Rev. Med. 2011; 361-80. 
[76] G den Besten, K van Eunen, AK Groen, K Venema, D-J Reijngoud and BM Bakker. J. Lipid Res. 2013; 9: 

2325-2340. 
[77] CA Merrifield, MC Lewis, SP Claus, JT Pearce, O Cloarec, S Duncker, SS Heinzmann, ME Dumas, S 

Kochhar, S Rezzi, A Mercenier, JK Nicholson, M Bailey and E Holmes. Gut 2013; 6: 842-51. 
[78] H Xiao and S Fu. J. AOAC Int. 2012; 6: 1709-12. 
[79] Y Rodriguez-Carrasco, G Font, J Manes and H Berrada. J. Agric. Food. Chem. 2013; 8: 1999-2005. 
[80] Y Rodriguez-Carrasco, H Berrada, G Font and J Manes. J. Chromatogr. A 2012; 28-40. 
[81] Y Liu and M Rychlik. J. Agric. Food. Chem. 2013; 12: 2970-8. 



ISSN: 0975-8585 

January – February  2019  RJPBCS 10(1)  Page No. 1330 

[82] M Castro-Puyana, V Garcia-Canas, C Simo and A Cifuentes. Electrophoresis 2012; 1: 147-67. 
[83] K Kleigrewe, F Aydin, K Hogrefe, P Piecuch, K Bergander, EU Wurthwein and HU Humpf. J. Agric. Food. 

Chem. 2012; 21: 5497-505. 
[84] HC Bertram, MR Weisbjerg, CS Jensen, MG Pedersen, T Didion, BO Petersen, JO Duus, MK Larsen and JH 

Nielsen. J. Agric. Food. Chem. 2010; 7: 4336-41. 
[85] DS Wishart, C Knox, AC Guo, R Eisner, N Young, B Gautam, DD Hau, N Psychogios, E Dong, S Bouatra, R 

Mandal, I Sinelnikov, J Xia, L Jia, JA Cruz, E Lim, CA Sobsey, S Shrivastava, P Huang, P Liu, L Fang, J Peng, 
R Fradette, D Cheng, D Tzur, M Clements, A Lewis, A De Souza, A Zuniga, M Dawe, Y Xiong, D Clive, R 
Greiner, A Nazyrova, R Shaykhutdinov, L Li, HJ Vogel and I Forsythe. Nucleic Acids Res. 2009; Database 
issue: D603-10. 

[86] DS Wishart, T Jewison, AC Guo, M Wilson, C Knox, Y Liu, Y Djoumbou, R Mandal, F Aziat, E Dong, S 
Bouatra, I Sinelnikov, D Arndt, J Xia, P Liu, F Yallou, T Bjorndahl, R Perez-Pineiro, R Eisner, F Allen, V 
Neveu, R Greiner and A Scalbert. Nucleic Acids Res. 2013; Database issue: D801-7. 

[87] Lipidomics Gateway. The LIPID MAPS Lipidomics Gateway. http://www.lipidmaps.org 
[88] Q. Cui, I. A. Lewis, A. D. Hegeman, M. E. Anderson, J. Li, C. F. Schulte, W. M. Westler, H. R. Eghbalnia, M. 

R. Sussman and JL Markley. Nat. Biotech. 2008; 162:  
[89] A Frolkis, C Knox, E Lim, T Jewison, V Law, DD Hau, P Liu, B Gautam, S Ly, AC Guo, J Xia, Y Liang, S 

Shrivastava and DS Wishart. Nucleic Acids Res. 2010; Database issue: D480-7. 
[90] T Tokimatsu, N Sakurai, H Suzuki, H Ohta, K Nishitani, T Koyama, T Umezawa, N Misawa, K Saito and D 

Shibata. Plant Physiol. 2005; 3: 1289-300. 
[91] S Moco, RJ Bino, O Vorst, HA Verhoeven, J de Groot, TA van Beek, J Vervoort and CH de Vos. Plant 

Physiol. 2006; 4: 1205-18. 
[92] PD Karp, M Riley, M Saier, IT Paulsen, J Collado-Vides, SM Paley, A Pellegrini-Toole, C Bonavides and S 

Gama-Castro. Nucleic Acids Res. 2002; 1: 56-8. 
[93] T Jewison, C Knox, V Neveu, Y Djoumbou, AC Guo, J Lee, P Liu, R Mandal, R Krishnamurthy, I Sinelnikov, 

M Wilson and DS Wishart. Nucleic Acids Res. 2012; Database issue: D815-20. 
[94] C Choi, R Munch, S Leupold, J Klein, I Siegel, B Thielen, B Benkert, M Kucklick, M Schobert, J Barthelmes, 

C Ebeling, I Haddad, M Scheer, A Grote, K Hiller, B Bunk, K Schreiber, I Retter, D Schomburg and D Jahn. 
Nucleic Acids Res. 2007; Database issue: D533-7. 

[95] J Gao, LBM Ellis and LP Wackett. Nucleic Acids Res. 2010; Database issue: D488-D491. 
[96] R Caspi, R Billington, L Ferrer, H Foerster, CA Fulcher, IM Keseler, A Kothari, M Krummenacker, M 

Latendresse, LA Mueller, Q Ong, S Paley, P Subhraveti, DS Weaver and PD Karp. Nucleic Acids Res. 2016; 
D1: D471-D480. 

[97] ZA King, J Lu, A Dräger, P Miller, S Federowicz, JA Lerman, A Ebrahim, BO Palsson and NE Lewis. Nucleic 
Acids Res. 2016; D1: D515-D522. 

[98] M Kanehisa and S Goto. Nucleic Acids Res. 2000; 1: 27-30. 
[99] R Caspi, T Altman, R Billington, K Dreher, H Foerster, CA Fulcher, TA Holland, IM Keseler, A Kothari, A 

Kubo, M Krummenacker, M Latendresse, LA Mueller, Q Ong, S Paley, P Subhraveti, DS Weaver, D 
Weerasinghe, P Zhang and PD Karp. Nucleic Acids Res. 2014; Database issue: D459-D471. 

[100] EL Ulrich, H Akutsu, JF Doreleijers, Y Harano, YE Ioannidis, J Lin, M Livny, S Mading, D Maziuk, Z Miller, E 
Nakatani, CF Schulte, DE Tolmie, R Kent Wenger, H Yao and JL Markley. Nucleic Acids Res. 2008; 
suppl_1: D402-D408. 

[101] K Haug, RM Salek, P Conesa, J Hastings, P de Matos, M Rijnbeek, T Mahendraker, M Williams, S 
Neumann, P Rocca-Serra, E Maguire, A González-Beltrán, S-A Sansone, JL Griffin and C Steinbeck. 
Nucleic Acids Res. 2013; D1: D781-D786. 

[102] FM Afendi, T Okada, M Yamazaki, A Hirai-Morita, Y Nakamura, K Nakamura, S Ikeda, H Takahashi, M 
Altaf-Ul-Amin, LK Darusman, K Saito and S Kanaya. Plant Cell Physiol. 2012; 2: e1. 

[103] D Banfi and L Patiny. CHIMIA Int. J. Chem. 2008; 4: 280-281. 
[104] B Usadel, F Poree, A Nagel, M Lohse, A Czedik-Eysenberg and M Stitt. Plant Cell Environ. 2009; 9: 1211-

29. 
[105] P Lundberg, T Vogel, A Malusek, L P.-O., L Cohen and O Dahlqvist. ESMRMB, Basel, Switzerland 2005;  
[106] V Law, C Knox, Y Djoumbou, T Jewison, AC Guo, Y Liu, A Maciejewski, D Arndt, M Wilson, V Neveu, A 

Tang, G Gabriel, C Ly, S Adamjee, ZT Dame, B Han, Y Zhou and DS Wishart. Nucleic Acids Res. 2014; 
Database issue: D1091-7. 

[107] D Wishart, D Arndt, A Pon, T Sajed, AC Guo, Y Djoumbou, C Knox, M Wilson, Y Liang, J Grant, Y Liu, SA 
Goldansaz and SM Rappaport. Nucleic Acids Res. 2015; Database issue: D928-34. 

http://www.lipidmaps.org/


ISSN: 0975-8585 

January – February  2019  RJPBCS 10(1)  Page No. 1331 

[108] J Hummel, N Strehmel, C Bölling, S Schmidt, D Walther and J Kopka. Mass Spectral Search and Analysis 
Using the Golm Metabolome Database. 2013,  

[109] C Ludwig, JM Easton, A Lodi, S Tiziani, SE Manzoor, AD Southam, JJ Byrne, LM Bishop, S He, TN Arvanitis, 
UL Günther and MR Viant. Metabolomics 2012; 1: 8-18. 

[110] K Degtyarenko, P de Matos, M Ennis, J Hastings, M Zbinden, A McNaught, R Alcántara, M Darsow, M 
Guedj and M Ashburner. Nucleic Acids Res. 2008; Database issue: D344-D350. 

[111] A Saxena and CS Cramer. Adv. Crop Sci. Technol. 2013; 2: 4 pgs. 
[112] K Aravindaram and N-S Yang. Metabolomics in medicinal plant research. New Delhi, India, 2013,  
[113] F Matsuda, MY Hirai, E Sasaki, K Akiyama, K Yonekura-Sakakibara, NJ Provart, T Sakurai, Y Shimada and 

K Saito. Plant. Physiol. 2010; 2: 566-78. 
[114] SP Putri, Y Nakayama, F Matsuda, T Uchikata, S Kobayashi, A Matsubara and E Fukusaki. J. Biosci. 

Bioeng. 2013; 6: 579-589. 
[115] F Kutka. Sustainability 2011; 9: 1531-1554. 
[116] A Bhatia, SK Bharti, SK Tewari, OP Sidhu and R Roy. Phytochemistry 2013; 105-115. 
[117] GS Catchpole, M Beckmann, DP Enot, M Mondhe, B Zywicki, J Taylor, N Hardy, A Smith, RD King, DB Kell, 

O Fiehn and J Draper. Proc. Natl. Acad. Sci. U.S.A. 2005; 40: 14458-62. 
[118] ND Yuliana, A Khatib, YH Choi and R Verpoorte. Phytother. Res. 2010; 157-169. 
[119] HM Heyman and JJM Meyer. S. Afr. J. Bot. 2012; 21-32. 
[120] LF Shyur and NS Yang. Curr. Opin. Chem. Biol. 2008; 1: 66-71. 
[121] PK Mukherjee, RK Harwansh, S Bahadur, S Banerjee and A Kar. World J. Tradit. Chin. Med. 2015; 1: 48-

61. 
[122] S Hayashi, M Yoshida, T Fujiwara, S Maegawa and E Fukusaki. Z. Naturforsch. C. 2011; 3-4: 191-8. 
[123] S Hayashi, S Akiyama, Y Tamaru, Y Takeda, T Fujiwara, K Inoue, A Kobayashi, S Maegawa and E Fukusaki. 

Biochem. Biophys. Res. Commun. 2009; 1: 268-72. 
[124] KS Pedersen, TN Kristensen, V Loeschcke, BO Petersen, JO Duus, NC Nielsen and A Malmendal. Genetics 

2008; 2: 1233-43. 
[125] SL Hughes, JG Bundy, EJ Want, P Kille and SR Sturzenbaum. J. Proteome. Res. 2009; 7: 3512-9. 
[126] M Falk, Z Zhang, JR Rosenjack, I Nissim, E Daikhin, I Nissim, MM Sedensky, M Yudkoff and PG Morgan. 

Mol. Genet. Metab. 2008; 4: 388-397. 
[127] J Overgaard, A Malmendal, JG Sorensen, JG Bundy, V Loeschcke, NC Nielsen and M Holmstrup. J. Insect. 

Physiol. 2007; 12: 1218-32. 
[128] L Coquin, JD Feala, AD McCulloch and G Paternostro. Mol. Syst. Biol. 2008; 233. 
[129] MA Kamleh, Y Hobani, JA Dow, L Zheng and DG Watson. FEBS J. 2009; 22: 6798-809. 
[130] A Malmendal, J Overgaard, Jacob G. Bundy, Jesper G. Sørensen, Niels Chr. Nielsen, Volker Loeschcke 

and Martin Holmstrup. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2006; R205-12. 
[131] TM Alam, M Neerathilingam, MK Alam, DE Volk, GAS Ansari, S Sarkar and BA Luxon. Metabolites 2012; 

3: 479-95. 
[132] S Gandhi, MM Devi, P Rana, S Pal, RP Tripathi and S Khushu. J. Metabolomics Syst. Biol. 2011; 1: 1-9. 
[133] N Aranibar, JD Vassallo, J Rathmacher, S Stryker, Y Zhang, J Dai, EB Janovitz, D Robertson, M Reily, L 

Lowe-Krentz and L Lehman-McKeeman. Anal. Biochem. 2011; 1: 84-91. 
[134] L Zhang, H Xiao, H Zhou, S Santiago, JM Lee, EB Garon, J Yang, O Brinkmann, X Yan, D Akin, D Chia, D 

Elashoff, NH Park and DT Wong. Cell. Mol. Life. Sci. 2012; 19: 3341-3350. 
[135] R Liu, Y Peng, X Li, Y Wang, E Pan, W Guo, Y Pu and L Yin. Int. J. Mol. Sci. 2013; 8899-911. 
[136] A Jemal, R Siegel, J Xu and E Ward. Ca. Cancer J. Clin. 2010; 5: 277–300. 
[137] KA Vermeersch and MP Styczynski. J. Carcinog. 2013; 9. 
[138] C Denkert, J Budczies, T Kind, W Weichert, P Tablack, J Sehouli, S Niesporek, D Konsgen, M Dietel and O 

Fiehn. Cancer. Res. 2006; 22: 10795-804. 
[139] A Sreekumar, LM Poisson, TM Rajendiran, AP Khan, Q Cao, J Yu, B Laxman, R Mehra, RJ Lonigro, Y Li, MK 

Nyati, A Ahsan, S Kalyana-Sundaram, B Han, X Cao, J Byun, GS Omenn, D Ghosh, S Pennathur, DC 
Alexander, A Berger, JR Shuster, JT Wei, S Varambally, C Beecher and AM Chinnaiyan. Nature 2009; 
7231: 910-4. 

[140] H Wen, SS Yoo, J Kang, HG Kim, JS Park, S Jeong, JI Lee, HN Kwon, S Kang, DH Lee and S Park. J Hepatol 
2010; 2: 228-33. 

[141] GK Ramachandran, WP Yong and CH Yeow. PloS One 2016; 9: e0162222. 
[142] I Ahmed, R Greenwood, BdL Costello, NM Ratcliffe and CS Probert. PLoS ONE 2013; 3: 1-13. 
[143] E Holmes, TM Tsang, JT Huang, FM Leweke, D Koethe, CW Gerth, BM Nolden, S Gross, D Schreiber, JK 

Nicholson and S Bahn. PLoS Med. 2006; 8: e327. 



ISSN: 0975-8585 

January – February  2019  RJPBCS 10(1)  Page No. 1332 

[144] H Fernando, S Kondraganti, KK Bhopale, DE Volk, M Neerathilingam, BS Kaphalia, BA Luxon, PJ Boor and 
GAS Ansari. Alcohol. Clin. Exp. Res. 2010; 11: 1937-1947. 

[145] P Tripathi, L Bala, R Saxena, SK Yachha, R Roy and CL Khetrapal. J. Gastrointestin. Liver. Dis. 2009; 3: 
329-336. 

[146] NV Voge, R Perera, S Mahapatra, L Gresh, A Balmaseda, MA Loroño-Pino, AS Hopf-Jannasch, JT Belisle, E 
Harris, CD Blair and BJ Beaty. PLoS Neglected Trop. Dis. 2016; 2: e0004449. 

[147] Z Tatar, C Migne, M Petera, P Gaudin, T Lequerre, H Marotte, J Tebib, E Pujos Guillot and M Soubrier. 
BMC Musculoskeletal Disord. 2016; 1: 353. 

[148] E Holmes, ID Wilson and JK Nicholson. Cell 2008; 714-7. 
[149] DG Robertson. Toxicol. Sci. 2005; 809-22. 
[150] K Jayalakshmi, K Sonkar, A Behari, VK Kapoor and N Sinha. NMR Biomed. 2010; 335–342. 
[151] A Geamanu, SV Gupta, C Bauerfeld and L Samavati. Metabolomics: Official journal of the Metabolomic 

Society 2016; 35. 
[152] AD Pamungkas, C Park, S Lee, SH Jee and YH Park. Respir. Res. 2016; 100. 
[153] RK Rai, A Azim, N Sinha, JN Sahoo, C Singh, A Ahmed, S Saigal, AK Baronia, D Gupta, M Gurjar, B Poddar 

and RK Singh. Metabolomics 2012; 3: 667–676. 
[154] S Medina, R Domínguez-Perles, JI Gil, F Ferreres and A Gil-Izquierdo. Curr. Med. Chem. 2014; 26. 
[155] R. Roy, S. Srivastava, V. Gupta, A. Tiwari, A. N. Srivastava and AA Sonkar. Proceedings of the 

International Society for Magnetic Resonance in Medicine 2011;  
[156] JK Ellis, TJ Athersuch, LD Thomas, F Teichert, M Perez-Trujillo, C Svendsen, DJ Spurgeon, R Singh, L 

Jarup, JG Bundy and HC Keun. BMC Med. 2012; 61. 
[157] BP Lankadurai, EG Nagato and MJ Simpson. NRC Res. Press 2013; 180-205. 
[158] T Xu, C Holzapfel, X Dong, E Bader, Z Yu, C Prehn, K Perstorfer, M Jaremek, W Roemisch-Margl, W 

Rathmann, Y Li, H-E Wichmann, H Wallaschofski, KH Ladwig, F Theis, K Suhre, J Adamski, T Illig, A Peters 
and R Wang-Sattler. BMC Med. 2013; 60: 4 pages. 


