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The National Institutes of Health (NIH) Common Fund Metabolomics Program was developed with the goal of 
increasing national capacity in metabolomics by supporting the development of next generation technologies, 
promoting data/metadata sharing and collaboration and providing training and mentoring opportunities. 
In support of this effort, the Metabolomics Workbench website was created at the University of California, San 
Diego in 2013. The Metabolomics Workbench houses the National Metabolomics Data Repository (NMDR) 
which serves as a national and international center for metabolomics data and metadata and provides analysis 
tools and access to metabolite standards, protocols  and other resources to the global community.

Overview of the Metabolomics Workbench

https://commonfund.nih.gov/metabolomics/index


Metabolomics Workbench: https://www.metabolomicsworkbench.org
Contains the National Metabolomics Data Repository (NMDR)

https://www.metabolomicsworkbench.org/


Metabolomics Workbench website: what does it contain?

 National Metabolomics Data Repository (NMDR)
 MS and NMR metabolomics studies
 Metadata, targeted/untargeted measurements, raw data

 Metabolomics Workbench Metabolite database

 RefMet standardized metabolite nomenclature resource

 Online suite of statistical analysis tools
 For NMDR studies and ad-hoc user–supplied datasets

 MetStat summary reporting tool

 Human gene/protein database of metabolism-related genes

 Protocols for metabolomics experiments

 REST service

 MS search tools

 Other metabolomics software (MW group and collaborators)



The scope of Metabolomics

Endogenous
metabolites

Dietary
metabolites

Metabolites in air, water, etc.
“Exposome”

Metabolites produced by 
commensal/ non-commensal 

microbes “Microbiome”

Drugs
(prescribed or not)

Metabolome
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MW Studies processed vs time

Began accepting data from 
non-consortium sources (June. 2015)

Introduction of online 
data deposition system
(2016)

Initial submissions:
March 2013

NMDR currently contains ~2200 studies from over 350 different institutions



NMDR studies: Submissions by country (as of May 2022)

40 countries total

Country Studies Country Studies
USA 1650 Sweden 5
China 87 Israel 4
Australia 43 Puerto Rico 4
Japan 41 Abu Dhabi 3
Canada 26 Luxembourg 3
Spain 26 Malaysia 3
Germany 25 Russia 3
India 17 Switzerland 3
UK 16 Belgium 2
Finland 15 Greece 2
France 15 Nigeria 2
South Africa 15 Oman 2
South Korea 15 Qatar 2
Brazil 13 Colombia 1
Holland 11 Indonesia 1
Italy 9 Pakistan 1
Portugal 6 Thailand 1
Singapore 6 Hong Kong 1
Austria 5 UAE 1
Denmark 5 Vietnam 1
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Major Taxonomic categories

Human
45%

Mouse
30%

Other mammals
10%

Bacteria
6%

Plants
3%

Insects
1%

Fish
1%

Invertebrates
1%

Yeast
1%

Parasites
1% Other(Algae,fungi,birds,reptiles)

1%

155 different species represented in NMDR studies



Sample source in NMDR studies (164 different types)



Overview of NMDR cloud computing infrastructure
(located at the San Diego Supercomputer Center)

Production Development

100 TB NFS 
mount includes 
FTP site (raw 
data)

OS: Linux
DB: Postgres
Web server: Apache

Public Development



Overview of NMDR Inputs and Outputs

Online data submission

Metadata
Targeted data measurements
Protocols/Methods files
Untargeted data measurement files

Raw data (MS/NMR binary files)
+ other pertinent files

NMDR Data Repository

FTP

Browsing/searching/statistical analysis
via web browser

Targeted data 
(named metabolites)

Untargeted data
(Features, NMR binned increments)

Download targeted measurements
Download untargeted measurements

Download mwTab file
(Metadata/data)

Formats:
Plain text
JSON 

Download Raw Data REST service



Experimental data

Online  study 
submission system

Named metabolite data/ 
smaller datasets

(paste into web forms)

Relational Database
(Data/Metadata)

Analysis
Toolbox

Untargeted data/
larger datasets

(upload as files)

“Big data” file system:
Mwtab files, Results files

Processed text files(smaller)
Save to file system for data analysis

Transpose
Fix zero/null data
Average technical reps.
Apply filters

Analysis
Toolbox

Data analysis

Metabolomics Data Repository: Overall Strategy

Metadata



Online data submission

DRCC Curation

Metadata
Results
Protocol files

mwTab file

Database

Automated
SQL generation

View metadata

View data. Perform analyses

Online submission overview



The mwTab format: A “common currency” for metadata/data sharing and storage

SECTIONS:
Metadata
Project
Study
Experimental variables (factors)
Subject
Collection
Treatment
Sample preparation
Chromatography
Analysis
MS
NMR

Data
Named metabolite measurements (table)
Named metabolites and annotations
File names for untargeted datasets

Additional
Comments preceded by a #

MwTab specification: https://www.metabolomicsworkbench.org/data/mwTab_specification.pdf



Public website Data submission/review portal Development websites

Open access

(non-embargoed studies)

Access controlled NMDR only

(testing/development)
Submit/View data/metadata submitted by your institution 
(or other institutions for which you have permission)

NMDR online portals



MS NMRData processing/databasing

Sample prepStudy design

Metabolomics study workflow

Data analysis



Project Study Subject Study design

CollectionTreatmentSample prep.

Analysis 
type?NMR MS

# of chromatography methods?

# of MS methods?

# of analyses =#CH * #MS

An1 An2 An3 Ann………..

Load results/metadata for each analysis

Chromatography

MSNMR

Load NMR results/metadata 

Online data/metadata submission flowchart

Online GUI’s

mwTab file



National Metabolomics Data Repository Online Data Submission Tutorial
Before you start:

 Have a summary of the study ready (a paragraph describing the goal and design of 
the experiment for the benefit of the general research community- a publication 
abstract or equivalent would be ideal).

 Have a study design table ready with sample names and experimental variables in 
separate columns. Subject information and other measurements may also included.

Make sure that sample names in submitted results tables exactly match those in the 
study design table. Otherwise you won’t be able to proceed with the submission.

 Collect all relevant protocols and raw data for upload to the WorkBench. 
Protocol/methods files may be uploaded at appropriate points during the online 
metadata submission process whereas (large) raw data is uploaded during the final 
registration step.



https://www.metabolomicsworkbench.org/data/DRCCDataDeposit.php
Online Data Submission

Upload/manage studies

Register/login



(a): Complete the registration form
Use separate submissions if your study contains both MS and NMR data

Specify the embargo date if applicable



(b): Begin the online submission of metadata and results



(b): Begin the online submission of metadata and results

Start a new study from scratch (most common option, especially for new users)
or
use the Metabolon template if the new submission is composed of Metabolon analyses
or
use an existing study as a template for a new submission



Project information

Items in pink are required fields
Personal information such as name, address, email is autopopulated in the form based on your login credentials
(but you may edit these fields if not correct or appropriate)

This is your unique
Submission identifier
(contains your login 
name and 
date/time)



Study information

Subject type is mandatory and creates context-specific metadata items in subsequent sections
Study title should be unique (if you’re submitting multiple studies)
Study summary is very important in order to describe the objectives of the experiment to the general public. 
Ideally it should be a paragraph similar to an abstract in a publication
Personal information such as name, address, email is autopopulated in the form based on your login credentials
(but you may edit these fields if not correct or appropriate)



Subject information

Choose subject species from pulldown menu or enter a new species (Latin name)



Study design information

This section contains essential study design information for the study which must 
include sample identifiers and at least one experimental variable(factor) in tabular 
format. An additional “subject_id” column relating the samples to a particular source 
(patient, animal, cell etc.) may also be included. Additional information unique to each 
sample (e.g. height, weight, BMI, age, assay measurement, etc.) may also be included 
but should NOT be designated as factors (Designate these as “Other” in the next step)

Copy/paste as tab-delimited data from Excel or text 
file (View the “See examples..” link for more help)

Then click on “View/check study design” 
to view in tabular format

Include a column with 
raw data file names



After editing/assignment, proceed by 
clicking on “Process study design data”

Study design information

Assign each column as “Subject_ID”, 
“Sample_ID”, “Factor”, “Raw file 
name”, “Other” or “Ignore”



Decision point: MS or NMR experiment?

Choose number of chromatography methods for which you have data (default=1)

If MS is chosen, the user is prompted
to enter chromatography information



Chromatography information

Metadata related to chromatography (LC/GC) protocols

User may upload a 
methods/protocol 
file relating to 
chromatography



Number of MS conditions per chromatography method

In the case of LCMS this is typically 2 (Positive and negative ion mode)



MS information
Metadata related to MS methods

The number of data columns will equal the number of chromatography conditions multiplied by the 
number of MS conditions. For example, if reversed-phase and HILIC chromatography were specified 
in conjunction with 2 MS modes (+ and – mode detection), then 2x2=4 columns are displayed

Hint: Fill out the parameters in the column on the left only, click the “Replicate..” button to copy the 
content to the other columns, then adjust any unique values as appropriate



Enter processed data for each chromatography/MS combination that you have specified

Decision point: Targeted or untargeted data?

Option1: Measurements for named
metabolites from targeted experiments, 
e.g. GC-MS analyses or LC-MS assays with 
known standards.

Option2: Measurements from untargeted
experiments e.g. high-resolution LC-MS 
analyses. Detected features are typically 
m/z-retention time  values

Tabular results (typically tens or hundreds of named metabolites) 
are pasted into this textarea

A file of tabular results 
(typically thousands of 
unidentified features) is 
uploaded here



Processed data upload: Review in tabular form, then Upload data

Note: sample names must match those submitted in the “study design” section, 
otherwise a warning will be generated and this must be resolved before proceeding

Option1:
Targeted data 



Metabolite metadata upload

Copy/paste metabolite annotations in tabular format (PubChem CID, KEGG ID, InCHi Key, 
LC/GC retention time/index, etc.) Metabolite names MUST match those submitted in the 
previous data section. If you don’t have any metabolite annotations, just submit the 
column of metabolite names.

After checking the table of metabolite annotations, click 
“Upload metabolite metadata”

Option1:
Targeted data 



Option2:
Untargeted data 

Measurements from untargeted experiments e.g. high-resolution LC-MS analyses 
are uploaded as a tab-delimited text file containing a table of unidentified features 
(typically m/z-retention time values) and associated measurements.

Select results file from your file system. Sample names should 
exactly match those submitted in the “Study Design” section of 
the metadata submission

Example of a file with untargeted MS data. Note the 1st column 
contains m/z_retention time features. Subsequent columns 
contain measurements for each sample.



Decision point: MS or NMR experiment?

NMR option



NMR experiment option

Option1: Measurements for named
metabolites from targeted NMR analyses.

Option2: Measurements from untargeted
experiments e.g. binned NMR analyses. 
Detected features are typically binned 
chemical shift ranges.

Decision point: Targeted or untargeted data?



View/download the completed mwTab files

These are saved in the user’s login area



The “View Online “ link allows users to view and analyze the study to review 
the data/metadata. This viewer simulates how the study will appear on the 
Metabolomics WorkBench after NMDR curation and database upload



The “View Online “ link allows users to perform analysis on their datasets via 
the mwTab format prior to  NMDR registration  and database upload



Edit your  Data Submission (DataTrack_ID)
Resume submission or edit an existing submission from the “List Data Uploads” section at

https://www.metabolomicsworkbench.org/data/DRCCDataDeposit.php

Click on button to edit an existing submission

Upload raw data for a submission by clicking on the Upload button



Edit your  Data Submission 
Resume submission of a new study or edit an existing study from the online GUI at

http://www.metabolomicsworkbench.org/data/ds_main.php

Use “Edit mwTab” link



Study editing interface: Jump to section of interest



Upload your raw and supplementary data via a standalone FTP client
Your raw data should be submitted as a compressed file (.zip, .7Z, .gz, etc)
IMPORTANT! Please upload raw data in open-source format (e.g. mzML, mzXML, CDF) 

if at all possible to enable re-use and re-analysis by other researchers
Please do not upload individual raw files- combine them in a single compressed archive (.zip,.7z) 

Upon completion of registration, your dataset is entered in the NMDR processing queue 
where it will be curated and uploaded on the Metabolomics WorkBench public website 
(depending on embargo conditions)

Password will be visible when you navigate to the 
appropriate datatrack_id in your data upload list 



Metabolite nomenclature harmonization is an important consideration

lysoPhosphatidylcholine acyl C16:0
lysoPC 16:0; [M+H]+@1.47
LysoPC (16:0)_R1
lysoPC 16:0; [M+H]+@1.55
LPC 16:0
lysoPC 16:0; [M+H]+@1.80
lysoPC 16:0; [M+Na]+@1.95
Lyso-PC(16:0)
Hexadecanoyl-sn-glycero-3-phosphocholine-
palmitoylglycerophosphocholine
palmitoylglycerophosphocholine (16:0)
Palmitoyl-Gpc (16:0)
LPC C16:0
LPC(16:0)
LPC(16:0) [sn1]
LPC(a-16:0)
LPC(a-16:0)-1
LPC(a-16:0)-2
LysoPC (16:0)
LysoPC (16:0)_R2
LysoPC(16:0)
PALMITOYLGLYCEROPHOSPHOCHOLINE
PALMITOYLGLYCEROPHOSPHOCHOLINE (*)
PC(16:0_0:0)
… etc

NMDR: DIFFERENT SUBMITTED NAMES for the same metabolite

LPC 16:0
(RefMet name)



RefMet (A Reference list of Metabolite names): what is it?
A standardized reference nomenclature for metabolite species identified in metabolomics 
experiments. 

Why do we need it?
There's a huge amount of diversity in reporting names of metabolite species detected by MS 
and NMR analyses. Having a standardized nomenclature is an essential prerequisite for the 
ability to compare and contrast metabolite data across different experiments and studies, and 
also to link to other key resources such as data integration, biochemical pathways, chemical 
classification and systems biology objectives.

How is it implemented?
A set of over 2,000 studies with over 350,000 named metabolites deposited on the 
Metabolomics Workbench has been leveraged to generate a highly curated analytical 
chemistry-centric database of common names for metabolite structures and isobaric species. 
All entries are linked to a metabolite classification system. RefMet is searchable and may be 
freely downloaded. A name-conversion user interface is provided where users can submit a list 
of metabolite names and map them to the corresponding RefMet names.



RefMet standardized metabolite nomenclature

Fahy, E., Subramaniam, S. RefMet: a reference nomenclature for metabolomics. Nature Methods 17, 1173–1174 (2020).



Level 1: Complete structure  level 
Comments Exact structure (including stereochemistry and bond geometry)
Examples: PGE2, 12S-HETE, Cholic acid

Level 2: Regiochemistry level 
Comments Known regiochemistry (excluding stereochemistry and bond geometry)
Examples: 12-HETE, 3-Hydroxytetradecanoic acid, Hexose

Level 3: Molecular Species level 
Comments Information on structural features, but complete regiochemistry unknown
Examples: PC 16:0_18:1 , Hydroxytetradecanoic acid, Citric acid/Isocitric acid, Leucine/Isoleucine

Level 4: Species level 
Comments Metabolite class, number of chain carbons and unsaturations known
Examples: PC 34:1 , TG 54:3 , Cer d42:2  or Cer 42;2;O2

RefMet annotation levels



Grp 1: Exact structures (chirality, DB geometry)
e.g. Alanine, PGE2, 12S-HETE, Cholic acid
Grp 2: Known regiochemistry
e.g. 12-HETE, 3-Hydroxytetradecanoic acid
Grp 3: Partial structures
e.g. PC(16:0_18:1), Hydroxytetradecanoic acid
Grp 4: Sum-composition 
e.g. Cer(d42:2), PC(34:1), TG(54:3)

RefMet DB Metabolite structure DB

Other metabolite structures

RefMet Structures
Group 1 and 2 

Metabolite identifications
From NMDR

Harmonization,
Annotation,

Classification

Metabolite structures  from 
public sources

Standardized  metabolite nomenclature Database of molecular structures



RefMet
(~163,000 standardized names)

Metabolite Structure DB
(~164,000 structures)

~25,000 defined structures
(Grp1, Grp2)

~137,000 partially defined 
metabolite species lacking 

molecular structures
(Grp3,Grp4)

~139,000
metabolite structures

not in RefMet

Relationship between RefMet and Metabolite Structure DB



9Z-palmitoleic acid
Cis-9-palmitoleic acid
cis-9-Palmitoleic acid
cis-9-Palmitoleic acid TOTAL
FFA(16:1n-7)
palmitoleic acid
PALMITOLEIC ACID
palmitoleic acid

AC(8:0)
Acylcarnitine C8:0
Acylcarnitine(C8:0)
C8, Octanoylcarnitine
C8:0 acylcarnitine
Octanoylcarnitine
OCTANOYLCARNITINE
Octanoyl-L-carnitine

alpha-glucose
beta-glucose
D-Glucose
glucose

PC(p-38:2) or PC(o-38:3)
PC(p-38:3) or PC(o-38:4) A
PC(p-38:3)/PC(o-38:4)

C24 Ceramide
C24-Cer
Cer(d18:1/24:0)

GPEtn 16:0_18:2 
PE(16:0_18:2)

Palmitoleic acid 

CAR 8:0

Glucose

PC P-38:3 or PC O-38:4

Cer 18:1;O2/24:0

PE 16:0_18:2 

Examples of metabolite names which were mapped to RefMet names in order to enable 
comparative analysis across studies



https://www.metabolomicsworkbench.org/databases/refmet/

Currently, there are  over 160,000 metabolite species in RefMet



Convert a list of metabolite names to RefMet nomenclature



Metabolite name-to-RefMet conversion results



RefMet Search Page
Search by: Exact mass, Formula, Name, chemical class, InChI Key, structure



RefMet detail page for Asparagine

Calculate m/z for a MS adduct of asparagine

View enantiomers/diastereomers (if any)

View biochemical reactions involving asparagine

View other metabolites with this formula

View entry in the Metabolite Structure database 
(more detailed structural information)



RefMet/Metabolite databases have links to MONA MS spectra
Example: https://www.metabolomicsworkbench.org/data/StructureData.php?RegNo=37135

RefMet database 

Metabolite database 

Listing of MONA spectra for metabolite



RefMet Metabolite Classification

RefMet database with metabolite classification

LIPID MAPS
Classification

Lipids Non-lipids

ClassyFire
Classification

Uncurated classes

Curation



RefMet classification at superclass, main class and sub class levels
available for each study in Analysis Toolbox

Example: see pie-charts at https://www.metabolomicsworkbench.org/data/stats_toolbox.php?STUDY_ID=ST001140



Metabolites detected in 
NMDR studies

RefMet
(standardized names)

Metabolite 
classification

MW metabolite 
structure database

Biochemical pathways

Structure details

Central role of RefMet on the Metabolomics Workbench

Compare/contrast studies

Statistical/graphical analysis

Summary reports/statistics

External  datasharing
via REST services
and other portals



RefMet: What are the positive outcomes?
A unifying nomenclature and data integration tool for reporting metabolites 
detected by analytical methods.

Ability to perform comparative analysis across metabolomics studies.

Exact structures are linked to metabolite structure database.

Comprehensive chemical classification provides numerous advantages for data 
visualization/statistical analysis.

Integration with biochemical pathway tools enables mapping of RefMet names 
via systems biology approaches.



Metabolomics Workbench Metabolite structure database
~164,000  metabolite structures and annotations Linked to NMDR studies via RefMet



Browse the Metabolomics Workbench Metabolite structure database

Click on “Studies” link to access 
studies reporting that metabolite

Click on “Structure” link to access 
metabolite detail page



Metabolite Database : Molecule Detail View



Metabolite Database : View MoNA MS spectra



Text search on the Metabolomics Workbench Metabolite structure database

Lipid classification example



Text search on the Metabolomics Workbench Metabolite structure database

InChIKey example:Search on 1st 14 characters of InchIKey for cholic acid returns enantiomers, diastereomers



Text search on the Metabolomics Workbench Metabolite structure database

Metabolite name  example



Structure search on Metabolomics Workbench Metabolite structure database



Mass (m/z) search on Metabolomics Workbench Metabolite structure database

Choose database to search, m/z tolerance, 
ion adducts. Enter list of ions or upload a 
peaklist



Metabolomics Workbench Data Portal: Studies

Default sorting order is by most recently released study



Metabolomics Workbench Data Portal:Projects

Studies may be grouped into projects 
(studies with same theme/objective)



NMDR:Study-level view contains multiple metadata sections

View Metadata

Example: Analysis section



Study-level view : Show named metabolites and measurements

Select a metabolite (checkbox)



NMDR:Study-level view/download options

View Metadata

Samples/study design Named metabolites Download dataset Download mwTab (text) Download mwTab (json)



NMDR: raw data view/download

Download compressed raw files



Collaboration with Global Natural Product Social Molecular Networking (GNPS)

View spectral details of MS raw data files deposited in NMDR via the GNPS dashboard 

GNPS Dashboard: Collaborative Analysis of Mass Spectrometry Data in the Web Browser
D. Petras et al, Nature Methods (2021) https://doi.org/10.1038/s41592-021-01339-5



Metabolomics Workbench Quick search

What is searched?
• Metabolite name
• Metabolite InChIKey
• PubChem Compound ID
• Molecular formula
• Metabolite mass (+/- 0.5 daltons)
• Metabolite class
• Study title
• NMDR Study ID
• NMDR Project ID
• NMDR studies containing that metabolite



Regular expression search

What is searched?
• Metabolite  common names and systematic 

names in MW metabolite database



Sample source

Metabolite class

Species

Disease

MW Usability: Bubble chart access to key NMDR study search parameters
(Species, disease, sample source, metabolic pathways, metabolite classes)



Select Sample source link

MW Usability: Bubble chart access to key NMDR study search parameters
(Species, disease, sample source, metabolic pathways, metabolite classes)

Click on “Urine” bubble

List of all studies with urine as 
a sample source

Click on “Urine” link



Text search on NMDR studies/projects



Text search on NMDR metadata (all sections)



Search untargeted MS data IN NMDR (m/z, retention time “features”)



MW REST service access on the Metabolomics Workbench



MW REST service API document

https://www.metabolomicsworkbench.org/tools/MWRestAPIv1.0.pdf



MW REST service overview
The MW REST service has 5 main contexts:

1. Compound(metabolite) context (compound input)
Retrieve data on name, formula, mass, InChIKey, SMILES, molfile, classification, Pubchem ID etc. 
from the Metabolite structure database.

2. NMDR Study context (study input)
Retrieve data on study summaries, study design, study metadata, experimental conditions, 
metabolite numbers, sample source, species, disease association , tables of measurements, etc from 
NMDR studies.

3. RefMet context (refmet input)
Access RefMet standardized nomenclature and annotations, map metabolite names to RefMet
names, download all RefMet names, chemical classification, etc.

4. Gene/Protein context (gene or protein input)
Access DNA/RNA/protein identifiers, gene symbols, protein sequences, splice variants, homologs, 
etc, from the MW human  Gene/Protein database of metabolism-related genes.

5. Mass spectrometry context (moverz or exactmass input)
Perform precursor ion searches on RefMet database, Metabolite structure database and Lipid 
database by specifying m/z, adduct and mass tolerance. Calculate exact mass of a lipid molecular 
species ion.



MW REST service Query Builder

JSON or plain text
The online REST query builder has a menu-based format which covers most 
of the REST queries in the API

Output
(text)

Output
(JSON)



Metabolite (structure)
context

Study-specific
(Metadata, data)
context

MW REST web page contains numerous examples for each context 

In most cases, output may be specified as JSON or plain text format



RefMet
context

Gene/protein
context

MS search
context

MW REST web page contains numerous examples for each context 



MetStat Summary Statistics for experimental datasets in NMDR

Search/Summarize by analysis type (e.g. GCMS ,LCMS, NMR) and/or MS ion mode (+ or -)

Search/Summarize by disease association (cancer, diabetes, obesity, etc.)

Search/Summarize by species (human, mouse, rat, etc.)

Search/Summarize by sample source (blood, urine, feces, muscle, bacterial cells, etc.)

Summarize by metabolite structural class

What metabolites are detected within selected criteria (and which are most commonly detected)?

Which metabolites show significant changes across experimental conditions in selected data?

What  (human) biochemical pathways are these metabolites involved in?

What is the average variance across sample replicates for a given metabolite?

What is the ANOVA p-value for a given metabolite under a given experimental condition?



MetStat: Summary Statistics for experimental datasets in NMDR

View most frequently encountered metabolites in 
NMDR studies across all conditions



Links to MW structure database and list of studies containing each metabolite

Structure (MW database) List of Studies



MetStat query buider: Select criteria, e.g. species, sample source, analysis type, ion mode, disease 
association, metabolite class.

In this example, all human studies with blood* as the sample source are selected

* “Blood” may refer to whole blood, serum or plasma-see individual study metadata for details



MetStat summary table of  human metabolites detected in blood
Sorted by number of studies in which that metabolite is reported

Relative standard deviation (RSD) =100*Standard deviation/mean
The RSD is calculated separately for each experimental condition within each study. 
It is a measure of the variance across sample replicates

[P]:Human Pathways (SMP/KEGG)

List of Studies

Structure (MW db)



MetStat “data” link displays a histogram of RSD data across all studies containing Valine
Additional data on ANOVA statistics in each study and RSD/replicate information 



…

List of  human studies on blood that report Proline

Focus on the targeted 
assays that report 
quantitative results 
(untargeted assays that 
report peak intensity, 
area, etc. are no good)

Click on a study link in 
the “Units(range) column



Boxplot for Proline in human blood

Study ST000091

Comparison with all studies (yellow) that 
report proline in human blood.
Notice the outlier(s) since many different 
studies are involved. However, the median 
is not significantly affected.



MetStat query buider: Select criteria, e.g. species, sample source, analysis type, ion mode, disease 
association, metabolite class.

In this example, all studies with blood as the sample source using LCMS and HILIC chromatography 
in negative ion mode are selected



MetStat query buider: Select criteria, e.g. species, sample source, analysis type, ion mode, disease 
association, metabolite class.

In this example, human studies using LCMS in negative ion mode for Citric acid cycle metabolites are selected



MetStat query buider: Select criteria, e.g. species, sample source, analysis type, ion mode, disease 
association, metabolite class.

In this example, human studies using LCMS in negative ion mode containing Phospholipids are selected



NMDR:Study-level analysis options
Study summary page Study detail page

Study statistics page



Analysis tools applied to the data for the selected NMDR study
A study may have more than one analysis (dataset)

Metabolite classification
Pie chart of metabolite super classes
Pie chart of metabolite main classes
Pie chart of metabolite sub classes

Normalization and averaging
Show Metabolite averages per experimental factor
Perform normalization on data
Create Relative log abundance plots

Univariate analysis
Perform multi-condition dot plot analysis
Perform Volcano plot analysis
Perform ANOVA analysis and class enrichment analysis
MetENP analysis

Clustering and correlation
Perform hierarchical or heatmap cluster analysis
Perform Clustered correlation analysis
Perform Network analysis on correlated metabolites (mapped to classification)
Perform Network analysis on correlated metabolites (mapped to fold-change)

Multivariate analysis
Perform Principal component analysis
Perform Linear discriminant analysis
Perform Partial least-squares discriminant analysis (PLS-DA)

Classification and feature analysis
Perform OPLS-DA and VIP projection
Random Forest and VIP projection

Mapping metabolites to human biochemical pathways
Map study metabolites to HMDB and KEGG pathways
Map study metabolites to pathways with ratio/t-test data



Study-specific analysis toolbox



Pie-chart of metabolite super classes detected in a study
Metabolite names are mapped to RefMet which is linked to a chemical classification system



Pie-chart of metabolite sub classes detected in a study



Pie-chart of metabolite sub classes detected in a study
Restrict to a selected super class



Normalization and averaging: Abundance plots

Relative log Abundance plots

Choose mode (within or across sample groups)



Volcano plot analysis tool
Most tools contain a form where the user selects appropriate experimental groups and analysis parameters prior to running the program

In this case, samples before and after Prednisolone treatment are compared. This study 
contains 4 analyses (different metabolite classes) and all  data will be combined. A p-value 
cutoff of 0.5 and fold-change cutoff of 1.5 are selected for the volcano plot analysis step. 
Metabolites will be classified by sub class (as opposed to main class).  No sample 
normalization will be performed prior to analysis.

Analyses for this study:
Triacylglycerols
Sphingolipids
Phospholipids, Cholesterol esters and Diacylglycerols
Spingosine-1-phosphates



Volcano plot analysis results

Clickable icons

Table of results with log2 
fold-change,t-test p-values 
and metabolite classification

Default sort is by Main 
class/sub class
Click on “t-test P-value” 
heading to sort by that item

Columns are sortable



Volcano plot analysis results (sorted by t-test p-value)

12 out of 12 PI’s were 
significantly 
downregulated

Individual metabolites
(sorted by p-value)

4 out of 12 PE’s were 
significantly 
upregulated

Metabolite sub classes
(mean values)



Volcano plot analysis results (click on icons)

Volcano plot

Class enrichment plot Barplot of significantly altered metabolite classes

Bubble plot of –log10 p-value vs fraction directional change

Click on bubble to 
show data table



ANOVA analysis tool
Most tools contain a form where the user selects appropriate experimental groups and analysis parameters prior to running the program

Choose experimental factor to analyze by ANOVA (in this case it is before and after drug 
treatment), analysis group, p-value cutoff and classification group.

Analyses for this study:
Triacylglycerols
Sphingolipids
Phospholipids, Cholesterol esters and Diacylglycerols
Spingosine-1-phosphates



ANOVA analysis tool: Results
Most tools contain a form where the user selects appropriate experimental groups and analysis parameters prior to running the program

Bubble plot representation of significant ANOVA metabolite classes
Colored circles represent significant metabolites, gray circles represent all 
metabolites per class

Individual metabolites
(sorted by p-value)

Metabolite sub classes
(mean values)

Columns are sortable



Example: Metabolite changes associated with methionine stress sensitivity of 
human breast  cancer cells. Use 100uM Methionine group as control and compare 
370uM Homocysteine groups at various timepoints.

Multi-condition dot-plot analysis
Useful for plotting time-course data or comparing multiple experimental conditions to controls

Query builder GUI

Plots



Multi-condition dot-plot analysis results

Individual  metabolite PlotMetabolite class Plot

All groups are being compared to the control group (100uM Methionine treatment)

Increasing time -> Increasing time ->



Multi-condition dot-plot analysis
Useful for plotting time-course data or comparing multiple experimental conditions to controls

Restrict to a single class
(triacylglycerols)

No significant changes compared to control in the TAG 
class were observed at the 24hr timepoint, so that 
column is absent in the plot.



Cluster analysis tools

Heatmap Cluster analysis

Hierarchial Cluster analysis



Network analysis tools (mapped to classification)
Pearson correlation or Debiased Sparse Partial Correlation (DSPC) 

Select groups, correlation method, correlation value cutoff, 
DSPC p-value cutoff and sample normalization options

Zoom in to see metabolite labels

View a single 
metabolite class 
using group menu

Hover over edge to display 
correlation coefficient



Network analysis tools (mapped to fold-change)

Select groups to compare by fold-change, correlation method, 
correlation value cutoff, DSPC p-value cutoff and sample 
normalization options

Zoom in to see metabolite labels

View only up, 
down, unchanged 
using group menu
Up:red
Down: green



Multivariate analysis tools (LDA example)

Scores plot

Loadings plot

Choose conditions to 
analyze

Alternatively, run LDA 
on all analysis groups 
in a study combined. 
This analysis is being 
run only one group 
(phospholipids/DAG/
CE)



Classification and feature analysis tools (OPLS-DA example)

Scores plot

Choose experimental 
conditions for the 2 
groups being 
compared



Meta-analysis tools (across different studies)



Metabolomics Tools:Load and analyze your own dataset
Modular, portable suite of statistical tools for metabolomics analysis
 R statistics-based approach

• Normalization and scaling
• Bar graphs and Boxplots
• Univariate Analysis
• Multivariate Analysis
• Clustering and Correlation
• Feature Analysis

 Ability to select and combine groups of experimental conditions (factors)
 Applicable to targeted and untargeted datasets
 Workflow enables classification of metabolite names via RefMet
 Classified datasets are then amenable to class-specific and pathway-specific analysis



Metabolomics Tools:Load and analyze your own dataset
https://www.metabolomicsworkbench.org/data/analyze.php

This is an option to analyze your 
own dataset (as opposed to a 
submitted NMDR study)

File format required:
Column 1: sample names
Column 2: group identifier (letters, numbers or text)
Columns 3 to n: Variables



Analysis tools available on user-uploaded data
(these are NOT submitted studies –a data table is uploaded via a form )

Normalization and scaling
Sample normalization
Analyte scaling
Relative log abundance plot

Bargraphs and Boxplots
Bargraph
Bargraph ratio
Boxplot 

Univariate Analysis
Volcano Plot 
ANOVA analysis
Debiased sparse partial correlation analysis

Clustering and Correlation
Hierarchical Cluster Analysis 
Pearson Correlation:
Clustered correlation analysis 

Multivariate Analysis
Principal Component Analysis 
Linear Discriminant Analysis 

Classification and Feature Analysis
OPLS-DA/VIP analysis 
Random Forest/VIP analysis 

Mapping of input metabolite 
names to RefMet facilitates  
enables deployment of 
classification tools



Metabolomics Tools:Load and analyze your own dataset
Examples of output from online tools



NMDR Tutorials



Metabolomics Workbench collaborations with DTC’s



Collaboration with Global Natural Product Social Molecular Networking (GNPS)

View spectral details of MS raw data files deposited in NMDR via the GNPS dashboard 

GNPS Dashboard: Collaborative Analysis of Mass Spectrometry Data in the Web Browser
D. Petras et al, Nature Methods (2021) https://doi.org/10.1038/s41592-021-01339-5



Collaboration with Global Natural Product Social Molecular Networking (GNPS)
Universal spectrum Identifier for mass spectra

Proteomics data Metabolomics data proposal

Metabolomics Spectrum Resolver Web Service 

The  Metabolomics Spectrum Resolver builds upon the USI standard developed by the HUPO.
USIs are formatted as follows:
mzspec:<collection>:<msRun>:<indexType>:<indexNumber>:<optional interpretation>
Example:mzspec:ST000003:iPSC-T1R1:scan:3

MS2 peaklist/metadata

NMDR

USI request from NMDR



NIH’s Common Fund Data Ecosystem

Ongoing efforts involve development of ontologies and parts lists of NMDR study data:
Specification of species designation and sample source at an individual sample level (>200,000 samples in NMDR)

REST service to retrieve sample data from NMDR



Findable: 
DOIs are assigned to each submitted dataset/study.
schema.org formatted metadata is embedded in Metabolomicsworkbench.org 

which  allows it to be found and indexed by search engines
MetabolomeXchange EBI: Omics Discovery Index

Accessible: 
Metabolomics Workbench website: multiple browsing/download options
A REST API is provided for accessing data

Interoperable: 
Using community standard mwTAB to describe data
mwTAB documented at fairsharing.org
Multiple positive outcomes via RefMet standardized nomenclature

Reusable: 
Download and re-process raw data from NMDR
Download and re-analyze processed data (multiple format options)
Jupyter notebooks illustrate how to (re)use the data

Metabolomics Workbench/NMDR and FAIR principles



Thank you!

UCSD Main Library

UCSD Bioengineering San Diego Supercomputer Center
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