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Abstract

LIPID MAPS (LIPID Metabolites and Pathways Strategy), www.lipidmaps.org, provides a systematic and standardized approach to organizing lipid
structural and biochemical data. Founded 20 years ago, the LIPID MAPS nomenclature and classification has become the accepted community
standard. LIPID MAPS provides databases for cataloging and identifying lipids at varying levels of characterization in addition to numerous
software tools and educational resources, and became an ELIXIR-UK data resource in 2020. This paper describes the expansion of existing
databases in LIPID MAPS, including richer metadata with literature provenance, taxonomic data and improved interoperability to facilitate FAIR
compliance. A joint project funded by ELIXIR-UK, in collaboration with WikiPathways, curates and hosts pathway data, and annotates lipids in the
context of their biochemical pathways. Updated features of the search infrastructure are described along with implementation of programmatic
access via APl and SPARQL. New lipid-specific databases have been developed and provision of lipidomics tools to the community has been
updated. Training and engagement have been expanded with webinars, podcasts and an online training school.
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Introduction

Lipids are biomolecules that play a vital role in living sys-
tems, serving not only as the building blocks of cell mem-
branes and energy storage, but also as hormones, receptors
and signaling molecules. They also play central roles in indus-
trial applications including agrochemicals, pharmaceuticals
and petrochemicals. Highlighting their importance, >60% of

all metabolites detected and reported in studies deposited to
the Metabolomics Workbench (1) are lipids. State of the art
MS methods available nowadays allow researchers to profile
thousands of lipid molecules in samples, leading to the gen-
eration of increasingly large datasets. These large scale stud-
ies can be categorized as lipidomics, a field which requires
specialist informatics tools and resources, including both
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software and structured lipid databases, such as those pro-
vided by LIPID MAPS.

LIPID MAPS began as part of a large NIH grant to study
lipids in 2003 led by Dennis with several co-investigators in-
cluding Subramaniam who created the LIPID MAPS resource
and spearheaded the bioinformatics efforts at the University
of California, San Diego (UCSD), with the aim of advanc-
ing the field of lipidomics. The LIPID MAPS consortium es-
tablished a classification, nomenclature and structural draw-
ing system (2) that enabled the generation of databases in-
cluding the LIPID MAPS structure database (LMSD) (3). In
2017, LIPID MAPS moved to the UK funded by a Well-
come Trust Biomedical Resources Grant led from Cardiff
University, and run as a collaboration with UCSD, Babra-
ham Institute and Swansea University. LIPID MAPS became
an ELIXIR-UK data resource in 2020. From 2024 to 2029,
it will be funded by the Medical Research Council (MRC)
and also include the University of Edinburgh. Many develop-
ments have taken place during the 20 years of LIPID MAPS
existence, and it has become the global standard for lipid
classification, and the leading resource for databases, tools,
protocols and standards in the lipid field. This paper de-
scribes recent developments to LIPID MAPS databases and
website.

Databases
Updates to LIPID MAPS Structure Database (LMSD)

LMSD is the primary database for fully characterized lipid
chemical structures of biological relevance and was first in-
troduced in this journal in 2007 (3). Since then, LMSD has
increased in size to host >48 000 lipid structures. Lipids have
been added from the scientific literature through manual cu-
ration, or incorporated from other specialist databases, such
as in the case of flavonoids (4), carotenoids (5) and ascaro-
sides (6). An interface for the scientific community studying
lipids to submit new lipid structures as they identify and re-
port them has been added. The LIPID MAPS classification
system (2,3,7) has been expanded, with additional classes
and subclasses added concomitant with the growth of the
database. For instance, new classes and subclasses have been
added for phosphatidylethanols, phosphatidylthreonines, as-
carosides, betaine lipids and 1-deoxy ceramides. Additionally,
some lipids have been reclassified, for instance fatty acid es-
ters of hydroxy fatty acids (FAHFAs or fatty acid estolides) (8)
have been removed from wax monoesters to form a new sub-
class. The wax monoester subclass has been divided such that
esters where either the acid or alcohol moiety is fewer than
five carbons are moved to a new subclass called Short Fatty Es-
ters. Classification and nomenclature is overseen by the LIPID
MAPS International Lipid Classification and Nomenclature
Committee (ILCNC).

The LIPID MAPS system for assigning identifiers in LMSD
(2,3) is unique in biochemical databases in that it encodes the
classification ontology within the identifier. A consequence of
this has been that up to now, reclassification of a lipid required
a change of identifier. FAIR principles (9), however, require
that identifiers need to be both globally unique and persistent.
To address this, a change was implemented in how identifiers
are assigned. Specifically, whilst identifiers continue to be in-
dexed by identifiers.org (10) and will be assigned on the same
basis as previously, reclassification no longer results in a new
ID. As a result, new and legacy identifiers no longer should
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be considered to encode information about the classification
ontology.

Individual lipids can include more than one functional
group. Until now, however, lipids in LMSD were discover-
able only in a single class. To address this, lipids can now
be assigned to multiple relevant classifications, so that they
are findable when browsing LMSD alongside structurally re-
lated compounds. Estrone 3-glucuronide (LMST05010011),
for example, can be located either as a C18 steroid or as a
glucuronide. Similarly, 11S-HETE, (LMFA03060003) is dis-
coverable either as an eicosanoid, an unsaturated fatty acid or
a hydroxy fatty acid. Where relevant, the shorthand nomen-
clature as defined by Leibisch et al. (11) is also included in the
lipid record.

In 2020, LIPID MAPS began using the NCBI taxonomy
(12) for annotation of curated lipids in LMSD. This provides
source information about where the lipid was detected at the
organism level. Work to back-populate taxonomy data for
previously cataloged molecular species is ongoing, and so far
approximately 18 000 entries in LMSD contain this informa-
tion. FAIR principles request that data are associated with a
detailed provenance, and to that end, references to the litera-
ture from which a lipid has been curated are now included in
every new case, presented in a standardized format and linked
to EuropePMC (13).

Historically, glycan groups within LMSD were depicted
with a perspective representation of pyranose and furanose
sugars in chair, or Haworth projections. While these may
be visually preferable for biochemists, cheminformatics soft-
ware are unable to interpret these depictions from a molfile
(14). This results in inaccurate line representations (SMILES,
InChl). To correct this, and to aid findability and interoper-
ability, the molfiles of approximately 9500 lipids containing
sugar groups have been recreated with the sugar in a planar
representation and line representations recalculated. For vi-
sualization purposes however, the perspective representation
continue to be displayed on the LMSD entry page.

Following this, mapping to ChEBI (15) and PubChem (16)
was updated using the UniChem tool (17). Also utilizing
UniChem mapping, links to the Protein Data Bank in Europe
(18) have been added, where lipids are bound to macromolec-
ular structures.

Since 2022, LMSD has begun including biochemical reac-
tions catalyzed by enzymes, as well as some non-enzymatic
reactions. Here, individual pages for lipids show the reactions
in which a lipid may take part. In this representation lipids
are shown as nodes, and reactions as edges (Figure 1). Se-
lecting an edge reveals specific details of the biochemical re-
action and links to the source data describing that reaction.
Reactions have been incorporated from LIPID MAPS-verified
WikiPathways (19), Rhea (20), Reactome (21) and from ex-
pert biochemists via a community curation project funded in
part by ELIXIR-UK, in collaboration with WikiPathways. In
this project, experts provided details of pathways which were
then added to WikiPathways to provide a visual representa-
tion. These were verified manually before incorporation into
LIPID MAPS, where they are now embedded in a static form,
linking back to LMSD entries. This work is ongoing and will
continue as long as new lipids are added to LMSD, and as
their reaction information becomes available. In addition to
displaying reaction information on individual LMSD pages,
all reactions are displayed together in the Reactions Explorer
(www.lipidmaps.org/resources/tools/reactions) which allows
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Figure 1. Example of biochemical reactions displayed on a lipid page in LMSD. Clicking on an arrow displays the details of a particular biochemical

transformation.

navigation through this complex network. Filtering tools en-
able a user to quickly find relevant reactions for a lipid class
of interest.

In many cases, the same reaction applies to many lipid
molecular species (for example, phosphatidylethanolamine,
PE, conversion to phosphatidic acid, PA, where there are many
species differing only in fatty acyl composition). To accom-
modate this, the reactions database is constructed in such a
way that only a generic PE — PA reaction needs to be added
without specifying the fatty acyls. This cascades down such
that the reaction is shown for all relevant lipids of the specific
classes, maintaining the cognate radyl groups in the reaction.
Ultimately, these data will be incorporated into BioPAN (22),
a LIPID MAPS tool which performs pathway analysis.

Bulk searches

Searching lipidomics data to assign lipid names based on
molecular mass using databases presents specific challenges.
In particular, if only partial information on structures is pro-
vided, then fully annotated lipid names should not be used. To
address this, LIPID MAPS has incorporated a shorthand an-
notation system which was originally published by Liebisch
et al. to describe lipids at various levels of characterization
(11,23). A quick guide to this nomenclature has been added at
www.lipidmaps.org/shorthand_nomenclature to facilitate us-
ing this format. This is an evolving document as new lipid
classes are added.

Mass spectrometry data often cannot distinguish regio-
chemistry such as sn position of radyl groups on (phos-
pho)glycerolipids or double bond positions in acyl chains. It
is, therefore, inappropriate to annotate full names of lipids
in lipidomics data obtained without fragmentation. Instead,
names should be assigned only at the ‘species level’, where the
lipid type and sum composition (number of carbons and dou-
ble bond equivalents) is defined. A new database, COMP_DB,
has been developed containing over 60 000 lipids described
at this ‘species’ level. This is searchable using a list of m/z

values of various adducts rather than the neutral mass of
the lipid and searches may be limited by selection of lipid
category/class/sub-class, polarity or by instrument resolution
level. The same interface can also be used to query LMSD.
Once results are returned, users can drill down to generate
potential full structures, and all results are downloadable in
tsv format.

Additional databases

In 2018, LIPID MAPS added an In-Silico Structure Database
(LMISSD). This is a relational database generated by compu-
tational expansion of headgroups and chains for a large num-
ber of commonly occurring lipid classes. LMISSD has been de-
signed from an analytical chemistry perspective to enumerate
all theoretically possible structures available from a large set
of acyl/alkyl chains. A hierarchy of sum composition, chain
composition and exact structures may be browsed for the var-
ious lipid classes. It contains over 1.1 million molecules, some
25 000 of which are in common with LMSD.

Ion Mobility spectrometry (IMS) provides an extra dimen-
sion to identifying lipids where gas-phase molecules are sepa-
rated according to their interaction with a carrier gas generat-
ing a diagnostic collisional cross-section (CCS) value. To sup-
port those using this technique, an Ion Mobility database was
developed in collaboration with the McLean research group
(24). This contains experimental CCS values for lipid adducts
searchable by lipid name and additionally linked from the in-
dividual lipid pages in LMSD.

Database and curation infrastructure

LIPID MAPS databases were moved to an open-source plat-
form about 10 years ago to ensure portability and long-term
accessibility. The site is in the process of moving to the Lar-
avel PHP framework. It currently runs on a CentOS Linux (re-
lease 7.9.2009) operating system (16GB RAM/8 CPU cores)
using a Postgres (version 9.2.24) relational database. A Bingo
(version 1.7.9) chemistry cartridge (25) is used to index lipid
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structures in molfile format and provide the capability to per-
form fast substructure searching as well as other functions
such as molecular formula, mass and SMILES generation.
LIPID MAPS uses the Javascript-based Ketcher (version 1.1)
framework (www.lifescience.opensource.epam.com/ketcher/)
to visualize structures within the browser. This is compat-
ible with all common user platforms including mobile de-
vices. Additional Javascript libraries allow users to calculate
exact mass corresponding to different lipid adducts. Structure-
related metadata such as physicochemical properties are com-
puted during curation and displayed online for each lipid
molecule. The entire LMSD database may be downloaded,
with structures available in open-source molfile format, to fa-
cilitate re-use and incorporation into other cheminformatic
workflows.

Website search functionality

The search facility of the LIPID MAPS homepage was recently
updated with an auto-complete functionality. The new search
bar interrogates more database fields than previously, includ-
ing InChIKey and identifiers from other databases, including
ChEBI and KEGG (26). To aid searching using non-standard
lipid names, RefMet (27) has been incorporated to standard-
ize nomenclature enabling lipids to be found more easily. As
an example, DAG C36:3 is converted to DG 36:3 prior to
searching. Previously, if a numerical value was entered, the
results returned were neutral masses from LMSD. To better
support users, who generally search on m2/z values from ex-
perimental data, the new search function operates differently.
Instead, when users enter numeric values below 5000, they are
redirected to the bulk search interface where they can choose
specifically which form of mass value is most appropriate for
their query. The cutoff of 5000 was chosen as values above
this are unlikely to be lipid 71/z values, but could be ChEBI
IDs.

Programmatic access

LIPID MAPS has implemented a REST API to provide pro-
grammatic access to data in LMSD and also LMPD (28). Re-
cently, a SPARQL 1.1 endpoint (www.lipidmaps.org/sparql)
was implemented as part of the ELIXIR 2021 ‘FAIR lipids’
Hackathon, so that users can run federated queries to other
databases, such as SwissLipids (29) and UniProt (30). In ad-
dition to the lipids themselves, the lipids categories have been
converted to RDF as owl:Classes using rdfs:subClassOf rela-
tions to reproduce the hierarchy.

Tools

LIPID MAPS provides a variety of informatics tools to aid
the lipidomics community as described previously (31). The
structure drawing tools have been updated to include the ad-
ditional class of phosphatidylthreonines. Tools to standardize
lipid nomenclature, RefMet and LipidLynxX (32) have been
incorporated into the site along with LipidFinder (33), a lig-
uid chromatography/mass spectrometry workflow compris-
ing peak filtering, MS searching and statistical analysis com-
ponents. In addition, BioPAN, software developed to perform
a pathway analysis from lipidomics datasets described else-
where (22), is fully incorporated in the LIPID MAPS site.

A guide to bioinformatic software and tools for analysis
of lipidomic data (34) has been produced in collaboration
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with EpiLipidNET and is available at www.lipidmaps.org/
resources/tools?page=flow_chart.

Education and outreach

LIPID MAPS has a strong focus on educational activi-
ties in lipidomics mass spectrometry, particularly support-
ing users of the database and resources. An online Spring
School was hosted in 2020 at which 33 experts trained
485 early career researchers over five days. Since 2019,
monthly webinars have been hosted with a total audi-
ence of 2.7K viewers. All these presentations are freely
available on the LIPID MAPS YouTube channel (www.
youtube.com/@lipidmaps3529), which has over 4800 h of
content viewed. A podcast series of informal discussions
has begun. The encyclopedic LipidWeb (www.lipidmaps.org/
resources/lipid_web), created by Bill Christie is hosted un-
der the LIPID MAPS banner and continues to be updated
weekly. A weekly blog from Bill Christie was recently passed
to Dan Raben for continuation (www.lipidmaps.org/updates/
lipidmatters). LIPID MAPS partners with the EU COST Net-
work EpilipidNET with their lipid community contributing to
metabolic reactions and pathways, and novel lipid structures
to LIPID MAPS databases.

Future directions

Robust informatics resources supporting lipidomics are essen-
tial as we move into the emerging area of systems lipidomics,
a subfield of systems biology which involves developing a
holistic understanding of lipid behavior through the analysis
of lipidomes, combined with corresponding data from other
‘-omics including proteomics and transcriptomics. Without
high quality, expert curated databases, poorly interpreted data
will be produced, leading to significant misutilization of time
and resources. To address this, we aim to continue enriching
data on discrete lipid structures, linking them to enzymes and
genes via the biochemical reactions in which they participate.
Additional databases are needed to capture data on partly
characterized lipid structure including modified lipids, the so-
called epilipids (35) discovered in tissue samples along with
their metadata, so that their study in disease can be facili-
tated. We plan to develop such resources in the future. Robust,
standard practices for data analysis, and reporting is required
(36) and LIPID MAPS is actively supporting the community
to address these issues via our on-going training program in
addition to database development and nomenclature.

Data availability

All LIPID MAPS databases (https://www.lipidmaps.org/) are
licensed under a Creative Commons Attribution 4.0 Interna-
tional License.
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