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Abstract

PathBank (https://pathbank.org) and its predecessor database, the Small Molecule Pathway Database (SMPDB), have been providing compre-
hensive metabolite pathway information for the metabolomics community since 2010. Over the past 14 years, these pathway databases have
grown and evolved significantly to meet the needs of the metabolomics community and respond to continuing changes in computing technology.
This year's update, PathBank 2.0, brings a number of important improvements and upgrades that should make the database more useful and
more appealing to a larger cross-section of users. In particular, these improvements include: (i) a significant increase in the number of primary
or canonical pathways (from 1720 to 6951); (ii) a massive increase in the total number of pathways (from 110 234 to 605 359); (iii) significant
improvements to the quality of pathway diagrams and pathway descriptions; (iv) a strong emphasis on drug metabolism and drug mechanism
pathways; (v) making most pathway images more slide-compatible and manuscript-compatible; (vi) adding tools to support better pathway fil-
tering and selecting through a more complete pathway taxonomy; (vii) adding pathway analysis tools for visualizing and calculating pathway
enrichment. Many other minor improvements and updates to the content, the interface and general performance of the PathBank website have
also been made. Overall, we believe these upgrades and updates should greatly enhance PathBank's ease of use and its potential applications
for interpreting metabolomics data.
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Introduction not only important biological and spatial context to molec-
Pathway analysis is becoming increasingly important for the  ular omics measurements, but it allows much more facile
interpretation of metabolomics, proteomics and transcrip- integration of metabolite, protein and genetic data. Key to

tomics data (1-4). In particular, pathway analysis provides  the success of any pathway analysis is the availability of
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high-quality pathway databases containing a broad diver-
sity of pathways and richly illustrated pathway diagrams.
The ideal pathway database should be comprehensive, cov-
ering most known pathways, most known metabolites (and
xenobiotics) as well as most known genes or proteins for
a given organism. The pathways in such a database should
cover a broad number of categories including metabolic
(anabolic/catabolic), molecular signaling, endocrine, physio-
logical, drug action, drug metabolism and disease mechanism
pathways. Ideally the pathways in these databases should con-
tain information and images indicating the spatial locations
of these pathways including the relevant organs, tissues, cells,
cell compartments and organelles. Similarly, structural infor-
mation about the relevant chemicals or proteins involved in
the pathways and descriptions about the pathways themselves
should be available. Preferably, the pathways should be both
human readable and machine readable, freely available in
many different formats, openly downloadable and amenable
for slide presentations or figures in papers.

PathBank was developed to be just such an ‘ideal’ path-
way database. Specifically, PathBank is a comprehensive,
richly illustrated, deeply annotated, machine-readable path-
way database that was specifically developed for the interpre-
tation of metabolomics, proteomics and transcriptomics data.
It was first described in 2020 with the release of version 1.0
(5). PathBank actually evolved from an earlier human-specific
metabolic pathway database called the Small Molecule Path-
way Database or SMPDB (6,7). All the pathways contained in
PathBank and SMPDB have been painstakingly designed and
carefully hand-illustrated by a highly trained team of path-
way curators using strict protocols and a specially developed,
open access, web-based, pathway illustration tool called Path-
Whiz (8,9). PathWhiz uses a large palette of pre-generated or-
gan, tissue, cellular, subcellular and molecular images, as well
as various automated sequence/structure search and annota-
tion tools to enable the rapid, visually consistent rendering of
molecular pathways that are both human and machine read-
able. PathWhiz also allows pathways to be easily replicated
(within species) or propagated (across species) to save time
and reduce unnecessary repetition when rendering PathBank
pathways.

PathBank was primarily developed to address the lim-
itations and shortcomings of other well-known pathway
databases such as KEGG (10,11), the Cyc databases (12—
14), Reactome (15) and Wikipathways (16,17) — specifi-
cally with respect to metabolomics applications and metabo-
lite coverage. Indeed, prior to the introduction of SMPDB
or PathBank, no pathway database had been developed to
address the specific needs of the metabolomics community.
However, in the course of addressing the specific needs of
the metabolomics community, we found that PathBank also
helped address many of the unmet needs of the proteomics
and transcriptomics/genomics communities as well. The first
release of PathBank contained >110 000 metabolic pathways
for 10 model organisms (H. sapiens, B. taurus, R. norvegi-
cus, M. musculus, D. melanogaster, C. elegans, A. thaliana,
S. cerevisiae, E. coli and P. aeruginosa). These pathways
described the interactions of nearly 80 000 different com-
pounds (metabolites, drugs and other xenobiotics), 9000 dif-
ferent proteins and genes, and >175 000 different reactions
and interactions. Some of the more unique features of Path-
Bank (version 1.0) that made it particularly appealing to the
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metabolomics (and other omics) communities were its level of
metabolite comprehensiveness (5-10x more metabolite cov-
erage than other databases), its broad scope of pathway types
(catabolism/anabolism; physiological/endocrine; metabolite
signaling; drug action; drug metabolism and metabolic dis-
ease), its wide variety of searching and browsing functions, the
rich cellular, subcellular and physiological information con-
tained within its pathways, its detailed pathway and path-
way component descriptions and its compatibility with sev-
eral common machine readable or data exchange formats in-
cluding BioPAX (18), SBML (19), PWML (8,9), SBGN (20),
PNG and SVG. Additional details regarding PathBank’s (ver-
sion 1.0) distinguishing features with regard to other well-
known pathway databases (11,14,15,17,21-24), and addi-
tional information about its exact content, uniqueness, target
audience, use cases, curation methods, layout and design are
provided in the original PathBank paper (5).

Since its release in 2020, PathBank has proven to be partic-
ularly popular. Its pathways and pathway information have
been integrated into recent releases of a number of very popu-
lar omics databases such as the HMDB (25), DrugBank (26),
MarkerDB (27), DAVID (28) and MetaboAnalyst (29-33).
Likewise, PathBank and SMPDB continue to be very well
cited and heavily used by a wide range of users from around
the world. However, as with any large-scale, online biologi-
cal database, there is always room for improvement and al-
ways a need to expand, upgrade or improve the data content.
Version 2.0 of PathBank has added over 5000 primary (also
called canonical) pathways, and nearly 600 000 primary and
secondary (i.e. total) pathways. We have also received some
excellent feedback from the user community and the devel-
opers of the secondary databases and software tools that use
PathBank as part of their data analysis pipelines or database
search tools.

Among the areas identified as needing expansion or im-
provement in PathBank were: (i) the quality and complete-
ness of pathway diagrams and descriptions; (ii) the coverage
of drug metabolism and drug mechanism pathways; (iii) the
breadth of physiological and signaling pathways; (iv) the com-
patibility of pathways for slide and manuscript presentations
and (v) the addition of more tools for filtering, navigating, se-
lecting and analyzing pathways. Additionally, our own team
identified much needed hardware and software upgrades as
well as a number of ‘back-end’ innovations that improved the
overall performance of the database. As a result, we have done
our best to implement these suggested/required improvements
into the latest release of PathBank, known as PathBank 2.0.
In the following pages, we describe the updates and upgrades
to PathBank 2.0 under the following four subsections: (i) im-
provements in layout, implementation and curation; (ii) path-
way additions; (iii) pathway improvements and (iv) new path-
way analysis tools.

Improvements in layout, implementation and
curation

Improved layout

The PathBank 2.0 layout has been modified to improve nav-
igation and accelerate entity selection. In particular, the new
PathBank 2.0 landing page features an updated database de-
scription, a rotating image carousel, and a Navigation Bar
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at the top of the page with six key tabs: ‘Browse’, ‘Search’,
‘Analyze’, ‘About’, ‘Downloads’ and ‘Contact Us’. An empty
search box is situated at the top left of the Navigation Bar.
By clicking the ‘Browse’ tab, users can explore four different
options: Pathways, the Table of Primary Pathways (TOPP),
Compounds (metabolites or drugs), or Proteins. Recall that in
PathBank 2.0, pathways are separated into primary or canon-
ical pathways (listed in TOPP) and secondary or daughter
pathways (listed in Pathways). Primary Pathways are those
pathways that describe a distinct, broadly thematic biological
process, such as protein synthesis. In PathBank 2.0, there are
now 6951 of these kinds of pathways. Secondary Pathways
are those that are derived from primary pathways and con-
tain only minor modifications to the primary pathway, such as
protein synthesis with phenylalanine incorporation. In Path-
Bank 2.0 there are now >590 000 of these ‘regular’ or sec-
ondary pathways. Each pathway in PathBank 2.0 is associated
with one or more species and each species-specific pathway
contains either proteins alone, metabolites/chemicals alone
or both metabolites and proteins together. On average, each
pathway in PathBank contains 21 metabolites and 7 enzymes
or proteins.

In PathBank 2.0, all search and browsing results can be
further filtered by species and pathway type through differ-
ent dropdown menus located at the top of each ‘Browse’ or
‘Search’ page. Under the pathway type filter there are three
super-categories (all, metabolite and protein), six metabo-
lite pathway subcategories and 15 protein pathway subcat-
egories. The six metabolite subcategories are: (i) metabolic
(catabolism/anabolism); (ii) physiological/endocrinological
(primarily involving metabolites); (iii) metabolite signaling;
(iv) drug metabolism; (v) drug action and (vi) disease (pri-
marily involving small molecule metabolism). The 15 protein
subcategories are: (i) immunological; (ii) cellular response;
(iii) gene regulatory; (iv) growth factor; (v) cytokine signal-
ing; (vi) protein/peptide hormone-mediated; (vii) neurologi-
cal signaling; (viii) developmental signaling; (ix) kinase signal-
ing; (x) apoptosis signaling; (xi) stress activated signaling; (xii)
pathogen activated signaling; (xiii) transport/degradation;
(xiv) cytoskeletal signaling and (xv) disease.

For users opting to browse Pathways, a multi-page table
with five columns is presented that lists the: (i) PathBank ID
(with a thumbnail image); (ii) Pathway Name and Descrip-
tion (with hyperlinks to machine-readable pathway files); (iii)
Pathway Class; (iv) associated Chemical Compounds and (v)
associated Proteins. The table is sortable by PathBank ID,
Pathway Name and Pathway Class by clicking on the up/down
arrows in the column titles. The Pathway Class is a new tax-
onomic pathway grouping for PathBank 2.0 and represents
a more detailed pathway classification layer below the super-
category and sub-category. There are a total of 109 different
Pathway Classes in PathBank 2.0. The full pathway taxon-
omy for PathBank 2.0 is shown under the ‘About’ tab (see
PathBank Taxonomy). Definitions for the super-categories,
sub-categories and classes have been added under the ‘About’
tab (see Pathway Category Definitions), as well as mappings
to applicable NCBO Pathway Ontology classes (34). Navi-
gation through the content of the Pathway Table is simple
(via hyperlinks) and self-explanatory. Clicking on each path-
way thumbnail image opens up the full-scale, fully naviga-
ble pathway diagram in a new window. Each pathway dia-
gram has a display panel with tabs titled ‘Description’, ‘High-

light’, ‘Analyze’, ‘Downloads’ and ‘Settings/Display’. Users
can read more about the pathway (Description), select and
color proteins or metabolites for display (Highlight), input
concentration data for coloring (Analyze), and customize the
pathway display (Settings/Display). Significant improvements
have been made to the pathway displays and display options
for PathBank 2.0 and these are described later in the Pathway
Improvements section.

For users opting to browse the Primary Pathways or TOPP,
a separate multi-page table with four columns is presented
that lists the: (i) PathBank ID; (ii) Primary Pathway Name;
(i) Primary Pathway Class and (iv) a link to the Primary Path-
way View with the number of associated secondary pathways
listed below the ‘View Pathway’ button. The table is sortable
by PathBank 1D, Pathway Name, Pathway Class and Number
of secondary pathways by clicking on the up/down arrows in
the column titles. The TOPP Table is also filterable by species
and pathway type in a manner similar to that described for
the Pathway Table. Primary pathways with more than one sec-
ondary pathway are displayed as a primary pathway with a
clickable name. These hyperlinked pathways lead to related
pathways in pop-up boxes or links. For lipid pathways, only
the generic version is listed; specific lipid pathways are acces-
sible through the generic lipid’s pop-up.

For users opting to browse Compounds or Proteins, simi-
lar multi-page tables display specific compounds and proteins
alphabetically, with four columns: (i) Compound or Protein
ID (with a thumbnail image); (ii) Compound or Protein De-
scription; (iii) Pathway Class (with hyperlinks) and (iv) asso-
ciated Pathways (hyperlinked and also displaying total num-
ber of pathways). Clicking a compound’s ‘View’ button directs
to the relevant ‘MetaboCard,” defaulting to HMDB if no or-
ganism is chosen. Clicking a protein’s ‘View’ button leads to
the corresponding ‘UniProt Cards.” The tables are sortable by
Compound/Protein ID, Compound/Protein Name, Pathway
Class Name and number of Pathways by clicking the up/down
arrows at the top of the table. Compounds and proteins are
filterable by species and Pathway Class through dropdowns,
and a search box aids additional filtering by name.

In addition to these improved browsing functions, Path-
Bank 2.0 also offers extensive search functions under the
‘Search’ tab including: (i) An Advanced Text Search (with in-
structions): (ii) the Chem Query Structure Search; (iii) a Molec-
ular Weight Search and (iv) a Sequence Search. The operations,
instructions and applications for these search tools is identical
to what was described in the original PathBank paper (5). New
to PathBank 2.0 is the ‘Analyze’ tab. Three pathway analy-
sis options are offered under this tab: (i) over-representation
analysis; (i) Path-MAP analysis and (iii) pathway enrichment
analysis. These pathway analysis functions are described in
more detail in a later section entitled New Pathway Analysis
Tools. The ‘About’ tab in PathBank 2.0 provides additional
information about PathBank, its associated release notes, the
required citations, database statistics, the PathBank 2.0 tax-
onomy, the PathBank 2.0 style guide, links to other Pathway
Databases, as well as images (via a Pathway legend) for the
different components (organelles, organs, tissues) seen in Path-
Bank 2.0 pathways. The ‘Download’ tab for PathBank 2.0 al-
lows users to download pathways, metabolite names, and pro-
tein names (in CSV or TSV file format) as well as all of Path-
Bank 2.0’s pathways in BioPAX, SBGN, SBML and PWML
format.
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Database implementation

PathBank 2.0 was developed using the Ruby on Rails web
framework (http://rubyonrails.org, version 4.2.0). This frame-
work employs a MariaDB relational database (https:/www.
mariadb.com, version 5.5.56) to comprehensively manage
various aspects of the pathway data. This includes details
such as entity relationships, external references, comprehen-
sive descriptions, visualization specifications, and even chemi-
cal structures. The design of PathBank 2.0 follows the Model-
View-Controller (MVC) architecture, an approach that ele-
gantly separates internal data logic from user input and data
presentation. This separation ensures a modular and orga-
nized structure to the application’s codebase. The core infor-
mation stored within PathBank 2.0 is extracted in a dynamic
manner and then seamlessly transformed into visually appeal-
ing web pages through PathBank’s HTML interface respon-
der. This allows users to interact with the data easily and in
a user-friendly, informative manner. PathBank 2.0 is made ac-
cessible through a dedicated server hosted on Digital Ocean.
This server has 8 vCPUs that ensure robust processing capa-
bilities, 320 GB of disk space to accommodate extensive data
storage, and 16 GB of RAM to ensure smooth performance.
Additionally, an extra 500 GB of storage space is allocated on
an Amazon S3 storage facility, further enhancing PathBank’s
ability to house and manage vast amounts of pathway-related
information.

Improved database curation and quality assurance

All members of PathBank’s curation team were required to
have at least undergraduate degrees or senior-level undergrad-
uate courses in bioinformatics, biochemistry, pharmacology
and/or molecular biology. Training in pathway illustration
was standardized and was conducted over a two-week period
by the lead curator(s). This training included direct mentor-
ing, standard operating protocol (SOP) instruction, practice
pathway illustration, peer support and tutorials. All pathways
generated by PathBank’s curation team followed established
SOPs, checklists, and PathBank 2.0 style guides for unifor-
mity (5,6,8). The PathBank 2.0 style guide is available under
the ‘About’ tab. To select pathways for a particular species
or pathway category, the curation team conducted literature
searches for unique metabolite/pathway classes, metabolic
processes, and proteins. Existing pathway diagrams from pub-
lic databases were reviewed, compared to internal references,
and discussed. New pathways were identified, selected, hand-
sketched, and then illustrated on-line using PathWhiz by mem-
bers of the curation team. Each pathway is independently eval-
uated by a second curation team member for adherence to
style guides. Pathway reviews by senior members of the team
were conducted on a biweekly basis. Only compliant path-
ways were propagated or replicated into PathBank 2.0 using
PathWhiz. This quality control applies to primary pathways
which serve as templates for replication. Spot checks were
used to ensure consistency, and system-wide checks were used
to verify image appropriateness. Primary pathways were more
frequently reviewed to ensure they aligned fully with Path-
Bank’s style guide. Typically, a single primary pathway would
take a skilled curator between 8-20 hours to research, ren-
der and complete while a single secondary pathway would
take 15 minutes to 1 hour to research, render and complete.
It is important to note that PathBank’s pathways undergo
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constant minor layout improvements and revisions. Minor
corrections occur without formal announcements. Significant
changes (>10% in components) are noted in descriptions with
modified update dates.

Pathway additions

Since its last release in 2020, the PathBank team has put in
thousands of hours to add more than 605 000 pathways for 10
model organisms to the PathBank database. Some of the most
important new pathways are Primary Pathways, meaning
that they are biologically or biochemically distinct pathways
that describe an important or general molecular/physiological
process. Primary Pathways require extensive literature re-
search, careful pathway design, many hours of rendering and
even more hours of internal/external vetting of the curation
team. In total, 6951 Primary Pathways were added to Path-
Bank 2.0, which represents a 400% increase in the number of
Primary Pathways originally present in PathBank 1.0. Some
of these newly added Primary Pathways as well as previously
existing Primary Pathways were then replicated or propa-
gated (with suitable modifications and updates based on new
chemical knowledge) to produce another 598 408 Secondary
Pathways.

For the past two years, a major focus for PathBank’s cu-
ration team has been on expanding the content of four ma-
jor pathway classes that were under-represented in PathBank
1.0: (i) drug action or drug mechanism pathways; (ii) drug
metabolism pathways; (iii) uremic toxin pathways and (iv)
physiological pathways. This is because there has been a sig-
nificant dearth of these kinds of pathways in most pathway
databases. This under-representation has, unfortunately, been
leading to inconsistent and often incorrect interpretations of
the results of many metabolomics assays (35,36). As might
be expected, most of these new pathway additions were spe-
cific to humans, although a number of pathways were prop-
agated to other mammalian species (B. taurus, R. norvegi-
cus, M. musculus, etc.). In total 1440 primary drug action
pathways, 5254 primary drug metabolism pathways, 65 pri-
mary uremic toxin pathways, 50 primary disease mechanism
and 142 primary physiological pathways were generated and
added to PathBank 2.0. A portion of these Primary Pathways
(mostly lipid pathways) were further replicated with appro-
priate modifications to produce another 142 588 Secondary
Pathways, which were specific to Homo sapiens alone. In ad-
dition, some of these were propagated (transferred) to other
organisms to bring the total number of added Secondary Path-
ways in PathBank 2.0 to 598 408.

While the drug action pathways required the most man-
ual effort, the drug metabolism pathways are of particular
interest as these were generated through a new computa-
tional approach for PathBank and PathWhiz that may be-
come more widely used in future versions of this database.
In particular, experimentally determined drug metabolism re-
action data was collected from DrugBank (26) and further
supplemented with drug metabolism data generated (via ma-
chine learning) from BioTransformer (37,38) for drugs that
appeared to be missing key drug metabolites (26). Because in-
formation about the enzymes, organs and body compartments
could be extracted from these data, it was possible to auto-
matically generate thousands of richly annotated and remark-
ably complete drug metabolism pathways. Pathways that use
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Figure 1. (A) The drug action (mechanism of action or MOA) and (B) drug
metabolism (absorption, distribution, metabolism and excretion or
ADME) pathway for the drug Abciximab.

BioTransformer predictions have been labeled as predicted,
so that users are aware that the data may not be as reliable
as the experimentally confirmed pathways. Examples of both
the drug action and drug metabolism pathway for the drug
Abciximab are shown in Figure 1.

In addition to these Primary Pathways, the PathBank team
also took advantage of new lipid composition data appear-
ing in the latest release of the HMDB 5.0 (5) to help repli-
cate another 138 952 lipid biosynthesis pathways, primar-
ily among triglycerides, phospholipids, ceramides and acyl-
carnitines. Overall, across the different model species in Path-
Bank, pathway additions to PathBank 2.0 were most concen-
trated on H. sapiens (140 004 new pathways), followed by
126 749 new pathways for B. taurus, 126 530 new pathways
for R. norvegicus, 126 530 new pathways for M. musculus, 7
new pathways for D. melanogaster, 11 new pathways for A.
thaliana, 437 new pathways for S. cerevisiae, 22 new path-
ways for E. coli, and 83 new pathways for P. aeruginosa.

Pathway improvements

The addition of so many diverse Primary Pathways to such
a wide collection of species within PathBank led to two ma-
jor initiatives to improve pathway quality in PathBank 2.0.
In particular, the PathBank team focused on: (i) pathway re-
mediation and (ii) pathway enhancement. Pathway remedi-
ation involved assessing the quality of previously illustrated
PathBank pathways and improving the layout, logic, content,
iconography and quality of old pathways. Pathway enhance-
ment involved improving the quality, layout, logic, content
and iconography of newly added pathways. Both processes
(remediation and enhancement) informed each other and both
processes required additional curator training, regular team
meetings as well as constant updating of SOPs, the PathBank
style guide, image or icon libraries and the PathWhiz pathway
illustration software.

One example of a key pathway improvement or enhance-
ment involved the inclusion of standard organelle images,
standard chromosome depictions and standard cell structures
for appropriate cell types (i.e. different cell walls for differ-
ent types of prokaryotes, the nucleus and mitochondria for
eukaryotes). This was introduced for all new pathways and
back-propagated to all previously illustrated pathways. An-
other example included the establishment of minimum sizes
for organs, tissues, organelles and metabolites and proteins in
all pathway illustrations. Again, this was applied to previous
pathways as part of the remediation effort and continued with
all newly added pathways. A third example involved the cre-
ation of many new icons or images to depict more diverse or-
ganelles (the endoplasmic reticulum, vacuoles, Golgi appara-
tus, vesicles, chloroplasts, peroxisomes, muscle filaments, etc.),
more cell types (red blood cells, B cells, T cells, macrophages,
neurons, fibroblasts, astrocytes, glia, muscle cells, bacteria and
viruses) and more organs or tissues (brain, kidney, liver, kid-
ney substructures, muscle, the gastrointestinal tract, pancreas,
thymus, bone, adipose tissue, skin or epithelium and blood
vessels). An example of how the addition of these icons and
images improved the content and quality of PathBank path-
ways is shown in Figure 2, which illustrates the process by
which the COVID-19 virus causes viral sepsis.

Other pathway improvements or remediation efforts un-
dertaken by the PathBank curation team involved adding
more transport proteins to pathways (where possible) to indi-
cate how molecules entered or left cells/tissues, adding more
“Zoom’ boxes to pathways to illustrate different scales of ac-
tivity and adding more text annotations to pathways to clar-
ify complex processes or events that might occur in tissues,
organs or organelles. For instance, reactions or processes that
occur in the mitochondria or the nucleus are shown through
a ‘Zoom’ box or expansion box that is illustrated within the
cell itself. A PathBank ‘Zoom’ box typically has a triangular
perspective diagram with the vanishing point emanating from
the center of the organelle which leads to the full (rectangu-
lar) view of the inside of the organelle. These expanded or
zoomed-out pathways maintain the same color background
as used to depict the organelle. Therefore, a pink background
indicates a pathway localized to the mitochondrion while a
yellow background indicates a pathway localized to the nu-
cleus. A number of pathways were also reorganized to better
illustrate the sequence of events or the correct positioning of
organs involved in the biological/physiological process. Like-
wise, because PathBank covers a wide number of species, new
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Figure 2. Pathway illustrating how the COVID-19 virus can cause viral sepsis. This showcases the additional icons and images that have been added to

improve the content and quality of PathBank pathways.

images and new icons were added or edited to more appropri-
ately reflect the correct shape of organs (brain, liver, gut, etc.),
body parts and other physiological aspects of the organism
being depicted.

A major focus for the past three years was on improving the
compatibility of PathBank’s pathway images for use in slides,
posters and publications. Specifically, all pathway images and
pathway icons (cell organelles, organs, tissues, body parts,
etc.) now exist as both full color and grayscale images. Using
the “Settings/Display” associated with each PathBank 2.0 im-
age, users can modify and customize the pathway image to suit
their publication needs. Users may select a dark blue (default)
background or a white background or between the full colour
(full detail), grey-scale (full detail) and simplified KEGG-like
(black and white) pathway representation. Likewise, for pub-
lication quality figures, users may use the ‘Downloads’ op-
tion associated with the pathway and select one of two op-
tions: ‘Large Font SVG Image’ for detailed pathway figures,
or ‘Simple Large Font SVG Image’ for a less cluttered image.
Text scaling (font size) has been improved so that the names

of pathway components and labels are now far more visible.
Furthermore, users can choose to display the names as abbre-
viations to further increase text size. Likewise, the placement
of pathway nodes corresponding to metabolites/compounds
in the KEGG-like pathway diagrams has been improved to
reduce text overlap. The KEGG-like pathway diagrams also
include cell, organelle and organ information to help main-
tain biological context. These improvements should make all
of PathBank 2.0’s pathway diagrams much more useful for
publication purposes.

New pathway analysis tools

As noted earlier, a new addition to PathBank 2.0 is the path-
way ‘Analysis’ option. Clicking on the ‘Analysis’ tab pro-
duces a pull-down menu with three Analysis options: (i) Over-
Representation Analysis (ORA); (ii) Path-MAP Analysis and
(iii) Pathway Enrichment Analysis (PEA). Both ORA and PEA
are new to PathBank 2.0, while Path-MAP has been updated
from PathBank 1.0. For this release of PathBank 2.0, ORA
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is limited to handling metabolite data only. Fundamentally,
ORA works by identifying metabolic pathways or metabolite
sets that have a higher overlap with a set of measured metabo-
lites of interest than expected by chance. To perform ORA
with PathBank 2.0, three inputs are required: the choice of or-
ganism, a list of experimentally measured, significant metabo-
lites of interest, and a reference metabolite/pathway set. Af-
ter choosing the organism (via a pull-down menu), users must
provide a list of significantly altered compounds in the form of
compound names or compound identifiers. Information about
the allowable identifiers or names, as well as appropriate ex-
amples, is given in the ORA page under ‘Allowed Nomencla-
ture’. Example data sets for running ORA are provided under
the ‘Example’ button. Once the data set is uploaded, users
must select a metabolite set library from the set of offered
pathway libraries provided through a pull-down menu. Path-
Bank 2.0 offers several libraries including the full PathBank
metabolite library, a Disease metabolite library, a Signaling
metabolite library, a Physiological metabolite library and sev-
eral biofluid-specific metabolite libraries. Once the pathway
library has been selected, users can press the ‘Calculate ORA’
button to generate the ORA network diagram, bar graphs
and tables. The ORA network diagram displays the pathway
names and their connectivity with the size of the nodes in-
dicating their significance. All nodes in the network diagram
are clickable and reveal additional details about the named
pathways. The bar graph displays the level of pathway en-
richment as determined by the ORA algorithm and the table
provides statistical measures of the significance. The ORA al-
gorithm uses a hypergeometric test based on the cumulative
binomial distribution to determine if input metabolites are
found among pathway metabolites more often than would be
expected by chance. Additional details about ORA calcula-
tions and their interpretation are available through various
tutorials written for MetaboAnalyst (30).

The Path-MAP Analysis, which was previously described
in the original PathBank paper (5), supports metabolomic,
proteomic and transcriptomic analysis. It allows users to
enter lists of compound names, protein names, compound
identifiers, protein identifiers, or gene identifiers that have
been identified as being significant via experimental studies
in metabolomics, proteomics or transcriptomics. Information
about the allowable identifiers or names, as well as appro-
priate examples, is given in the Path-MAP page under ‘Al-
lowed Nomenclature’. Example data sets for running Path-
MAP are provided under the ‘Example 1” button. Users must
provide the list of biomolecules and choose the organism
(from a pull-down menu) and press ‘Run Path-MAP’. Path-
MAP then maps these biomolecules to the pathways for the
specified organism. The result is a list of pathways with en-
richment scores calculated using the frequency of matches and
the number of pathway entities as scaled using a hypergeo-
metric function. Through Path-MAP it is also possible to en-
ter biomolecular lists with concentration or relative concen-
tration data, as might be obtained from a typical proteomics,
transcriptomics, or metabolomics experiment. Example data
sets for running Path-MAP using this option are provided un-
der the ‘Example 2’ button. When this option is run, it pro-
duces an organism-specific pathway annotated and coloured
with the corresponding metabolite/protein/transcript concen-
trations according to a yellow (low)-red (high) concentration
gradient. More details about Path-MAP’s functions are de-
scribed in the previous release of PathBank (5).

The Pathway Enrichment Analysis function is new to
PathBank 2.0 and offers users the ability to enter lists of
significantly altered compounds, genes or proteins (from
metabolomics, transcriptomics or proteomics experiments)
from a standard comparative study (case versus control)
and to generate colorful, informative pathway enrichment
plots. Users must provide the list of experimentally measured
metabolites, genes or proteins, their normalized/scaled values
and their associated P-values. These types of ‘omics’ datasets
can be easily generated from standard ‘omics’ analysis tools or
software packages. As with PathBank’s other analysis tools,
users may provide compound names, protein names, com-
pound identifiers, protein identifiers or gene identifiers. Infor-
mation about the allowable identifiers or names, as well as ap-
propriate examples, is given in the Pathway Enrichment page
under ‘Allowed Nomenclature’. Once the appropriate dataset
is selected and submitted, users must select the organism and
the pathway library and then press the ‘Calculate Pathway Im-
pact” button to generate the Pathway Impact diagram. Exam-
ple data sets are provided under the ‘Examples’ button. Users
may select from a number of organism-specific pathway li-
braries covering many PathBank pathway categories, subcat-
egories and classes. Screenshots illustrating how to use path-
way enrichment analysis in PathBank 2.0 are shown in Fig-
ure 3. All nodes in the pathway impact graph are clickable
(Figure 3B) and reveal additional details about the pathways
through tables that provide statistical measures of significance
(Figure 3C). Pathway impact is calculated using a classic mea-
sure of network topology called out-degree centrality. Briefly,
if each pathway is a network, the nodes are metabolites, and
out-degree centrality is the total number of connections (de-
grees) that originate from a given node. The sum of out-degree
centrality for matching metabolites in the pathway is then
normalized by the sum for all metabolites in the pathway to
provide the impact factor. Additional details about Pathway
Impact calculations and interpretations are available through
MetaboAnalyst (30).

Conclusion

We believe that PathBank 2.0 brings a number of impor-
tant improvements and enhancements that should make the
database much more useful and far more appealing to a larger
cross-section of users. Specifically, PathBank 2.0 now contains
thousands of new primary pathways and hundreds of thou-
sands of new secondary pathways spanning a range of path-
way types (such as drug mechanism and drug action path-
ways) that had not previously been covered by any path-
way database. PathBank 2.0 also brings significant improve-
ments to the quality and content of its pathway diagrams and
pathway content. These include more informative diagrams,
more complete depictions and a wider array of subcellular
and supracellular images. In addition to the improved images,
each protein and metabolite depicted in PathBank 2.0 has as-
sociated physiological information including the tissue, cell
type and subcellular location. This information can be found
in the pop-ups that appear when clicking on a protein or a
metabolite in a PathBank 2.0 pathway display. A significant
effort was undertaken to make all of PathBank 2.0’s pathway
images far more slide-friendly and manuscript-compatible by
improving the layout, increasing the text size and enhanc-
ing the quality of the grey-scale and black-and-white path-
way diagrams. We have also improved PathBank’s pathway
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Figure 3. Screenshots illustrating how to use Pathway Enrichment
Analysis (PEA). (A) View of the PEA search screen with example data
entered. (B) A Pathway Impact plot of the results from the PEA. The
Pathway Impact plot is interactive and when individual dots are hovered
over, pathway information is provided. (C) Shown is the results table
which gives more pathway information.

taxonomy and added new tools to support better pathway
filtering, selection and display. Finally, we have added or en-
hanced a number of pathway analysis tools for visualizing and
calculating pathway enrichment and pathway impact. Many
other minor improvements and updates to the content, the
interface, and general performance of the PathBank website
have also been made. Overall, we believe these upgrades and
updates should greatly enhance PathBank’s ease of use and its
potential applications for interpreting a wide range of omics
data.

Data availability

PathBank 2.0 is FAIR compliant. An extensive and well-
annotated data download section is also provided with most
data pathways, metabolite names, and protein names avail-
able in standard CSV and TSV file formats and all pathways
in BioPAX, SBGN, SBML and PWML formats. The data in
PathBank 2.0 are released under the Creative Commons (CC)
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4.0 License Suite according to the Attribution BY and Non-
Commercial NC licensing conditions.
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