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ABSTRACT

Advances in mass spectrometry enabled high
throughput profiling of lipids but differential anal-
ysis and biological interpretation of lipidomics
datasets remains challenging. To overcome this bar-
rier, we present LipidSuite, an end-to-end differen-
tial lipidomics data analysis server. LipidSuite of-
fers a step-by-step workflow for preprocessing, ex-
ploration, differential analysis and enrichment anal-
ysis of untargeted and targeted lipidomics. Three
lipidomics data formats are accepted for upload:
mwTab file from Metabolomics Workbench, Skyline
CSV Export, and a numerical matrix. Experimental
variables to be used in analysis are uploaded in a sep-
arate file. Conventional lipid names are automatically
parsed to enable lipid class and chain length anal-
yses. Users can interactively explore data, choose
subsets based on sample types or lipid classes or
characteristics, and conduct univariate, multivariate
and unsupervised analyses. For complex experimen-
tal designs and clinical cohorts, LipidSuite offers
confounding variables adjustment. Finally, data ta-
bles and plots can be both interactively viewed or
downloaded for publication or reports. Overall, we
anticipate this free, user-friendly webserver to fa-
cilitate differential lipidomics data analysis and re-
analysis, and fully harness biological interpretation
from lipidomics datasets. LipidSuite is freely avail-
able at http://suite.lipidr.org.
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INTRODUCTION

Biological lipids play important roles in cell and organismal
function, ranging from cellular membrane structure and dy-
namics, to intercellular communication in the form of hor-
mones and lipid mediators, and finally, as energy storage
molecules. These varied lipid functions are enabled through
a diversity of lipid classes and structures. Dysregulation of
specific structures have been implicated in pathogenesis of
a range of conditions including metabolic diseases, neu-
rodegeneration and cancers. Advances in mass spectrom-
etry instrumentation and methods for lipid structure elu-
cidation have enabled high throughput profiling of hun-
dreds to thousands of lipid species in a single analysis. Mass
spectrometry-based lipidomics has become a vital part of
biomedical and life science research (1), complementing in-
formation from genomics, proteomics and metabolomics.
In a generic lipidomics workflow, lipids extracted from bi-
ological sources are subjected to mass spectrometry with or
without liquid chromatography separation. Internal stan-
dards should be included to ensure similar extraction effi-
ciency, mass spectrometry loading, and for absolute quanti-
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Table 1. Comparison of features of web servers for lipidomics data analysis
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LipidSuite
MetaboAnalyst

Workflow4Metabolomics
MetaBox
Lipid Mini-On

LION/web

Goslin

LipidLynxX

Input Pre-processing Univariate analysis ~ Multivariate Lipid- Interactivity
analysis focussed
analysis

Grey filled box = feature available. Empty box = not available.
* Targeted datasets not supported as Skyline export format, but when formatted as numerical matrix

** Limited to some plots

tation in targeted workflows. The relative levels of observed
lipid species are measured by the intensity or area under
the peak. In untargeted workflows, lipid annotation is made
by matching tandem mass spectra (MS/MS) to spectral li-
braries. Software tools developed for lipid annotation were
recently reviewed by Ziillig and Kofeler (2). Most of the
software tools require a level of coding proficiency by the
user, there are a few web servers that enable wider accessi-
bility by researchers (Table 1). Metabolomics web servers
such as MetaboAnalyst (3), Workflowdmetabolomics (4)
and MetaBox (5) offer comprehensive statistical analyses
but do not offer lipid-specific features such as lipid name
parsing, enrichment and chain length analyses. On the other
hand, lipidomics analysis web servers goslin (6) and Lipid-
LynxX (7) address lipid name parsing, while Lipid Mini-
On (8) and LION/web (9) also offer ontology enrichment
and lipid chain length analyses (Table 1). However, none of-
fer the ability to integrate lipid class enrichment and chain
length analyses with a statistical workflow including nor-
malization, to provide lipid-specific biological interpreta-
tion of the differential analysis results.

Here, we present an integrated webserver for differential
lipidomics which offers tools for the each step of the analy-
sis workflow. Starting from annotated lipidomics data with
the experimental groupings, LipidSuite offers options for all
steps in lipidomics data analytics, from data quality con-
trol (QC), normalization, imputation to differential analy-
sis. Uniquely, LipidSuite allows users to interactively pro-
cess and visualize subsets of their data; users can choose or
exclude certain samples or lipid molecules. The data ana-
lytics components of LipidSuite uses lipidr R-package (10),
which includes univariate, multivariate statistics, lipid set

enrichment and chain trend analysis. LipidSuite is freely ac-
cessible at http://suite.lipidr.org.

Overview of LipidSuite web server

LipidSuite is a user-friendly web application that allows ad-
vanced lipidomics analysis in a user-interactive fashion. The
app main interface displays the analysis steps on an expand-
able menu on the left-hand side (Figure 1), with a guided
help section on the right. The analysis steps include: In-
put, Data QC, Preprocessing, Data Exploration, Differen-
tial Analysis and Heatmap. The complete analysis work-
flow is demonstrated with two example datasets available
on LipidSuite, as well as in a detailed tutorial video avail-
able on the landing page. We describe each step with the
available options in detail below.

Input

Lipidsuite analysis begins with upload of two files, contain-
ing the lipidomics measurements and the experimental sam-
ple annotation, respectively (Figure 2A). LipidSuite accepts
three lipidomics data formats, (i) a Skyline CSV Export,
useful for targeted lipidomics, (ii) a numerical matrix where
lipids are rows and samples are columns and iii) mwTab file
from Metabolomics Workbench (11). Notably, LipidSuite
can utilize additional measures exported by Skyline, where
users can include retention time, peak height or background
in addition to the default peak area. Instructions for each
file type is displayed when the file type is selected, with ex-
ample files available for download. Lipid names should be
provided in a LIPIDMAPS convention or in ‘Class XX:YY’
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Figure 1. LipidSuite web interface.

Numerical Matrix
To use LipidSuite for your analysis using numerical matrix as input, you need 2 files:

1. Numerical table where lipids are rows and samples are columns. Lipid names
should be in the first column, and sample names are in the first row. (see example
here)

2. A table with the sample annotation / groups, where the sample names are in first
column. Note the sample names must be identical in the two files. (see example
here)

data_matrix.csv

1 inid namnas in tha fiest anbsmn

A Input B Dataset Overview C Editing lipid names
Overview ‘ Lipids. Samples N ; 7 ——
Lipid Class Distribution Search: [P134
Transitionld filename Molecule Precursor.Mz Pn
Skyline 80 80 Al_datacsy PI34:0 8377
Numel’lcal 81 81 A1_datacsv Pl34:1 835.7
Matrix 82 82 A1_data.csv 8218
83 83 Al_datacsv Pl34:2 8337
mwTab
\— 84 84 Al_datacsv Pl34:3 831.7
Showing 1 to 5 of 5 entries (filtered from 279 total entries)
Sample
Annotation Previous 1 Next

Dataset Overview

This dataset has 58 Samples, 277 Lipids belonging to 10 Classes.

Sample / Clinical annotations: group, Diet, BileAcid

There are 1 molecules that were not parsed correctly. Here are the first 10

molecules:

Pl 34:1p

Figure 2. Dataset input process in LipidSuite. (A) Two files required as input, a file of lipidomics measurements (in Skyline, numerical matrix or mwTab

format), and a file with experimental sample annotations (in CSV format).

name errors. (C) Interactive editing of mismatching lipid names.

format (12) for LipidSuite to automatically extract class and
chain information from lipid molecules.

The experimental sample annotation file should be pro-
vided as a CSV-formatted file, where first column is match-
ing the sample names provided in the lipidomics dataset.
Additional columns represent sample grouping or annota-
tions that can be subsequently used in plots and statistical
analyses.

Data QC

Three functionalities are implemented in LipidSuite to al-
low thorough data inspection. Overview provides the user
an opportunity to correct any parsing errors, while Samples
and Lipids allows data inspection through interactive plot-
ting and data subsetting focusing on particular sample(s) or
lipid(s).

(B) Overview of uploaded datasets, showing lipid class distribution and lipid

Overview. Total number of samples, number of lipids and
number of lipid classes are summarized, and the distribu-
tion of lipid classes are displayed as a pie chart (Figure 2B).
Errors in lipid name parsing are highlighted, which can be
corrected by navigating to the ‘Lipids’ tab and using the
Search function to locate the misnamed lipid molecule (Fig-
ure 2C). Interactive editing of sample annotation can be
performed similarly from the ‘Samples’ tab.

Samples. Interactive plots allow visual inspection of sam-
ple quality, and ability to choose a subset of data, e.g. to in-
spect QC samples only, via the ‘Data Subset’ tab. Data sub-
setting (Figure 3) can also be utilized to explore intensity
distribution of certain lipid classes across samples. Users
can customize the displayed plots by choosing plot type,



Data Subset

Select a measure to use

Area -

Select grouping variable

Interactive Retor iy

Visualization group

group »

Group 1

NormalDiet_water h

Group 2

1l

NormaiDiet_DCA v

Change
Parameters

Options

Select variable

01:13.2%

Interactive
Visualization

Select elements / groups

Qc "

Il

Data Subset

Select variable

Class .

Select elements / groups

lpcwc .l

Nucleic Acids Research, 2021, Vol. 49, Web Server issue

( Display interactive plot

w349

| Group ﬂ
!

Diet_water,1)

pl:34.2%

Figure 3. Interactive user-driven analysis workflow. LipidSuite allows users to try out different processing and analysis options, and directly assess the
results with interactive visualization. Then, with the novel data subsetting functionality, users can focus on, or exclude subsets of their datasets, and redo
the analysis and visualization on sliced datasets. Once done, static plots can be exported as images for publication and reports.

measure and color annotation. Plots are interactive, and can
also be downloaded for record.

Lipids. Similarly, lipid QC plots allow visual inspection of
lipid molecules or classes, to determine any data quality is-
sues. By default, plots show the variability (%CV) for each
lipid molecule across all samples. Powered by the data sub-
setting functionality, users can explore the technical vari-
ability in intensity or retention time of lipid molecules by
focusing only on QC samples. Low quality lipids or lipid
classes can be removed from analysis if required.

Preprocessing

Before differential analysis, LipidSuite requires three pre-
processing steps to be performed, namely summarization,
imputation and normalization. In cases where a Skyline ex-
port file is used as input, the preprocessing steps can be ap-
plied on any of the exported measures. While this function-
ality is kept for versatility of the LipidSuite, it is often logi-
cal to apply preprocessing only to the measure representing
lipid concentration.

Summarization. This is an essential step only for tar-
geted lipidomics that report multiple transitions per lipid
molecule, where it summarizes all transitions to calculate a
single intensity value for each molecule. In other cases where
summarization is irrelevant, users can choose ‘Don’t Sum-
marize’ option from the drop-down list to skip this step.
LipidSuite displays the number of lipid measurements be-
fore and after summarization.

Imputation. Since dealing with missing values is an essen-
tial step of analyzing lipidomics datasets, LipidSuite imple-
ments a wide range of imputation methods addressing dif-
ferent types of missingness (13). If the data is missing be-
cause of low abundance (missing not at random), users can
use sophisticated QRILC (Quantile Regression Imputation
of Left-Censored data) imputation method, impute missing
values with minimum deterministic or probabilistic values,
or replace them with zeros (14). On the other hand, if the
data is missing at random, for example due to ion inter-
ference, users can utilize K-Nearest Neighbours, Singular
Value Decomposition (13). Following imputation, Lipid-
Suite displays a histogram of imputed intensities versus the
true measurements, allowing users to assess the effect of im-
putation of the data distribution.

Normalization. To prepare lipidomics datasets for com-
parative analyses, LipidSuite allows normalization using
Probabilistic Quotient Normalization (15,16), a widely used
method for metabolomics data, which corrects for dilution
factors across samples. Alternatively, users can normalize
each lipid class against its spiked-in internal standards. To
prevent low-intensity samples from skewing the normal-
ization process, LipidSuite automatically detects and ex-
cludes ‘Blank’ samples. Similarly, users can exclude addi-
tional samples, such as outliers, from the normalization pro-
cess. In cases where users provide a pre-normalized data,
this step can be bypassed by selecting ‘Dataset is already
normalized’. User can easily assess the effect of normaliza-
tion methods on their datasets though boxplots of intensi-
ties before and after normalization.
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Data exploration

Users can explore their datasets in unsupervised or super-
vised manner, using Principal Component Analysis (PCA)
and Orthogonal Partial Least-Squares Discriminant Analy-
sis (OPLS-DA), respectively. PCA offers a simple visual ex-
ploration for separation between sample groups. Users can
color samples on the plot using any of the annotations. Data
subsetting enables users to replot PCA without outlier sam-
ples and focus on certain lipid classes to show how much
they contribute to the separation between sample groups.
On the other hand, OPLS-DA reveals which groups of lipids
are discriminative between two sample groups (17). Top as-
sociated lipids can be extracted from the loading plot.

Differential analysis

LipidSuite supports both two- and multi-group differential
analysis using moderated Student’s 7-test and ANOVA, re-
spectively (18). Results from the univariate Analysis is used
for lipid set enrichment and chain trend analysis, therefore
it must be conducted first.

Univariate analysis. The groups to be compared are se-
lected using tickboxes. For two-group comparison, moder-
ated Student t-test is applied and the outputs include a vol-
cano plot, showing log,-fold changes (LogFC) and adjusted
P-values, and a result data table. For multi-group compari-
son, moderated ANOVA is applied and LipidSuite displays
a modified volcano plot, with the average intensity of lipids
instead of LogFC, since mean differences are not calculated
in ANOVA. Furthermore, LipidSuite allows users to easily
adjust for confounding factors such as age, using the ‘Adjust
by’ dropdown menu.

Lipid set enrichment. To assess the lipid sets that are
preferentially altered in the chosen comparison, individual
lipids are ranked by LogFC, enrichment scores are calcu-
lated for each lipid set as previously described (10). Enrich-
ment plot is displayed in interactive or static mode, and the
raw table can be exported as CSV or Excel.

Chain trend analysis. To investigate the correlation be-
tween chain characteristics and differential regulation,
trend plots showing the trend in logFC obtained in the uni-
variate analysis and chain lengths or total unsaturations.

Heatmap

The final data visualization offered by LipidSuite is an in-
teractive heatmap of the selected dataset. The hierarchical
clustering with customizable sample and lipid annotations
allow users to generate a heatmap to show co-clustering of
samples and lipids.

CONCLUSION

LipidSuite webserver is designed to facilitate differential
lipidomics data analysis and datamining, after lipid anno-
tation has been made using other tools. With a focus on bio-
logical interpretation, LipidSuite provides multiple options
for data quality control, imputation, normalization, data

subsetting and confounder adjustment. In addition to uni-
variate statistical analysis and OPLS multivariate analysis.
Finally, a customisable heatmap from unsupervised cluster-
ing is generated. Together, LipidSuite offers a convenient in-
terface for life science researchers to conduct sophisticated
lipidomics data analytics with biological interpretation. We
anticipate this new free webserver to accelerate lipidomics
research.
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