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Abstract
Peroxisomes are versatile single membrane-enclosed cytoplasmic organelles, involved in reactive oxygen species (ROS) and 
lipid metabolism and diverse other metabolic processes. Peroxisomal disorders result from mutations in Pex genes-encoded 
proteins named peroxins (PEX proteins) and single peroxisomal enzyme deficiencies. The PEX11 protein family (α, β, and γ 
isoforms) plays an important role in peroxisomal proliferation and fission. However, their specific functions and the metabolic 
impact caused by their deficiencies have not been precisely characterized. To understand the systemic molecular alterations 
caused by peroxisomal defects, here we utilized untreated peroxisomal biogenesis factor 11α knockout (Pex11α KO) mouse 
model and performed serial relative-quantitative lipidomic, metabolomic, and proteomic analyses of serum, liver, and heart 
tissue homogenates. We demonstrated significant specific changes in the abundances of multiple lipid species, polar metabo-
lites, and proteins and dysregulated metabolic pathways in distinct biological specimens of the Pex11α KO adult mice in 
comparison to the wild type (WT) controls. Overall, the present study reports comprehensive semi-quantitative molecular 
omics information of the Pex11α KO mice, which might serve in the future as a reference for a better understanding of the 
roles of Pex11α and underlying pathophysiological mechanisms of peroxisomal biogenesis disorders.
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Introduction

Peroxisomes are small (0.1–0.5 µm in diameter), single 
membrane bound, subcellular organelles present in almost 
every eukaryotic cell. They play a central role in a wide 
variety of vital metabolic functions, namely (i) β-oxidation 

of very long-chain fatty acids (e.g., VLCFAs, ≥ C22) and of 
bioactive secondary lipid mediators (such as prostaglandins 
and leukotrienes), (ii) α- (e.g., phytanic acid) and β-oxidation 
(e.g., pristanic acid) of branched-chain fatty acids, (iii) bio-
synthesis of ether-phospholipids (e.g., plasmalogens), cho-
lesterol, dolichol, and conjugated bile acids, (iv) glyoxylate 
detoxification, and (v) breakdown of polyamines and purines 
[1]. The granular matrix of peroxisomes contains a large 
variety of oxidases, producing not only hydrogen peroxide 
(H2O2) during the conversion of their substrates but also the 
antioxidative marker enzyme catalase that cleaves H2O2 into 
water and oxygen, and protects the cell from excessive ROS 
production [2, 3].

The abundance, size, shape, protein/enzyme composition, 
and functions of peroxisomes can differ based on the physi-
ological condition and metabolic needs of the cell type, tis-
sue, organ, and/or organism [3, 4]. Regulators of malleability 
and biogenesis of peroxisomes are a set of heterogeneous 
proteins referred to as peroxins (PEX proteins), located in 
the cytoplasm, the peroxisomal membrane as well as their 
matrix. They mediate all steps in peroxisomal biogenesis, 
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such as (i) the formation of the peroxisomal membrane, (ii) 
the import of their membrane and matrix proteins, and (iii) 
the proliferation of the organelles. Hitherto, more than 32 
distinct PEX proteins have been recognized (named with 
reference to their date of discovery), out of which at least 14 
are conserved in mammalians [5, 6].

The functional importance of peroxisomal metabolism for 
health in humans is emphasized by the existence of numer-
ous peroxisomal disorders. These devastating genetic human 
diseases are either resulting from mutations in Pex genes 
(peroxisomal biogenesis disorders, PBDs, or Zellweger 
spectrum disorders, ZSDs) or genes encoding single per-
oxisomal enzymes (peroxisomal enzyme deficiencies, PEDs) 
[1]. In both cases, the specific metabolic functions of multi-
ple organs (such as brain, liver, kidney, adrenal gland, testis, 
bone, and many others) are severely disturbed, affecting the 
organism at a systemic level and often resulting in premature 
death. The processes that are usually affected are the fatty 
acid β- and α-oxidation, the plasmalogens biosynthesis, the 
glyoxylate metabolism, the bile acid synthesis, and the H2O2 
metabolism [7, 8].

To study PBDs, Li and Baumgart et al. previously gen-
erated and bred Pex11 (α and β) knockout mouse models 
and performed their basal characterization [9, 10]. Thereby, 
they also identified a third Pex11 gene (Pex11γ). The three 
PEX11 protein isoforms (α, β, and γ) are responsible for per-
oxisome proliferation and fission by mediating elongation, 
tubulation, and constriction of pre-existing peroxisomes 
[11–13]. Pex11β is expressed constitutively throughout the 
tissues, whereas α and γ isoforms are tissue specific and 
pronounced considerably in the heart, liver, and kidney as 
well as testis [10, 11]. In contrast to the knockout of Pex11β, 
which induces a phenotype similar to Zellweger syndrome 
and neonatal lethality, mice with a Pex11α KO display a 
mild phenotype and are viable after birth [9, 10], enabling 
investigations of the impact of peroxisomal defects on the 
lipid, metabolite, and protein composition of various organs 
(e.g., liver, heart, kidney, lung, and brain) and biological 
fluids (e.g., serum) in adult mice. Indeed, adult Pex11α 
knockout mice when treated with a high-fat diet develop 
nonalcoholic fatty liver disease [14].

In systems biology, concurrent extraction and investiga-
tion of various biomolecules (including proteins, peptides, 
lipids, and polar metabolites) and integration of mass spec-
trometry-guided multi-level molecular omics data (such as 
lipidomics, metabolomics, peptidomics, and proteomics) 
of the same sample has become a promising strategy to 
improve the understanding of complex biological cascades 
[15]. A series of recent studies has demonstrated one-step 
extraction protocols for serial-omics analyses from a single 
piece of sample and has been applied in cancer [16], cardio-
vascular [17], pulmonary [18], plant [19], and toxicological 
research [20].

In order to characterize the metabolic alterations occur-
ring due to Pex11alpha deficiency, we investigated changes 
in the lipidome, metabolome, and proteome of different bio-
logical specimens (serum, liver, and heart) from Pex11α KO 
adult mice using a liquid–liquid extraction method combined 
with untargeted sequential omics approaches by ultra-high-
performance liquid chromatography equipped with high-
resolution tandem mass spectrometry (UHPLC-HRMS/MS). 
Our study provides extensive semi-quantitative molecular 
information on the metabolic alterations in Pex11α KO mice, 
which will complement the understanding of the molecu-
lar functions of Pex11α and underlying pathophysiological 
mechanisms of peroxisomal biogenesis disorders.

Materials and methods

Materials

Ammonium bicarbonate, ammonium formate, bovine serum 
albumin, dithiothreitol (DTT), iodoacetamide (IAA), methyl 
tert-butyl ether (MTBE), thiourea, and urea were purchased 
from Sigma-Aldrich (Steinheim, Germany). LC–MS grade 
solvents acetonitrile (ACN), methanol (MeOH), water 
(H2O), 2-propanol/isopropyl alcohol (IPA), and formic acid 
were procured from Honeywell Riedel-de Haën (Seelze, 
Germany). The synthetic lipid internal standards were 
procured from Avanti Polar Lipids (Alabaster, AL, USA). 
Sequencing grade modified trypsin was obtained from Pro-
mega Corporation (Mannheim, Germany) and RapiGest SF 
surfactant from Waters Corporation (Milford, MA, USA). 
Bradford reagent was purchased from Bio-Rad Laborato-
ries (CA, USA) and ZipTipC18 from Merck Millipore (MA, 
USA).

Pre‑analytics

Pathogen-free C57BL/6 J mice were obtained from the cen-
tral animal facility of the Justus Liebig University Giessen, 
Germany. They were kept on a normal laboratory diet and 
water and maintained under standard environmental condi-
tions. The generation, breeding, and basal characterization 
of Pex11α KO animals were described in details earlier [9]. 
Adult 3-month-old male mice (WT control and homozy-
gous Pex11α KO) were narcotized using 3% isofluran and 
sacrificed by cervical dislocation. For the isolation of heart 
and liver, the animals were perfused with phosphate buffer 
saline through the left ventricle to remove the blood. Liver 
and heart tissues were dissected, snap-frozen immediately 
in liquid nitrogen, and stored at − 80 °C until further pro-
cessing. Blood was extracted by cardiac puncture immedi-
ately following the cervical dislocation and left standing for 
30 min at 37 °C to separate the serum from the red blood 

2236 Garikapati V. et al.



1 3

cells. Then, the samples were spun for 10 min at 1500 × g 
at 4 °C, and serum was collected and stored at − 80 °C until 
further use.

The animal experiments were performed in accordance 
with the German Animal Welfare Law and recommendations 
of institutional animal welfare officers. All experiments were 
approved by the German Government Commission of Ani-
mal Care (Justus Liebig University internal classification: 
JLU-Nr.: 616_M, Project ID: 1016 Peroxisomen).

Liquid–liquid extraction

Ten milligrams of the snap-frozen liver and heart tissues 
from three biological replicates of WT control (Pex11α+/+) 
and homozygous Pex11α KO (Pex11α−/−) mice were homog-
enized in phosphate buffer saline solution (200 µl) using a 
tissue homogenizer (Retsch GmbH, Germany) with zirconia 
beads for 1 min at 20 Hz at 4 °C. 200 µl of liver or heart 
tissue homogenates and/or 80 µl of serum were transferred 
into respective glass vials and subjected to liquid–liquid 
extraction as reported earlier [16]. Briefly, 750 µl of ice-
cold methanol (LC–MS grade) containing the following 
lipid standard mix: 56 pmol phosphatidylethanolamine (PE 
17:0/14:1); 52.5 pmol phosphatidylglycerol (PG 17:0/14:1); 
82.5 pmol phosphatidylinositol (PI 17:0/14:1); 90 pmol 
phosphatidylserine (PS 17:0/14:1); 56 pmol phosphatidyl-
choline (PC 17:0/14:1); 47.5 pmol lysophosphatidylcholine 
(LPC 17:1); 16.6 pmol lysophosphatidylinositol (LPI 17:1); 
84.6 pmol lysophosphatidylserine (LPS 17:1); 50 pmol 
lysophosphatidylglycerol (LPG 17:1); 42.8 pmol lysophos-
phatidylethanolamine (LPE 17:1); 69.6 pmol sphingomy-
elin (SM d18:1/17:0); 50 pmol cholesteryl ester (ChE 19:0); 
90.4 pmol ceramide (Cer d18:1/17:0); 77.6 pmol hexosyl-
ceramide (HexCer d18:1/12:0); 30 pmol triglyceride (TG 
17:0/17:0/17:0) were added to the homogenate samples and 
vortexed vigorously for 1 min. After that, 2.5 ml of ice-
cold MTBE (anhydrous, 99.8%) were added to each vial 
and vortexed for 1 h at room temperature. Later, 625 µl of 
ice-cold water (LC–MS grade) were added for phase sepa-
ration, vortexed for 1 min, and centrifuged at 4,000 g for 
15 min at 4 °C. After centrifugation, the upper non-polar 
(lipids) and lower polar (metabolites) phases were separately 
collected, transferred to fresh vials, dried out in vacufuge 
concentrator (ambient temperature), and stored at − 80 °C 
until further analysis. The lower sediment (protein) pellets 
were resuspended in 250 µl of lysis buffer containing 0.1% 
RapiGest, 1 M urea, 0.2 M thiourea, and 70 mM dithiothrei-
tol in 50 mM of ammonium bicarbonate buffer solution. The 
resuspended solution was vortexed vigorously followed by 
centrifugation for 10 min at 14,000 g at 4 °C and the super-
natants were collected and stored at − 80 °C until further 
processing.

Lipidomics (upper organic phase)

Dried lipid extracts were resuspended in 100  µl of 
ACN:IPA:H2O buffer (65:30:5 v/v) and analyzed using a 
hybrid quadrupole orbital trapping mass spectrometer (Q 
Exactive; Thermo Fisher Scientific, Bremen, Germany). 
In brief, 10 µl of resuspended lipid extract were loaded 
on a reversed-phase ACQUITY UPLC HSS T3 (1.8 µm, 
100 × 2.1 mm, Waters Corporation) column and separated 
using a Dionex UltiMate 3000 UHPLC system (Thermo 
Fisher Scientific), with a flow rate of 250 µl/min. The sol-
vent system consisted of eluent A (H2O:ACN, 40:60 v/v) 
and eluent B (IPA:ACN, 90:10 v/v) both with 10 mM ammo-
nium formate and 0.1% formic acid. Lipids were separated 
with a 28 min multi-step linear gradient of 30 to 100% elu-
ent B (electronic supplementary material, ESM Table S1). 
The column temperature was set to 50 °C and autosampler 
to 15 °C. Lipidomic datasets were acquired separately in 
positive- and negative-ion mode in a data-dependent man-
ner using the top-15 method (Full MS/ddMS2, Top15), 
modified from a previous study [21]. The optimized heated 
electrospray ionization (HESI-II) source and data-dependent 
acquisition (DDA) method parameters for lipidomics experi-
ments in both ionization modes are provided in the ESM 
(Tables S2 and S3).

High-resolution and accurate mass lipidomic raw datasets 
were analyzed with LipidSearch (v4.2.23) software (Thermo 
Fisher Scientific) for identification and alignment [21, 22]. 
The precursor (MS) and product (MS/MS) mass tolerance 
was set to 5 ppm. The fragment match score (m-score) was 
set to 5 and the identification level (fragmentation grade) 
quality filters A, B, and/or C were considered. The optimized 
parameters used for lipid identification (independently in 
positive- and negative-ion mode) and alignment processes 
(to combine positive- and negative-ion mode search results) 
are indicated in the ESM (Table S4). Further, all lipid spe-
cies identified/aligned using the LipidSearch software were 
filtered (filtering criteria described in the ESM Table S4 
and Data file S1) to remove/minimize false positives, and 
inspected manually (accept, reject, or reassign) after com-
putational analysis.

Metabolomics (lower aqueous phase)

Dried polar metabolite extracts were resuspended in 100 µl 
of 15% aqueous methanol and a 10 µl injection volume was 
used. The separation was performed using a reversed-phase 
ACQUITY UPLC HSS T3 (1.8 µm, 100 × 2.1 mm, Waters 
Corporation) column at a flow rate of 300 µl/min of a sol-
vent system consisted of eluent A (100% water) and elu-
ent B (100% acetonitrile) both with 0.1% formic acid. Polar 
metabolites were separated with a 20 min multi-step linear 
gradient of 1 to 99% eluent B (ESM Table S5). In the case of 
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serum metabolite analysis, eluent B was replaced by 100% 
methanol with 0.1% formic acid and a multi-step linear gra-
dient of 1 to 95% in 14 min (ESM Table S6). The autosa-
mpler and column compartments were maintained at 4 °C 
and 40 °C, respectively. Metabolomic datasets were acquired 
using a hybrid quadrupole orbital trapping mass spectrom-
eter (Q Exactive; Thermo Fisher Scientific, Bremen, Ger-
many) individually in positive- and negative-ion mode in a 
data-dependent manner using the top-10 method (Full MS/
ddMS2, Top10), adopted from a previous study [23]. The 
optimized HESI-II ion source and DDA method parameters 
for metabolomics experiments in both ionization modes are 
provided in the ESM (Tables S7 and S8).

Positive- and negative-ion mode polar metabolomic raw 
datasets were processed independently using the Progenesis 
QI (v2.4) software (Waters Corporation) with default param-
eters. The untargeted workflow used for data processing and 
analysis includes retention time alignment, peak picking, 
deconvolution, compound annotation, normalization, and 
relative-quantification [23]. The ion adducts of each feature 
were deconvoluted and annotated primarily using an in-
house developed metabolite database with MetaScope search 
plug-in of Progenesis QI and further verified with MassBank 
of North America (MoNA), mzCloud, and EMBL-MCF 
mass spectral libraries using precursor ion accurate mass 
(MS) and fragmentation (MS/MS) patterns.

Proteomics (lower solid phase)

Total protein concentrations in supernatants of resuspended 
pellets were measured with Bradford’s reagent and subjected 
to in-solution tryptic digestion followed by label-free quanti-
tative bottom-up proteomics experiments as described else-
where [24, 25]. Briefly, an equal amount of protein (50 μg) 
from WT control and Pex11α KO mouse liver and/or heart 
tissues were solubilized in 50 mM ammonium bicarbonate 
buffer (50 μl) containing 0.1% RapiGest and denatured 
at 80 °C for 15 min. Then, the proteins were reduced and 
alkylated with 100 mM DTT at 56 °C for 30 min, 200 mM 
IAA at ambient temperature in the dark for 30 min, respec-
tively. After that, the proteins were digested with trypsin 
(1:20 protease-to-protein ratio) at 37 °C for overnight. The 
tryptic digestion reaction was stopped by incubating with 
concentrated formic acid (2 µl) for 10 min at 37 °C. The 
peptide digests were desalted by ZipTipC18, dried out using 
vacufuge concentrator, and reconstituted in 3% aqueous 
ACN with 0.1% formic acid for further MS analysis.

Peptide digests (2.5 μg) were loaded on a Kinetex C18 
reversed-phase (2.6 µm, 100 × 2.1 mm, 100 A°, Phenom-
enex) column and separated using a Dionex UltiMate 3000 
UHPLC system (Thermo Fisher Scientific), with a flow rate 
of 250 μl/min. The solvent system consisted of eluent A 
(100% water) and eluent B (100% acetonitrile) both with 

0.1% formic acid. Peptides were separated with a 120 min 
multi-step linear gradient of 3 to 50% eluent B (ESM 
Table S9). The autosampler temperature was set to 4 °C and 
column at 40 °C. Proteomic datasets were acquired using a 
hybrid quadrupole orbital trapping mass spectrometer (Q 
Exactive; Thermo Fisher Scientific, Bremen, Germany) in 
positive-ion mode in a data-dependent manner using the top-
10 method (Full MS/ddMS2, Top10), with slight modifica-
tions from our previous study [25]. The optimized param-
eters of HESI-II ion source and DDA method for proteomics 
experiments are provided in the ESM (Tables S10 and S11).

Proteomic raw datasets were processed using untargeted 
label-free processing and consensus quantitative workflow 
(ESM Fig. S1) of Proteome Discoverer (v2.2.0.388) software 
(Thermo Fisher Scientific). MS data files were searched 
against UniProt Mus musculus protein database (dated 15th 
September 2019, containing 17,422 target sequences and 
9,908,993 residues) using Sequest HT search algorithm. The 
search was performed with peptide precursor (MS) and frag-
ment (MS/MS) mass tolerance of 10 ppm, 0.02 Da respec-
tively and trypsin as a protease with two missed cleavages 
and a strict target false discovery rate value of 0.01 (1% 
FDR). Search criteria also comprised carbamidomethylation 
(cysteine) as static modification, oxidation (methionine) and 
acetylation (N-terminal) as dynamic modifications. Unique 
and razor peptides were considered, precursor abundance 
values were normalized with total peptide amount, and rep-
licate-based resampling imputed missing values. Abundance 
ratios were calculated using the pairwise ratio method and 
significant values were obtained from ANOVA hypothesis 
test (based on the background population of proteins or 
peptides). The common external protein contaminant list 
(MaxQuant database) was used to mark contaminants in 
the result file. As regulated, only proteins with (i) master 
group, (ii) high confidence, (iii) at least two peptides, (iv) no 
contaminants, (v) p-value of ≤ 0.05, and (vi) an abundance 
ratio of ≤ 0.5 and/or ≥ 2 (equivalent to twofold regulation) 
were considered.

Bioinformatics analyses

Statistical analysis

Integrated chromatographic peak area values of the indi-
vidual lipids and polar metabolites were exported as a matrix 
(samples in columns and features in rows) after manual cura-
tion, and statistical analyses were performed using freely 
accessible MetaboAnalyst (v4.0) [26]. Lipidomic datasets 
were normalized to the total lipid signal, as no true internal 
standards were added for all identified lipid species and/
or lipid classes and some of the lipid classes were noted 
with very few lipid species identifications [27, 28]. Prior 
to the statistical and pathway analyses, both lipidomic and 
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polar metabolomic datasets were checked for data integrity, 
outliers removed, normalized (total sum), transformed (gen-
eralized logarithmic transformation), scaled (Pareto and/or 
Range), and imputed (features with ˃ 50% missing values 
were removed, and remaining missing values were estimated 
with k-nearest neighbor algorithm). Univariate descriptive 
statistical methods including fold-change analysis (threshold 
less than or equal to 0.5 and/or greater than or equal to 2), 
t-test (FDR-adjusted p-value less than or equal to 0.05), and 
volcano plots (log2 fold changes versus -log10 FDR-adjusted 
p-values) were employed to select statistically significant 
lipids and/or polar metabolites. Lipid class levels (sum 
of the normalized relative abundance values of all meas-
ured lipid species in a particular lipid class) represented as 
mean ± standard deviation and two-tailed Student’s t-test 
(GraphPad Prism v6.01) were used for statistical compari-
son between the groups.

Pathway analysis

Differentially abundant lipids and polar metabolites (HMDB 
v4.0, Human Metabolome Database IDs as input) were com-
bined and explored by metabolic pathway analysis for the 
identification of altered pathways. The analyses were per-
formed using MetPA module of the MetaboAnalyst (v4.0) 
[29]. “Mus musculus” pathway (KEGG, Kyoto Encyclopedia 
of Genes and Genomes) library, “hypergeometric test” for 
“over-representation analysis,” and “relative-betweenness 
centrality” for “pathway topology analysis” were used to 
identify altered specific metabolic pathways.

PANTHER

Protein analysis through evolutionary relationships (PAN-
THER, v14.1) was used to sort proteins with differential 
abundance into diverse cellular components, molecular func-
tions, biological processes, signalling pathways, and protein 
classes [30].

BiNGO

Gene ontology (GO) clustering analysis for the proteins 
displaying differential abundance was carried out using 
STRING (Search Tool for the Retrieval of Interacting Genes, 
v11.0) and later visualized in Cytoscape (v3.7.2) BiNGO 
(Biological Network Gene Ontology, v3.0.3) [31]. The sig-
nificantly enriched functional categories (such as biological 
processes, molecular functions, and cellular components) 
from GO Slim_Mus musculus were uncovered by employing 
a hypergeometric test and multiple test correction to attain 
p-value ≤ 0.05 using the Benjamini–Hochberg FDR correc-
tion method inbuilt within the BiNGO plug-in [32].

Results and discussion

Overview of the study design

Peroxisomes are multifunctional dynamic organelles with 
heterogeneous protein/enzyme composition and abun-
dance in distinct cell types and organs. PEX11 proteins 
(α, β, and γ isoforms) are involved in peroxisomal prolif-
eration and division. However, their specific function in 
these processes and the underlying molecular mechanisms 
of pathological alterations due to their deficiency have 
not been completely clarified. To investigate the diverse 
molecular changes that occur due to Pex11α deficiency, 
we performed comprehensive semi-quantitative sequential 
omics analyses of serum, liver, and heart tissue specimens 
from WT control (Pex11α+/+) and untreated homozygous 
Pex11α KO (Pex11α−/−) adult mice (genotypes of animals 
were determined by polymerase chain reaction and results 
are shown in ESM Fig. S2).

First, we optimized an integrated workflow that can pro-
file a broad spectrum of biomolecules (lipids, polar metab-
olites, and proteins) from a single piece of tissue and/or 
biological fluids (Fig. 1). Briefly, an ice-cold MeOH/
MTBE/H2O liquid–liquid extraction protocol was uti-
lized for the concurrent extraction of lipids (upper organic 
layer), polar metabolites (lower aqueous layer), and pro-
teins (lower precipitated pellet) [33, 34]. Extraction was 
carried out in glass vials in order to minimize the sample 
loss and contaminants caused by the interaction between 
organic solvents and plastic tubing [35]. After extraction, 
distinct fractions were collected and processed indepen-
dently (detailed in “2” section), after which they were sub-
jected to individual well-established omics analyses using 
UHPLC-HRMS/MS system. Specialized software tools 
were then used for identification, relative-quantification, 
and statistical analysis of lipids, polar metabolites, and 
proteins (Fig. 1). Taken together, over 93% of the identi-
fied lipids, polar metabolites, and proteins showed high 
technical reproducibility (area relative standard deviation 
values were less than 15%) across all replicates and tested 
biological specimens (ESM Fig. S3).

Global lipidomics analysis

Comprehensive lipidome coverage

Lipids can be identified in positive- and/or negative-ion 
mode based on their chemical complexity. For instance, 
the majority of the glycerophospholipids (GP) and sphin-
golipids (SP) are identified in both ionization modes with 
various charge carriers, whereas neutral lipids such as 
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monoglyceride (MG), diglyceride (DG), triglyceride (TG), 
coenzyme (Co), cholesterol, fatty acyl esters of cholesterol 
(ChE), and carnitine (AcCa) are predominantly observed 
in positive-ion mode [36, 37]. With the aim of representing 
broader lipidome coverage, data were acquired indepen-
dently in positive- and negative-ion mode (three biologi-
cal replicates in technical triplicates). Base peak chro-
matograms obtained with serum, liver, and heart tissue 
homogenate lipid extracts unveiled a clear peak separation 
and characteristic lipid ion profiles in both positive- and 
negative-ion mode (ESM Fig. S4).

LipidSearch (LS) software, which includes a database of 
greater than 1.7 million lipids and corresponding predicted 
fragment ions, was used for the identification and alignment 
of lipid molecular species based on precursor ion accurate 
mass and characteristic fragment ion patterns [22]. After 
identification, positive- and negative-ion mode search results 
were aligned within a time window (0.25 min) and merged 
into a single report. On average, a total of 3000 lipid ion 

species belonging to several lipid classes were identified 
from mice serum (2867), liver (3808), and heart (3518) tis-
sue homogenates (ESM Dataset S1, total count).

Even though lipids were identified based on accurate 
mass (≤ 5 ppm) and fragment ions (≤ 5 ppm), the aligned-
results report comprised a huge number of false positives 
due to various reasons including fragment mismatch, peak 
tailing, and poor integration of the chromatographic peak. 
In order to remove/minimize false positives and to pro-
vide more confident lipid identifications, a series of pre-
defined filtering criteria were applied (ESM Table S4). For 
instance, (i) Rejection (Rej parameter calculated by LS 
based on signal to noise ratio, intensity ratio, and num-
ber of data points thresholds of each peak group) equal 
to false (ESM Dataset S1, filtered count_1), (ii) deletion 
of low confidence lipid assignments on the basis of frag-
mentation grade, removal of recurring lipid annotations by 
selection of main ion adduct from multiple charge carriers 
(ESM Data file S1 and Dataset S1, filtered count_2), and 

Fig. 1   Schematic representation of the experimental workflow for 
sequential omics analyses of serum, liver, and heart tissue specimens 
from wild type (WT; Pex11α+/+) control and Pex11α knockout (KO; 
Pex11α−/−) mice. a Sample collection, homogenization, and simulta-
neous extraction of lipids (organic layer), polar metabolites (aqueous 
layer), and proteins (sediment pellet) using MeOH/MTBE/H2O liq-
uid–liquid extraction. b Analytical workflow of multiple-molecular 

omics (lipidomics, metabolomics, and proteomics) data acquisition 
independently in positive- and negative-ion mode using ultra-high-
performance liquid chromatography coupled with high-resolution 
tandem mass spectrometry (UHPLC-HRMS/MS). c Data processing, 
compound identification, statistics, and pathway analysis using dedi-
cated bioinformatics tools
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(iii) manual curation (ESM Dataset S1, filtered count_3). 
Throughout the manual curation, peak quality, fragmen-
tation match score, area relative standard deviation, mass 
accuracy, isotopic profile, base retention time (as shown 
in ESM Fig. S4), and chromatographic peak integration 
for each precursor ion were carefully examined. Further-
more, a few ambiguous lipid assignments were ignored for 
final quantitation, which were possibly artifacts resulting 
from in-source fragmentation of corresponding precur-
sor lipids. For instance, across all the identified samples, 
lysodimethylphosphatidylethanolamine (LdMePE) and 
dimethylphosphatidylethanolamine (dMePE) lipid species 
share the same retention time and approximately equiva-
lent abundance ratio values with the identical acyl-chain 
compositions of LPC and PC lipid species, respectively 
(ESM Data file S1) [38]. Furthermore, low confidence free 
fatty acids were not considered by the LS software, due to 
the fact that the high confidence level identification with 
a diagnostic fragment ion ([M − H-44]−, resulting from a 
loss of CO2) requires relatively high collisional energies 
(NCE ˃ 40) [39]. Moreover, OAcyl(gamma-hydroxy) fatty 
acids (OAHFA), simple Glc series (CerG2GNAc), phos-
phatidylethanol (PEt), and phosphatidylmethanol (PMe) 
lipid species were also ignored for final quantitation due 
to insufficient diagnostic fragment ions for confident lipid 
identification.

After careful data evaluation and manual curation, a 
total of 690 (serum), 908 (liver), and 939 (heart) distinct 
lipid species were retained as unambiguous identifications 
(ESM Dataset S1, final count). Figure 2a–c summarizes an 
overview and distribution patterns of the identified unique 
lipid species, covering 22 different lipid classes belonging to 
three major lipid categories including glycerophospholipids 
(PC, LPC, PE, LPE, PG, LPG, PI, LPI, PS, LPS, and CL), 
glycerolipids (MG, DG, and TG), sphingolipids (SM, SPH, 
Cer, Hex1Cer, and Hex2Cer), and others (AcCa, ChE, and 
Co). In general, TGs were the most prominent class of lipid 
species identified among all the tested biological specimens 
(214, 220, and 271 TG species in serum, liver, and heart 
tissue homogenates, respectively), followed by PC (97 in 
serum, 121 in liver, and 146 in heart) and PE (79 in serum, 
114 liver, and 134 in heart). A more detailed look into the 
distribution patterns of the lipid classes revealed (i) a rea-
sonably high number of LPC, SM, and ChE, (ii) relatively 
lower number of AcCa, PC, PE, PG, PS, and DG, and (iii) 
no cardiolipin (CL) and LPS lipid species were identified in 
serum samples in comparison to the liver and heart tissue 
homogenates (Fig. 2a–c). Complete lipidomic dataset (final 
list of identified/aligned lipid species, their relative abun-
dance values, differentially abundant lipids, and the associ-
ated statistical significance values) in a format that follows 
“LIPID MAPS consortium” and the “Lipidomics Standards 
Initiative” minimum reporting guidelines is provided as 

supplementary Microsoft Excel worksheets (ESM Dataset 
S1).

Relative‑quantitative lipidomics

The generated global lipidome data were statistically evalu-
ated using fold-change analysis, t-test, volcano plots, prin-
cipal component analysis (PCA), and hierarchical cluster-
ing analysis (HCA; including dendrogram and heatmaps), to 
distinguish between the groups. As seen in ESM Fig. S6a-b, 
a clear separation (occupation of different space in the PCA 
score plots) and a high degree of dissimilarity (dendrogram) 
were observed in all the tested biological specimens of 
Pex11α KO and WT control mice. This is eventually visual-
ized with two-dimensional hierarchical clustering heatmaps 
(Fig. 2d–f), where each column represents a biological sam-
ple and each row represents a significant lipid molecular 
species, ranked based on t-test. Furthermore, descriptive vol-
cano plot analysis of all measured lipids revealed significant 
(FDR-adjusted p-value ≤ 0.05) changes in the abundance 
(ratio threshold ± 2) of 102 lipid species (64 increased, 38 
decreased) in serum, of 145 lipid species (80 increased, 65 
decreased) in liver, and 102 lipid species (12 increased, 90 
decreased) in heart tissue homogenates of Pex11α KO mice, 
in comparison to those of WT controls (ESM Fig. S6c and 
Dataset S1_Quan). Moreover, we calculated and compared 
the individual lipid class levels (sum of the normalized rela-
tive abundance values of all analyzed lipid species within 
the class) among WT control and Pex11α KO mice (ESM 
Fig. S5a-c and Dataset S1_Lipid class). The various lipid 
classes and the individual lipid molecular species that were 
differentially abundant are discussed below.

Sphingolipids (SP) are an essential class of bioactive 
lipids with a sphingoid backbone. They are present as under-
ivatized (e.g., sphingosine), or N-acetylated with fatty acids 
(e.g., Cer), or further derivatized by addition of charged, 
neutral, phosphorylated, and glycosylated head groups to 
form more complex SP (e.g., SM, CerP, CerPE, HexCer, 
and GalCer). Depending on the fatty acid conjugates and 
concentration, they play vital roles in proliferation, differ-
entiation, apoptosis, senescence, and autophagy [40]. In 
the current study, numerous sphingolipid species (139 in 
serum, 138 in liver, and 123 in heart) covering SM, Cer, 
Hex1Cer, Hex2Cer, and SPH lipid classes were documented 
(Fig. 2a-c, ESM Dataset S1). Within the SP category, sev-
eral ceramide and cerebroside (e.g., hexosylceramide) lipid 
species were markedly increased in serum (seven Cer, five 
Hex1Cer species) and liver (nine Cer, five Hex1Cer species) 
tissue homogenates of Pex11α KO mouse. Among them, 
two lipid species, namely Hex1Cer(d36:1; d18:1_18:0) and 
Hex1Cer(d43:2; d18:1_25:1), were found to be common 
and raised in both the liver tissue and serum. Similarly, 12 
and one SM lipid species exhibited higher levels in Pex11α 
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KO mice liver and serum (while three species decreased) 
in comparison to the WT controls. In contrast, we did not 
notice statistically significant differences in the individual 
species and the total sphingolipid class levels of Pex11α KO 
mouse heart tissues (ESM Dataset S1 and Fig. S5). Pettus 
et al. observed increased levels of specific Cer and SM lipid 
species in brain and fibroblasts of newborn mice lacking 
Pex5, as well as in the fibroblasts of D‐specific multifunc-
tional protein 2 (MFP2) deficient mice [41]. Furthermore, 
similar observations were witnessed in fibroblasts derived 
from X-linked adrenoleukodystrophy (X-ALD) patients and 
proposed perturbations in C26:1/0-ceramide lipid and ratio of 
C26:1/0-ceramide/C22:0-ceramide as possible potential diag-
nostic markers to study the peroxisomal disorders [41]. Like-
wise, other studies reported higher amounts of SM lipids 
with long-chain fatty acid moieties in liver [42] and cultured 
skin fibroblasts [43, 44], SM lipids with short-chain fatty 
acid moieties in cerebellum [42], and ceramide monohexo-
side in the cerebral gray matter but not in the white matter 
of ZS patients (e.g., Pex1 and Pex26 mutations) [45]. Moreo-
ver, increased levels of ceramide monohexoside were also 
observed in Pex5-mutated Chinese hamster ovary cells [46]. 
Remarkably, a recent metabolomic study disclosed unantici-
pated decreased levels of multiple SM lipid species in ZSD 
patient’s plasma [47].

Glycerophospholipids (GP) are structural integral com-
ponents of most cell and organelle membranes, which play 
crucial roles in various physiological and pathological pro-
cesses. Within the GP category, we identified several lipid 
species (285 in serum, 443 in liver, and 432 in heart) span-
ning 11 different lipid classes (PC, LPC, PE, LPE, PG, LPG, 
PI, LPI, PS, LPS, and CL), which unveiled a wide diversity 
of quantitative trends between the tested biological speci-
mens (Fig. 2, ESM Dataset S1 and Fig. S5). In detail, among 
phosphatidylcholines (the most abundant lipid class in GP), 
three PC species (PC 30:0, 30:1, and 37:5) in serum, seven 
species (PC 28:0, 30:0, 30:1, 38:3, 38:5, 40:5, and 42:9) 
in liver, and four species (PC 30:0, 32:2, 41:2, and 42:9) 
in heart were significantly increased in Pex11α KO mice. 
Among these, PC(30:0; 16:0_14:0) lipid showed higher 
levels in all the tested biological specimens of Pex11α KO 

mice, whereas PC(30:1; 16:1_14:0) and PC(42:9; 22:5_20:4) 
lipid species exhibited a similar rise in serum and liver, heart 
and liver tissue homogenates, respectively. Only one lipid 
species (PC 36:5) in liver, two lipid species including one 
ether-linked species (PC 36:6e, 41:5) in heart, and more 
interestingly five species (PC 40:9, 41:6, 42:6, 42:11, and 
44:12) in serum, all comprising poly-unsaturated fatty acids 
(PUFA; C22:6) were significantly decreased in the Pex11α 
deficient mice. LPC species with a single fatty acyl chain 
(C ≤ 20), derived from PC lipids, displayed comparatively 
lower levels in Pex11α deficient animals (LPC 19:0, 20:0, 
20:2e in serum, LPC 19:0, 19:1, 20:1, 20:2 in liver, and 
LPC 20:2e in heart). In contrast, LPC 14:0 showed slightly 
higher levels in Pex11α KO mouse heart tissue homogenates. 
In phosphatidylethanolamine lipid class (the second-most 
abundant in GP), two species (PE 38:5, 40:4) in serum, one 
species (PE 32:2) in heart, and six lipid species (PE 32:0, 
34:4, 38:4, 38:6e, 40:5p, 40:6e) in liver were significantly 
increased in Pex11α KO mice. Similar to PC, PE 36:5 and 
PUFA containing two species (PE 41:6, 42:8) were signifi-
cantly decreased in Pex11α KO mouse liver. LysoPE lipids 
in the liver (eight species, ranging from LPE 18:2 to 22:6) 
followed the same pattern as of LPC but remained rela-
tively constant in serum and heart. A number of PG lipid 
species (starting from PG 30:0 to 44:10) showed elevated 
levels in Pex11α KO mouse liver (nine species) and heart 
(four species) tissue homogenates. Among these, PG (30:0; 
16:0_14:0) and PG (44:10; 22:5_22:5) lipids were found 
to be common and raised in both the liver and heart tissue 
homogenates. Nonetheless, individual PG lipid species in 
serum and total PG and LPG lipid species/class levels in 
all the tested biological specimens were not significantly 
changed. In addition to these phospholipid class alterations, 
we noted significantly increased levels of PI (16 species, 
starting from PI 34:1 to 40:7) and PS (four species including 
PS 34:2, 36:1, 38:4, and 42:7) lipid species in Pex11α KO 
mouse liver. On the contrary, three (PI 38:3, 40:4, and 40:5) 
and two (PI 39:4, 40:6) PI lipid species were decreased in 
serum and heart tissue homogenates. The remaining glycer-
ophospholipid classes and their individual lipid molecular 
species did not show major differences in Pex11α deficient 
animals.

Cardiolipin (CL) is a dimeric phospholipid, which makes 
up to 20% (inner) and 3% (outer) of the total mitochondrial 
membrane lipid composition. While in peroxisomes, CL 
makes up to 2–4% of the total phospholipid pool [48]. In 
the present study, CL lipid species were identified in both 
liver (26 species) and heart (27 species) tissue homogenates, 
but not in serum (Fig. 2, ESM Dataset S1). Among these, 
five CL lipid species (CL 74:9, 76:12, 76:12, 78:14, and 
78:15) were significantly elevated in Pex11α KO mouse 
liver, possibly due to mitochondrial proliferation [9, 10, 49]. 
Noticeably, the individual species and the total CL levels 

Fig. 2   Overview of the global lipidomics analysis. Pie charts depict 
the summary as well as distribution patterns of identified lipid spe-
cies/classes among all the tested biological specimens a serum, 
b liver, and c heart tissue homogenates. The numbers in pie charts 
represent the number of lipid species confidently identified and 
quantified in a particular lipid class. Heatmap illustration of lipid 
species between Pex11α knockout (KO; Pex11α−/−) and wild type 
(WT; Pex11α+/+) control mouse d serum, e liver, and f heart tissue 
homogenates. Data in heatmaps is based on z-scores for the normal-
ized, transformed, and scaled data. The top 25 differentially abundant 
lipid species (with lowest FDR-adjusted p-values) were ranked based 
on t-test, distance was measured using the Euclidean correlation, and 
clustering was performed using the Ward algorithm

◂
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remained relatively unchanged in the heart tissue homogen-
ates. Abnormalities in the CL composition are known to 
be associated with severe metabolic disorders (e.g., Tang-
ier disease and Barth syndrome) and are also linked with 
various pathological states [50]. In this regard, it is worth 
mentioning that decreased levels of several CL species were 
observed in the cultured skin fibroblasts derived from single 
PEDs and ZSDs patients [44, 51]. Nevertheless, the precise 
molecular mechanisms behind these phospholipid class (CL) 
alterations (positive/negative) in relation to peroxisomes and 
peroxisomal disorders are not clear yet, requiring further 
studies in this regard.

In the glycerolipid (GL) category, we spotted several 
lipid species (249 in serum, 301 in liver, and 357 in heart) 
belonging to MG, DG, and TG lipid classes (Fig. 2, ESM 
Dataset S1). In serum, 11 different lipid species ranging 
from DG 32:0 to 40:6 showed significantly higher levels 
in Pex11α KO mice. In contrast, DG lipid class levels and 
a wide variety of individual lipid species (starting from 
DG 32:3 to 44:9) including several PUFA containing spe-
cies (for instance, DG 40:7, 40:8, 42:6, 42:7, 42:9, 42:10, 
and 44:7) were significantly decreased (except DG 38:5) in 
Pex11α KO mouse liver. However, no statistically significant 
changes were noted in heart tissues. TG lipids consist of a 
glycerol backbone esterified with three fatty acids. They are 
a vital source of energy during cellular metabolism. Among 
these, 55 TG lipid species (34 increased, 21 decreased) in 
serum, 14 species (10 decreased, four increased) in liver, 
and 65 lipid species (three increased, 62 decreased) in heart 
showed statistically significant differences in Pex11α KO 
mice when compared to the WT controls. Among the dif-
ferentially abundant TGs, TG(60:13; 20:5_18:2_22:6) lipid 
showed reduced levels in all the tested biological specimens 
of Pex11α KO mice. Likewise, increased levels of TG(44:1; 
16:1_14:0_14:0), and decreased levels of TG(56:10; 
18:3_18:2_20:5) and TG(58:11; 18:3_18:2_22:6) lipid spe-
cies were noted in the liver tissue and serum, whereas lower 
levels of TG(62:14; 18:2_22:6_22:6) lipid species were 
observed commonly in serum and heart tissue homogenates. 
Overall, the majority of the ether-linked and PUFA contain-
ing TG lipid species were significantly decreased in Pex11α 
KO mice (ESM Dataset S1). A minimal number of MG lipid 
species were identified in serum (one species), heart (three 
species), and liver (two species) tissue homogenates and 
they were statistically not as robust as the lipid classes with 
higher total numbers of species.

Notably, as stated earlier, a number of GP and GL lipid 
species containing long-chain fatty acid and poly-unsatu-
rated fatty acid moieties showed significant variances (both 
positive and negative) in the biological specimens of Pex11α 
KO mice. Interestingly, fragmentation data (MS/MS) 
revealed that the majority of the lipid species with doco-
sahexaenoic acid (DHA, C22:6) moieties were decreased 

(with few exceptions) in Pex11α deficient mice when com-
pared to those of WT controls (ESM Dataset S1). DHA is an 
essential poly-unsaturated fatty acid, synthesized from the 
dietary fatty acid α-linoleic acid (ALA, C18:3) by succes-
sive elongation and desaturation reactions in the endoplas-
mic reticulum followed by peroxisomal β-oxidation [52]. 
Several studies have documented reduced levels of DHA 
and DHA-containing lipid species in different peroxisomal 
diseases [51–56]. Moreover, a previous study suggests that 
DHA enhances the peroxisomal division in a microtubule-
independent manner [55].

In addition to the differences in SP, GP, and GL classes 
and specific lipid species, other lipid classes including fatty 
acyl esters of carnitine (AcCa), free and esterified choles-
terol (ChE) species, and coenzyme (Co) were confidently 
identified and relatively quantified in all the tested biological 
specimens (Fig. 2, ESM Dataset S1). Concisely, among acyl-
carnitines (AcCa), AcCa 6:0 in serum and AcCa 10:0 in liver 
showed an increment, while the majority of the measured 
AcCa species were reduced in Pex11α KO mouse heart tis-
sues. Two cholesteryl ester species (ChE 18:3, 20:5) showed 
relatively lower levels in Pex11α KO mouse serum.

Several studies employed both targeted and untargeted 
lipidomics approaches to study the functional consequences 
and to explore novel molecular biomarkers for a better under-
standing and diagnosis of peroxisomal disorders. To mention 
a few, differential lipidomic analyses were carried out in (i) 
cultured primary skin fibroblasts derived from PBDs (e.g., 
Pex1, Pex13, Pex16, and Pex7 mutations) and single PEDs 
(e.g., ABCD1, ACOX1, DBP, and ACBD5 deficiencies) 
patients [43, 44, 51, 56–58], (ii) brain, liver, and fibroblasts 
from ZSDs patients (e.g., Pex1, Pex26, and Pex5 mutations) 
[42], (iii) plasma from ZSDs (e.g., Pex1 mutation), AMACR 
and DBP deficiency, Refsum disease, and RCDP type 1 or 
5 patients [47, 59], (iv) brain, liver, kidney, and retina of 
peroxisomal disorder (e.g., ZS, NALD, X-ALD, BED, and 
AMN) patients [54], and also in mouse and cell culture mod-
els of several peroxisomal dysfunctions [41, 46, 56, 60]. The 
diversity and specimen-specific alterations in distinct lipid 
profiles reflect the heterogeneity and the widespread lipid-
associated metabolic functions of peroxisomes in different 
cell types, organs, and whole organisms.

Global metabolomics analysis

Further, we investigated the polar metabolic changes and 
metabolic pathways modulated in different biological speci-
mens due to Pex11α deficiency. To attain this, the lower 
aqueous phase containing polar metabolites was processed, 
untargeted metabolomic analysis was carried out (three bio-
logical replicates in technical triplicates), and obtained data 
were evaluated using the Progenesis QI. On average, global 
metabolomics data generated over 10,000 features across 
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all the tested biological specimens. Putative identification 
of metabolites was performed for the ions that had MS/MS 
data. Furthermore, compounds were manually filtered, based 
on their coefficient of variation, duplicates were removed, 
and misidentifications based on retention time, quality of 
peak shape, score, fragmentation match score, isotope simi-
larity, and mass accuracy were deleted. After removal of 
false positives, by combining both positive- and negative-
ion modes data collectively, 123, 98, and 80 metabolites 
were tentatively identified in serum, liver, and heart tissue 
homogenates, respectively. The identities of the metabolites 
(putatively annotated metabolites, their relative abundance 
values, differential abundances, and the associated statis-
tical significance values) are provided as supplementary 
Microsoft Excel worksheets (ESM Dataset S2). Metabolites 
covering a broad spectrum of chemical classes, including 
amino acids, nucleotides, peptides, carbohydrates, bile acids, 
secondary lipid mediators, polyamines, vitamins, and cofac-
tors, were identified. The majority of them were found to be 
shared between all the tested biological specimens.

Using PCA, HCA, and descriptive univariate statisti-
cal analysis, we observed a clear separation and significant 
changes between the Pex11α KO and WT control groups 
(ESM Fig. S7 and Dataset S2). To explore the metabolic 
pathways that were dysregulated in the Pex11α KO mice, 
differentially abundant polar metabolites (25 in serum, 12 
in liver, 11 in heart) and lipid species (102 in serum, 145 in 
liver, 102 in heart) were combined (of these, collectively 82, 
114, and 52 compounds of serum, liver, and heart were found 
in the HMDB database), and metabolic pathways analyses 
(KEGG, Mus musculus libraries) were performed using the 
MetPA module of MetaboAnalyst. Several pathways related 
to lipid metabolism (e.g., glycerophospholipid, sphingolipid, 

glycerolipid, linolenic acid, α-linolenic acid and arachidonic 
acid metabolism, and fatty acid degradation), amino acid 
metabolism (e.g., tryptophan, purine, tyrosine, cysteine and 
methionine metabolism, and lysine degradation), nucleotide 
metabolism, carbohydrate metabolism, and other metabolic 
pathways were found to be altered in Pex11α KO mice. 
The summary of pathway analysis is shown in Fig. 3 and 
is listed in detail in ESM Table S12. Many research arti-
cles can be found, focusing on alterations in lipid species, 
and the role of lipid metabolism is well established in sev-
eral peroxisomal disorders. Nevertheless, a comprehensive 
polar metabolomic map and the metabolic pathways that are 
altered in various peroxisomal disorders (for instance with 
peroxisomal biogenesis gene mutants or single peroxisomal 
enzyme mutants) are still poorly understood. Recently, Wan-
gler et al. performed untargeted metabolomics analysis and 
revealed alterations in known lipid pathways and unantici-
pated changes in carbohydrate metabolic processes includ-
ing starch and sucrose metabolism, glycolysis, glycogen 
catabolism, and pentose phosphate pathway in Pex16 and 
Pex2 mutant Drosophila melanogaster (fruit flies) and Pex5 
deficient mouse liver [61].

Label‑free quantitative proteomics analysis

Proteins play crucial roles in various cellular functions, and 
proteomics has emerged as a powerful tool to identify both 
pathophysiological mechanisms as well as potential bio-
markers for various diseases. In order to identify alterations 
in the Pex11α KO mice, tissue protein relative abundance 
values were compared to those of WT control mice by rela-
tive-quantitative proteomics. At this level of the experiment, 
the remaining lower sediment pellets (possibly containing 

Fig. 3   Scatterplots of enriched KEGG pathways for combined lipid-
omic/metabolomic experiments when comparing Pex11α knockout 
(KO; Pex11α−/−) with wild type (WT; Pex11α+/+) control mice. Path-
way topology analysis depicting the dysregulated metabolic pathways 
in a serum, b liver, and c heart tissue homogenates, respectively. 

Here, the x-axis represents the pathway impact, and the y-axis repre-
sents the pathway enrichment. Each node marks a pathway. The size 
(pathway impact value) and color (-log10 p-value) of the nodes repre-
sent the number of lipid/polar metabolite species and level of signifi-
cance, respectively
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stable and highly abundant proteins) were re-solubilized, 
and proteins extracted, digested with trypsin, and analyzed 
individually (three biological replicates in technical tripli-
cates) by shotgun label-free quantitative (LFQ) proteomics. 
Prior to the quantitative proteome data analysis, data quality 
attributes (e.g., charge distributions and scan rates) and suit-
ability of the sample complexity and applied method (e.g., 
Full MS/ddms2, Top10) were inspected visually using Raw-
Meat (v2.1, Vast Scientific) software (ESM Data file S2).

In total, the Proteome Discoverer software with Sequest 
HT search algorithm identified 1064 and 738 proteins from 
the sediment pellets of the liver and the heart tissue homoge-
nates, respectively (ESM Dataset S3). Out of these, 626 and 
399 master proteins in the liver and heart were quantified 
with two or more peptides and a strict target false discov-
ery rate value of 0.01 (1% FDR). The corresponding list of 
identified and quantified proteins, as well as the data analysis 
output file including normalized abundance values, abun-
dance ratios, and the corresponding statistical information, 
is presented as supplementary Microsoft Excel worksheets 
(ESM Dataset S3). Two-dimensional PCA score plots of 
the quantified proteome (normalized, log-transformed, and 
Pareto-scaled) showed that all the replicate acquisitions are 
clustered together and revealed a clear separation illustrat-
ing significant changes in the tissue proteome of Pex11α 

KO compared to WT controls (ESM Data file S2). In detail, 
the LFQ proteomics approach revealed significant (p-value 
threshold ≤ 0.05) changes in the abundance (ratio thresh-
old ± 2) of 54 proteins (42 increased, 12 decreased) in the 
liver and 29 proteins (14 increased, 15 decreased) in the 
heart tissues of Pex11α KO in comparison to the WT con-
trol mouse (Fig. 4a-b, ESM Dataset S3). Interestingly, we 
noticed a downregulation of NUDT7 protein (peroxisomal 
coenzyme A diphosphatase) in the liver. NUDT7 elimi-
nates toxic nucleotides (e.g., oxidized CoA) and nucleotide 
diphosphates (e.g., ADP-ribose, NAD + , and NADH) and 
regulates CoA and acyl-CoA levels in the peroxisomes in 
response to metabolic needs [62, 63]. Moreover, dysregula-
tion of NUDT7 was also observed during senescence [64], 
and knockdown of NUDT7 resulted in the disruption of lipid 
homeostasis in chondrocytes [63]. In the heart, the small 
GTPase proteins from the Ras superfamily, which includes 
transforming protein RhoA, Ras-related protein Rap-1A, 
and Ras-related protein Rab-15 which regulates cytoskel-
etal reorganization, cell proliferation, and is associated with 
the peroxisomal membrane dynamics and biogenesis, were 
found to be downregulated in Pex11α KO [65, 66]. Likewise, 
other proteins including acyl-CoA-binding protein, fatty acid 
synthase, isocitrate dehydrogenase (NADP) cytoplasmic, 
isocitrate dehydrogenase (NADP) mitochondrial, aldehyde 

Fig. 4   Label-free quantitative proteomic analysis of Pex11α knock-
out (KO; Pex11α−/−) and wild type (WT; Pex11α+/+) control mice. 
Pie charts depict the number of quantified and differentially abundant 
proteins in a liver and b heart tissue homogenates. Biological pro-

cesses of the differentially abundant proteins in (c and d) liver and 
(e and f) heart analyzed by Cytoscape and PANTHER. Color scale 
indicates the significance, and size of the circle indicates the number 
of proteins involved
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dehydrogenase, carbonyl reductase, glutathione S-trans-
ferase, enoyl-CoA delta isomerase 2, glutathione peroxidase, 
and farnesyl pyrophosphate synthase, among other proteins, 
were differentially abundant in Pex11α KO in comparison 
to WT control mouse tissues. Seemingly, the relatively low 
number of total protein identifications from the whole-tissue 
homogenates (in comparison with the conventional proteom-
ics workflow) might be ascribed to the one-step liquid–liq-
uid extraction procedure (traditionally used for lipidomics) 
optimized for serial-omics analyses, from a single piece 
of biological sample. Also, the non-appearance of several 
important peroxisomal membrane proteins, matrix proteins, 
and peroxins might be ascribed to their low abundance and 
to the well-known difficulties associated with the extraction 
of labile hydrophobic proteins.

Furthermore, to elucidate the biological context of the 
differentially abundant proteins (DAPs), gene ontology 
enrichment analysis was carried out using PANTHER and 
Cytoscape (BiNGO plug-in) bioinformatics tools. Biologi-
cal information such as molecular functions, biological pro-
cesses, cellular components, signalling pathways involved, 
and protein classes of the DAPs was obtained as shown in 
Fig. 4c-f and ESM Data file S3. Taken together, in liver and 
heart tissues, we found that DAPs were involved in trans-
lation, protein folding, amino acid metabolism, nucleotide 
metabolism, fatty acid processing, carbohydrate metabo-
lism, steroid biosynthesis, electron transport chain, and ROS 
metabolism (Fig. 4c-f, ESM Data file S3). Lastly, it is worth 
noting that many of these proteins (DAPs) are located within 
the mitochondrion, which suggests that knockout of Pex11α 
may induce major changes to mitochondrial metabolism.

Conclusion and future perspectives

In the present study, we utilized high-throughput mass 
spectrometry-guided sequential omics workflow and 
performed comprehensive semi-quantitative lipidomic, 
metabolomic, and proteomic analyses of different biologi-
cal specimens (serum, liver, and heart) from Pex11α KO 
adult male animals. Complex lipids, polar metabolites, and 
proteins were simultaneously extracted via a single-step 
liquid–liquid (MeOH/MTBE/H2O) extraction method, 
and the corresponding omics datasets were acquired using 
ultra-high-performance liquid chromatography coupled 
with high-resolution tandem mass spectrometry and pro-
cessed with LipidSearch, Progenesis QI, and Proteome 
Discoverer, respectively. Primarily, we identified charac-
teristic changes in the composition of several lipid species/
classes, polar metabolites, metabolic pathways, and pro-
tein profiles of serum, liver, and heart tissue homogenates 
of Pex11α KO mice in comparison to the WT controls. 
Nevertheless, there are certain limitations in the current 

study that need to be mentioned. First, serial-omics analy-
ses of distinct biological specimens were performed with a 
small sample size (three biological replicates in technical 
triplicates). Although stringent data analysis criteria were 
employed, a profound statistical evaluation is restricted 
due to the limited number of biological replicates, thereby, 
false positives and/or negatives may not be overruled at 
this stage. Complementary studies with an independent 
large sample size may be warranted to elucidate the panel 
of molecular signatures that were presented in this study 
and to demonstrate their potential as diagnostic biomark-
ers. Second, due to medium number of protein identifi-
cations, the present study did not allow us to integrate 
multi-layer omics data to fully capture and represent the 
complete molecular pathway changes occurring due to 
Pex11α deficiency. Despite these limitations, to the best 
of our knowledge, this is the first comprehensive serial-
omics study to report the molecular alterations occurring 
in different biological specimens of Pex11α deficient mice. 
Further studies addressing changes in other biological 
specimens (e.g., fibroblasts, brain, kidney, and testis), the 
influence of diet (e.g., high-fat diet and DHA supplemen-
tation) on molecular alterations, and integrated analysis 
of multi-omics data with large cohort studies need to be 
investigated in the near future to gain deeper insights of 
Pex11α molecular functions and to uncover the pathophys-
iological mechanisms of peroxisomal disorders.
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