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A B S T R A C T   

Alkylglycerol monooxygenase (AGMO) and plasmanylethanolamine desaturase (PEDS1) are enzymes involved in 
ether lipid metabolism. While AGMO degrades plasmanyl lipids by oxidative cleavage of the ether bond, PEDS1 
exclusively synthesizes a specific subclass of ether lipids, the plasmalogens, by introducing a vinyl ether double 
bond into plasmanylethanolamine phospholipids. Ether lipids are characterized by an ether linkage at the sn-1 
position of the glycerol backbone and they are found in membranes of different cell types. Decreased plasmal
ogen levels have been associated with neurological diseases like Alzheimer's disease. Agmo-deficient mice do not 
present an obvious phenotype under unchallenged conditions. In contrast, Peds1 knockout mice display a growth 
phenotype. To investigate the molecular consequences of Agmo and Peds1 deficiency on the mouse lipidome, five 
tissues from each mouse model were isolated and subjected to high resolution mass spectrometry allowing the 
characterization of up to 2013 lipid species from 42 lipid subclasses. Agmo knockout mice moderately accu
mulated plasmanyl and plasmenyl lipid species. Peds1-deficient mice manifested striking changes characterized 

Abbreviations: AGMO, alkylglycerol monooxygenase; AGPS, alkylglycerone phosphate synthase; BMP, lysobisphosphatidic acid/bis(monoacylglycero)phosphate; 
CL, cardiolipin; DG, diacylglycerol; DG[O]/[P], plasmanyl/plasmenyl diacylglycerol; DLCL, dilysocardiolipin; FAR1, fatty acyl-CoA reductase 1; GNPAT, glycer
onephosphate O-acyltransferase; LPA, lysophosphatidic acid; LPA[O + P], plasmanyl and plasmenyl lysophosphatidic acid; LPC, lysophosphatidylcholine; LPC[O]/ 
[P], plasmanyl/plasmenyl lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPE[O]/[P], plasmanyl/plasmenyl lysophosphatidylethanolamine; MG, 
monoacylglycerol; MG[O]/[P], plasmanyl/plasmenyl monoacylglycerol; PA, phosphatidic acid; PA[O + P], plasmanyl and plasmenyl phosphatidic acid; PC, 
phosphatidylcholine; PC[O]/[P], plasmanyl/plasmenyl phosphatidylcholine; PE, phosphatidylethanolmanine; PE[O]/[P], plasmanyl/plasmenyl phosphatidyletha
nolamine; PEDS1, plasmanylethanolamine desaturase; PS, phosphatidylserine; sWAT, subcutaneous white adipose tissue; TG, triacylglycerol; TG[O + P], plasmanyl 
and plasmenyl triacylglycerol; vWAT, visceral white adipose tissue.. 
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by a strong reduction of plasmenyl lipids and a concomitant massive accumulation of plasmanyl lipids resulting 
in increased total ether lipid levels in the analyzed tissues except for the class of phosphatidylethanolamines 
where total levels remained remarkably constant also in Peds1 knockout mice. The rate-limiting enzyme in ether 
lipid metabolism, FAR1, was not upregulated in Peds1-deficient mice, indicating that the selective loss of plas
malogens is not sufficient to activate the feedback mechanism observed in total ether lipid deficiency.   

1. Introduction 

Lipids are a multifaceted group of molecules with diverse cellular 
functions including energy storage, signaling as well as being important 
membrane components. Investigating lipid homeostasis is crucial for 
understanding the pathogenesis of lipid defects associated with several 
diseases. This has been facilitated over the last decades by efforts to 
improve lipidomics technologies providing researchers nowadays with a 
multitude of tools to analyze the various lipid classes [1]. 

One class of lipids, which is comparatively less well studied, are ether 
lipids. These lipids are characterized by an ether bond at the sn-1 posi
tion of the glycerol backbone, in contrast to classical acylglycerolipids 
and glycerophospholipids, in which an ester bond is present instead. 
Ether lipids appear in two forms, 1-O-alkyl (plasmanyl) and 1-O-alk-1′- 
enyl (plasmenyl) ether lipids, the latter being also called plasmalogens. 
Plasmalogens make up around 20 % of the total phospholipid pool in 
mammals [2]. Highest levels are found in cell membranes of the central 
nervous system, kidney, heart, lung and immune cells [2,3]. In vitro 
studies showed that plasmanyl lipids are involved in cellular signal 
transduction e.g. platelet-activating factor (PAF) was shown to play a 
role in several pro-inflammatory reactions as well as neuronal functions 
and reproduction [4]. Additionally, alkylglycerols were linked to the 
activation of macrophages leading to phagocytosis and increased hu
moral immune response [5]. Lately, reduced plasmalogen levels were 
associated with neurodegenerative disorders such as Alzheimer's disease 
and autism [6] although it is unclear if these changes in the amounts of 
ether lipids are cause or consequence of the diseases. 

The initial steps of ether lipid biosynthesis take place in the peroxi
somes and are catalyzed by the enzymes glyceronephosphate O-acyl
transferase (GNPAT) and alkylglycerone phosphate synthase (AGPS). 
Availability of the fatty alcohol needed by AGPS to introduce the ether 
bond is controlled by fatty acyl-CoA reductase 1 (FAR1). FAR1 is the 
rate-limiting enzyme of peroxisomal ether lipid biosynthesis and is 
subjected to degradation upon sensing high levels of plasmalogens [7]. 
In particular, plasmenylethanolamine (PE[P]) was found to elicit a 
feedback inhibition, an effect that was not shown by phosphatidyleth
anolamine (PE) [7]. Rare inherited mutations in FAR1 inactivating this 
feedback mechanism have been shown to lead to an uncontrolled 
overproduction of ether lipids resulting in a neurological disorder [8]. 
Impairment of the initial steps of ether lipid biosynthesis in the rare 
inherited diseases rhizomelic chondrodysplasia punctata (RCDP) types 1 
to 5 and in peroxisome biogenesis disorders of the Zellweger spectrum, 
lead to severe multisystem pathologies in humans [3]. From the symp
toms detected in the affected children it has been deduced what func
tions plasmanyl and plasmenyl lipids have in the body e.g. protection 
from infections and cataract as well as maintaining fertility, normal 
growth and neurodevelopment. Also several mouse models have been 
created with deficiencies in these peroxisomal genes leading to a total 
lack of ether lipids. These mice present with growth retardation and 
cataracts amongst many other deficits [9–11], symptoms that closely 
mimic the human pathology but, depending on the mouse strain, are 
usually milder than in humans where most affected children die in early 
childhood [12]. 

The final steps of ether lipid remodeling as well as their degradation 
occur at the endoplasmic reticulum where alkylglycerol monooxygenase 
(AGMO, E.C. 1.14.16.5) catabolizes plasmanyl lipids [13] or where they 
are further converted to plasmenyl lipids by the enzyme plasmanyle
thanolamine desaturase (PEDS1, E.C. 1.14.19.77) [14], which 

introduces the characteristic 1′ vinyl ether double bond. 
AGMO is the only known enzyme so far capable of cleaving alkyl

glycerols and lysoalkylglycerophospholipids into the corresponding 
glycerol derivative and a fatty aldehyde. After the first description of the 
enzymatic reaction in 1964 [15] it took almost 50 years to decipher the 
genetic sequence coding for AGMO. In 2010, the gene Tmem195 was 
assigned to AGMO by a combination of bioinformatic approaches and in 
vitro expression studies in cell lines [13] using a fluorescence-based 
HPLC assay to measure AGMO activity [16]. In a follow up study 
crucial amino acid residues for catalytic activity in AGMO were deter
mined [17]. It was shown that AGMO is differentially regulated upon 
macrophage polarization and that Agmo knockdown in RAW264.7 
macrophages alters the cellular lipidome by affecting not only ether 
lipids but also glycosylated ceramides and cardiolipins [18]. Genetic 
association studies in humans pointed towards involvement of AGMO in 
visceral leishmaniasis relapses [19], microcephaly [20,21], autism [22] 
and congenital heart disease [23,24]. Recently, a knockout mouse model 
for Agmo was established in our laboratory [25]. These mice present 
with no detectable phenotype when kept in an unchallenged environ
ment [25]. 

The gene coding for PEDS1 was recently identified as Tmem189 
independently by us and two other groups [14,26,27]. In contrast to 
AGMO, a Tmem189-deficient knockout mouse model was already 
available from the European Mouse Mutant Archive (EMMA) [28–31]. 
Characterization of these mice by a standardized protocol of the Inter
national Mouse Phenotyping Consortium identified abnormalities in the 
eyes, the skeletal and hematopoietic system and reduced lean body mass 
[32]. In addition, we could show that homozygous pups of Tmem189 
knockout mice have severely diminished plasmalogen levels and dis
played significantly lower body weight at the time of weaning compared 
to wildtype littermates [14]. This mouse model was an indispensable 
tool enabling to establish an LC–MS/MS-based approach to distinguish 
between isobaric plasmanyl and plasmenyl glycerophospholipids for 
which the discrimination has been a major analytical challenge in the 
past years [33]. This MS method also revealed that Peds1 deficiency 
leads to concomitant accumulation of ether-linked phosphatidyletha
nolamine species, the direct substrates of PEDS1, in the kidney [33]. 

In order to further characterize the impact of Agmo and Peds1 
knockout on the murine lipidome and to understand the molecular basis 
of why Peds1-deficient mice present with a distinct phenotype while 
Agmo-deficient mice appear entirely unaffected at least under normal 
housing conditions, we analyzed the lipid composition in five selected 
tissues per mouse model using high-resolution mass spectrometry (MS). 
The consequences of global ether lipid deficiency have long been char
acterized in mice [12] and were shown to positively feedback to FAR1 
protein levels [7]. Yet, little is known about the consequences of selec
tive deficiency in ether lipid metabolism outside the peroxisome. 

Here, we report that Agmo-deficient mice moderately accumulated 
plasmanyl and plasmenyl lipid species. Peds1-deficient mice, in contrast, 
were characterized by a strong decrease of plasmalogens paralleled by 
an even more dramatic increase in the levels of plasmanyl lipids which 
was found not only in many classes of glycerophospholipids but also in 
neutral ether lipids leading to an overall accumulation of ether lipids. In 
the class of phosphatidylethanolamines (PE), however, the amount of 
plasmanylethanolamines (PE[O]) accumulating in Peds1-deficient mice 
mirrored the observed decrease in the amount of plasmenylethanol
amines (PE[P]) leading to constant overall PE levels. Peds1-deficient 
mice showed unchanged FAR1 protein expression in cerebral cortex 
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revealing that selective loss of plasmalogens and concomitant accumu
lation of plasmanyl lipids is not sufficient to induce FAR1 levels. 

2. Material and methods 

2.1. Knockout mouse lines and breeding 

Agmo-deficient mice (official line name: Agmotm1a(EUCOMM)Wtsi) were 
generated from embryonic stem cells (clone EPD0354_2_F05, EuMMCR, 
Munich, Germany) and were maintained on C57BL/6J background (for 
details see [25]). 

Peds1-deficient mice (official line name: Tmem189tm1a(KOMP)Wtsi) 
were obtained from the Wellcome Sanger Institute (Hinxton, Cam
bridge, UK) and the European Mouse Mutant Archive EMMA/Infra
frontier GmbH (Munich, Germany) [28–31] and were maintained on 
C57bl/6 N genetic background. 

Mice were housed in individually ventilated cages with nesting 
material, in a 12 h/12 h light/dark cycle with standard chow (Ssniff 
Spezialdiäten GmbH, Soest, Germany; complete feed for rats and mice 
V1534-300, autoclaved) and water ad libitum. Animal breeding of both 
mouse lines was approved by the Austrian Federal Ministry of Educa
tion, Science and Research (Agmo: BMWFW-66.011/0094-WF/V/3b/ 
2016 and BMWFW-66.011/0020-V/3b/2019; Peds1: BMBWF-66.011/ 
0100-V/3b/2019). 

2.2. Mouse genotyping 

Genomic DNA of Agmo- and Peds1-deficient mice was extracted from 
ear notches using the Monarch® Genomic DNA Purification Kit (New 
England Biolabs, Frankfurt am Main, Germany). Genotyping of Agmo- 
deficient mice was done by allele counting via qPCR using SsoFast 
EvaGreen Supermix (Bio-Rad Laboratories Inc., Hercules, USA) and 
primers for Agmo-lacZ (fw 5′-TCTGTATGAACGGTCTGGTC-3′, rv 5′- 
TATTCGCTGGTCACTTCGAT-3) and reference gene Eef2 (fw 5′- 
AGGCCTGTGTAATATAGCTGCG-3′, rv 5′-CTCTGTGTAGTTTG
TAGCTCTGTCT-3′) (for details see [25]). 

Genotyping of Peds1-deficient mice was performed by conventional 
PCR as recommended by the supplier, with Taq DNA polymerase 
(Thermo Fisher Scientific, Waltham, MA, USA) and primers for the 
transgenic allele (fw 5′-GCGTGTCCTGCTGAGACTTG-3′ and rv 5′- 
TCGTGGTATCGTTATGCGCC-3′) and primers for the wildtype allele (fw 
5′-GCGTGTCCTGCTGAGACTTG-3′ and rv 5′-CATCCCACCTATCC
CACCTG-3′). 

2.3. Mouse tissues for lipidomic analysis and Western blot 

For tissue harvest, 8-week-old male homozygous knockout mice and 
their sex-matched wildtype littermates were sacrificed by cervical 
dislocation. We restricted the analysis to one sex due to the cost- and 
time-intensive lipidomics measurement and data analysis. Tissues were 
extracted, snap frozen in liquid nitrogen, stored at − 80 ◦C and shipped 
on dry ice for further analysis. For lipidomic analysis, following tissues 
were extracted (five biological replicates per group): cerebrum, cere
bellum, liver, sWAT and vWAT for Agmo-deficient mice and cerebrum, 
cerebellum, kidney, sWAT and vWAT for Peds1-deficient mice. For 
Western blot analysis cerebrum of Peds1 knockout mice and wildtype 
controls were analyzed. 

2.4. Lipidomic analysis 

Lipidomic analysis of samples was performed at the Core Facility 
Metabolomics of the Amsterdam UMC, location AMC, Amsterdam, the 
Netherlands and was performed essentially as previously [34]. Internal 
standards and used amounts can be found in the supplemental methods. 
After the addition of the internal standards, 1.5 ml 1:1 (v/v) methanol: 
chloroform was added before thorough mixing. The samples were then 

centrifuged for 10 min at 14.000 rpm, supernatant transferred to a glass 
vial and evaporated under a stream of nitrogen at 60 ◦C. The residue was 
dissolved in 150 μl of 1:1 (v/v) methanol:chloroform. Lipids were 
analyzed using a Thermo Scientific Ultimate 3000 binary HPLC coupled 
to a Q Exactive Plus Orbitrap mass spectrometer. For normal phase 
separation, 5 μl of each sample was injected onto a Phenomenex® LUNA 
silica, 250 * 2 mm, 5 μm 100 Å. Column temperature was held at 25 ◦C. 
Mobile phase consisted of (A) 85:15 (v/v) methanol:water containing 
0.0125 % formic acid and 3.35 mmol/l ammonia and (B) 97:3 (v/v) 
chloroform:methanol containing 0.0125 % formic acid. Using a flow 
rate of 0.3 ml/min, the LC gradient consisted of: isocratic at 10 % A 0–1 
min, ramp to 20 % A at 4 min, ramp to 85 % A at 12 min, ramp to 100 % 
A at 12.1 min, isocratic at 100 % A 12.1–14 min, ramp to 10 % A at 14.1 
min, isocratic at 10 % A for 14.1–15 min. For reversed phase separation, 
5 μl of each sample was injected onto a Waters HSS T3 column (150 ×
2.1 mm, 1.8 μm particle size). Column temperature was held at 60 ◦C. 
Mobile phase consisted of (A) 4:6 (v/v) methanol:water and (B) 1:9 (v/ 
v) methanol:isopropanol, both containing 0.1 % formic acid and 10 
mmol/l ammonia. Using a flow rate of 0.4 ml/min, the LC gradient 
consisted of: isocratic at 100 % A at 0 min, ramp to 80 % A at 1 min, 
ramp to 0 % A at 16 min, isocratic at 0 % A for 16–20 min, ramp to 100 % 
A at 20.1 min, isocratic at 100 % A for 20.1–21 min. MS data were ac
quired using negative and positive ionization by continuous scanning 
over the range of m/z 150 to m/z 2000 at a resolution of 280,000 full 
width at half maximum height. Data were analyzed using an in-house 
developed lipidomics pipeline written in the R programming language 
(http://ww.r-project.org) and MATLAB. Lipid identification was based 
on a combination of accurate mass, (relative) retention times, frag
mentation spectra (when required), analysis of samples with known 
metabolic defects, and the injection of relevant standards. Lipid classes 
are defined in our lipidomics pipeline in terms of their generic chemical 
formula, where R represents the radyl group. Upon import of the lipid 
database in the annotation pipeline the generic chemical formula of each 
lipid class is expanded by replacing the R-element with a range of 
possible radyl group lengths and double bond numbers. The resulting 
expanded list of chemical formulas is then used to calculate the neutral 
monoisotopic mass of each species. The reported lipid abundances are 
semi-quantitative and calculated by dividing the response of the analyte 
(area of the peak) by that of the corresponding internal standard 
multiplied by the concentration of that internal standard (arbitrary unit, 
A.U). In the case where no appropriate internal standard was present for 
a certain class of lipids, their intensities were normalized on the intensity 
of one internal standard (usually PE[28:0]), to correct for inter-batch 
variation only. From these, only MG and its corresponding ether spe
cies were included in the results. The PC[O] and PE[O] species elute 
later on the reversed phase column than the corresponding PC[P] and PE 
[P] species as can be seen in supplemental Fig. S1 which depicts the data 
analyzed in this study. The WT/PEDS1 comparison where no [P] species 
are annotated and [O] species accumulate confirms the correct anno
tation of the isobaric ether lipid species. When the exact ether lipid side 
chain was unknown or could not be separated chromatographically, the 
sum of alkyl and alkenyl ether lipid species (indicated as [O + P]) ob
tained from the normal phase column analysis were used as seen in TG 
[O + P], LPA[O + P] and PA[O + P]. Based on the assumption that same 
class lipids responded equally as their respective internal standard, only 
relative abundances within the same species can be used to calculate 
total lipid levels and compared between different sample groups (e.g. 
knockout versus wildtype). Relative concentrations between different 
species are not directly comparable. 

2.5. Immunoblot analysis 

Cerebral cortex homogenates of Peds1-deficient mice and wildtype 
controls were prepared in five volumes ice-cold homogenizing buffer 
containing 0.25 M sucrose, 20 mM HEPES-KOH, pH 7.4, 1 mM EDTA, 1 
mM PMSF, and cOmplete™ protease inhibitor cocktail (Sigma, Tokyo, 
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Japan) and the protein concentration was determined using Pierce BCA 
protein assay reagent (Thermo Fisher Scientific, Tokyo, Japan). Eight 
micrograms of protein were analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting 
with rabbit polyclonal antibody to FAR1 [7]. 

2.6. Data presentation and statistics 

Statistics of lipidomic analysis was done per lipid class if a sufficient 
number of metabolites was available (greater than the sample number to 
prevent overfitting of the data). Statistical analysis could not be per
formed when lipid species contained too many missing values. Results 
obtained from immunoblotting experiments were analyzed by one- 
tailed Student's t-test. Results were visualized with R and GraphPad 
Prism 9.0.1. 

3. Results 

3.1. Changes in lipid species upon Peds1 knockout 

We analyzed the overall lipidomic changes in tissues of Peds1 
knockout mice as well as their respective wildtype controls in five bio
logical replicates per group by high-resolution mass spectrometry. Up to 
1875 lipid species, depending on the analyzed tissue, were identified 
which fulfilled initial quality criteria (see lipidomic data analysis in 
Material and Methods). In order to understand the impact of the 
knockout on the tissue lipidome, we compared the relative abundances 
of lipid species with those found in their wildtype controls in the 
following selected tissues: two brain regions, cerebrum and cerebellum, 
subcutaneous and visceral white adipose tissue (sWAT and vWAT, 
respectively) and kidney for Peds1. 

As ether lipids and plasmalogens, the PEDS1 products, are especially 
abundant in the brain [35], we first analyzed the impact of Peds1 
knockout on lipid species in this lipid rich tissue. In total, we identified 
372 changed lipid species in cerebrum (247 elevated, 125 reduced, cut 
off: P = 0.01, fold change = 2; Fig. 1A, left panel) and 374 changed lipid 
species in cerebellum (243 accumulated, 131 depleted species, cut off: P 
= 0.01, fold change = 2; supplemental Fig. S2A, left panel). Both brain 
regions displayed noticeable changes upon Peds1 deficiency character
ized by a strong accumulation of plasmanyl lipid species [O] and a 
striking reduction in the vast majority of plasmenyl lipid species [P]. 
These changes were not only found in ether glycerophospholipids 
including lyso-phospatidylcholines (LPC[O/P]), lyso- 
phosphatidylethanolamines (LPE[O/P]), phosphatidylcholines (PC[O/ 
P]) and phosphatidylethanolamines (PE[O/P]) but were also mimicked 
by neutral glycerolipids like plasmanyl/plasmenyl monoacylglycerols 
(MG[O/P]) and plasmanyl/plasmenyl diacylglycerols (DG[O/P]). These 
profound changes were also detected in ether lipid classes where the 
nature of the ether-bond at the sn-1 position could not be separated into 
plasmanyl and plasmenyl species (see lipidomic data analysis in Mate
rials and Methods for details) i.e. lyso-phosphatidic acids (LPA[O + P]), 
phosphatidic acids (PA[O + P]) and triacylglycerols (TG[O + P]) (rep
resented as diamonds). For LPA[O + P] and PA[O + P], individual lipid 
species were found to be either clearly elevated or reduced mimicking 
the behavior of alkyl versus alkenyl species seen in lipid classes where 
resolution of these two subclasses was feasible. The subclass of TG[O +
P] was overall strongly accumulated indicating that this class was 
clearly consisting of mostly plasmanyl species. 

The influence of Peds1 knockout on other lipid classes, beyond those 
discussed above, was less incisive with only individual lipid species 
being increased e.g. in the class of bis(monoacylglycero)phosphate 
(BMP; in cerebrum one of 35 detected BMP lipid species; in cerebellum 
three of 38 detected BMP lipid species, cut off: P = 0.01, fold change =
2) or decreased e.g. in the class of hexosylceramide (HexCer[d]; three of 
42 detected HexCer[d] species in cerebrum, one of 45 detected HexCer 
[d] lipid species in cerebellum, cut off: P = 0.01, fold change = 2). 

Next, we focused on lipidomic alterations in the kidney (Fig. 1B, left 
panel) of Peds1-deficient mice as it is the tissue with the highest PEDS1 
activity [35]. In the 163 significantly changed lipid species resulting 
from 69 increased and 94 decreased species (cut off: P = 0.01, fold 
change = 2) in kidney, we identified an accumulation of plasmanyl lipid 
species concomitant with a reduction of plasmenyl lipid species 
although this effect was weaker than in both analyzed brain regions. In 
kidney, changes were restricted to PC[O], PC[P], PE[O], PE[P] and their 
respective lyso-forms while minor changes could be observed in DG[O] 
and DG[P]. Again, changes in single lipid species of diverse ester lipids 
(cholesteryl ester, CE; dihexosylceramide, Hex2Cer; phosphatidylgly
cerol, PG) were found whereby the most striking changes were detected 
in the PE class where a significant decrease of 12 individual lipid species 
and an increase of 1 lipid species from a total of 64 detected lipid species 
was found (cut off: P = 0.01, fold change = 2, Fig. 1B, left panel; sup
plemental Fig. S3). No preferences for carbon chain length nor the de
gree of saturation was observed in these changed PE lipid species. 

As prominent effects were found in the lipid-rich tissue brain, we 
then also looked into the lipid composition of the two different fat tis
sues, sWAT (Fig. 1C, left panel) and vWAT (supplemental Fig. S2B, left 
panel). In sWAT, from 56 significantly changed lipid species, 40 were 
increased while 16 were reduced (cut off: P = 0.01, fold change = 2). We 
detected an enrichment of plasmanyl lipid species and a reduction of 
plasmenyl lipid species in all ether glycerophospholipid subclasses. 
However, neutral glycerolipids MG[O] and MG[P] were not changed 
and DG[O] and DG[P] lipid species could not be assessed as their signal 
was masked by the massive amounts of DG present in fat tissues. In 
sWAT, single lipid species of TG[O + P] were significantly decreased 
while in vWAT TG[O + P] showed an overall reduction. There, 11 
significantly changed species were detected of which 6 were accumu
lated and 5 were depleted (cut off: P = 0.01, fold change = 2). However, 
the changes in vWAT were generally less significant than in sWAT. 

Boxplots showing nine glycerolipid classes divided in ether and ester 
species for Peds1 knockout and wildtype controls can be found in sup
plemental Figs. S4 (kidney), S5 (cerebrum and cerebellum) and S6 
(sWAT and vWAT). Detailed information on the relative abundance of 
each lipid species of PE, PC, LPE, LPC, MG, DG and TG lipid classes can 
be found in supplemental Figs. S7–13 for kidney, S14–20 for cerebrum, 
S21–27 for cerebellum, S28–33 for sWAT and S34–39 for vWAT. 

Altogether, the effects of Peds1 knockout on the lipid composition 
were pronounced and consisted of reduced plasmenyl species and 
concomitantly increased plasmanyl lipids. Changes were mainly 
restricted to the subclasses of ether lipids with a certain variation 
depending on the analyzed tissue. 

3.2. Changes in lipid species upon Agmo knockout 

To characterize changes upon Agmo deficiency, tissues were selected 
according to the same criteria as for Peds1 knockout i.e. cerebrum, 
cerebellum, sWAT, vWAT and the tissue with the highest AGMO activ
ity, the liver [13]. Overall, changes in Agmo knockout mice were much 
less pronounced as compared to Peds1 knockout mice (3–64 significantly 
changed lipid species in Agmo knockout versus 11–374 significantly 
changed lipid species in Peds1 knockout) and were primarily marked by 
accumulation of all ether lipid species (plasmanyl and plasmenyl lipid 
classes likewise) whereas ester lipid levels were maintained at wildtype 
levels. In cerebrum, we found six significantly elevated lipid species (cut 
off: P = 0.01, fold change = 2; Fig. 1A, right panel) which included three 
species of LPC[P] (LPC[P-18:0], LPC[P-20:0], LPC[P-20:1]) and one 
species each of LPC[O], PC[O] and MG[O] (LPC[O-17:0], PC[O-34:4], 
MG[O-16:1]). In cerebellum, only three significantly increased lipid 
species were detected (cut off: P = 0.01, fold change = 2; supplemental 
Fig. S2A, right panel) which had already been found also in cerebrum 
(LPC[P-20:0], LPC[O-17:0], PC[O-34:4]). More prominent changes 
were detected in the liver where 59 lipid species were significantly 
accumulated (cut off: P = 0.01, fold change = 2; Fig. 1B, right panel). 
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Fig. 1. Changes of single lipid species upon Peds1 (left panels) or Agmo (right panels) knockout A) in the ether lipid-rich tissue cerebrum, B) in the tissue with highest 
enzymatic activity, i.e. kidney for Peds1 knockout (left) and liver for Agmo knockout (right) and C) in the lipid-rich tissue sWAT. Knockout mice were compared to 
wildtype controls and calculated fold changes (y-axis, as log2) as well as p-values (symbol size) are illustrated. sn-1 bondage is distinguished by circles (acyl), 
upward-pointing triangles (plasmanyl), downward-pointing triangles (plasmenyl) and diamonds (unresolved plasmanyl and plasmenyl lipids). C1P[d]: ceramide-1- 
phosphate, Cer[d]: ceramide, CE: cholesteryl ester, Hex2Cer[d]: dihexosylceramide, Hex2Cer[t]: hydroxy-dihexosylceramide, HexCer[d]: hexosylceramide, HexCer 
[t]: hydroxyhexosylceramide, LPG: lysophosphatidylglycerol, MLCL: monolysocardiolipin, PG: phosphatidylglycerol, PI: phosphatidylinositol, S1P: sphinganine-1- 
phosphate, SM[d]: sphingomyelin, SM[t]: hydroxysphingomyelin, SM4[d]: sulfatide, SM4[t]: hydroxysulfatide, SPH[d]: sphinganine. 
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Here, individual species of glycerophospholipids PC[O], PC[P], PE[O], 
PE[P] and their lyso-forms as well as neutral glycerolipids MG[O], DG 
[O], DG[P] and TG[O + P] were enhanced. Finally, in sWAT, 64 
significantly increased lipid species were found (cut off: P = 0.01, fold 

change = 2; Fig. 1C, right panel) while in vWAT 54 significantly accu
mulated lipid species and two significantly reduced lipid species were 
detected (cut off: P = 0.01, fold change = 2; supplemental Fig. S2B, right 
panel). These species belonged to the subclasses of LPC[O], LPE[O], PC 

Fig. 2. Impact of Peds1 knockout on ether lipid levels in five selected tissues. A) Changes of plasmanyl ([O], in black) and plasmenyl ([P], in gray) lipid classes. B) Bar 
charts showing the fold changes of summed total ether lipids ([O + P], black/gray patterned) in Peds1-deficient tissues relative to the wildtype control. Relative 
abundances of lipid subclasses were compared to wildtype control for calculating the fold change (as log(2)) in cerebrum, cerebellum, kidney, sWAT and vWAT. 
Dashed line at − 1 and 1 indicates a fold change of 2. n.a. = data not available. Data is presented as mean ± SD (n = 5). 
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[O] as well as PE[O] with the most fundamental effects seen in the 
neutral glycerolipids MG[O] and TG[O + P]. Again, DG[O] and DG[P] 
lipid species could not be analyzed in the fat tissue of Agmo knockout 
mice as observed also in Peds1 mice. Supplemental Fig. S40 (liver), 
Fig. S41 (cerebrum and cerebellum) and Fig. S42 (sWAT and vWAT) 
show boxplots of seven glycerolipid classes divided in ether and ester 
species for Agmo knockout and wildtype controls. Bar charts showing the 
abundance of each lipid species of PE, PC, LPE, LPC, MG, DG and TG 
lipid classes can be found in supplemental Figs. S43–49 for liver, S50–56 
for cerebrum, S57–63 for cerebellum, S64–69 for sWAT and S70–75 for 
vWAT. In all analyzed tissues, beyond the ether lipids already 
mentioned, no prominent changes in the lipid species of other lipid 
classes were detected. 

In contrast to the Peds1 knockout, in the Agmo knockout less pro
nounced changes were found. Agmo deficiency was characterized by an 
increase of most ether lipid classes irrespective of presence of the vinyl 
ether double bond. 

3.3. Impact of Peds1 deficiency on ether lipids 

To better understand the regulation of ether lipids in the absence of 
PEDS1, we investigated the balance between plasmanyl and plasmenyl 
ether lipids and which ether lipid subclasses presented the most striking 
changes. 

Highest accumulations of plasmanyl lipids (Fig. 2A, black bars) were 
detected in LPE[O] for all tested tissues ranging from 42.1 to 68.8 fold 
while the respective plasmenyl lipids (Fig. 2A, gray bars) decreased in a 
range from 20.6 to 55.2 fold with the lowest alterations in vWAT. This 
characteristic accumulation of plasmanyl lipids and a reduction in 
plasmenyl lipids was also found in diverse ether lipid subclasses of all 
tested tissues, while both brain regions showed this effect in all analyzed 
ether lipid subclasses. Strikingly, kidney presented nearly unchanged 
levels in LPC[O] (1.47 fold decreased), PC[O] (1.29 fold decreased) and 
DG[O] (1.24 fold decreased) while the respective plasmenyl lipids were 
presented with a prominent decrease (LPC[P]: 17.8 fold, PC[P]: 6.7 fold 
and DG[P]: 12.1 fold). Furthermore, no alterations in MG[O/P] (above 
the threshold of 2 fold) were found in kidney (MG[O]: 1.15 fold 
increased, MG[P]: 1.57 fold decreased), in vWAT (MG[O]: 1.35 fold 
decreased, MG[P]: 1.78 fold decreased). and in sWAT (MG[O]: 2.0 fold 
decreased, MG[P]: 1.8 fold decreased). In sWAT, PC[O] levels were 
unchanged (1.54 fold increased) although the respective plasmenyl 
counterpart was decreased (3.9 fold). In contrast, in vWAT no decrease 
in PC[P] was observed (1.3 fold decreased) while PC[O] presented the 
expected accumulation (2.51 fold increased). 

Furthermore, we also examined whether total ether lipids (as the 
sum of [O + P]) were affected by the disbalance that occurs when 
plasmenyl lipids are missing. Fig. 2B shows that most ether lipid sub
classes were elevated in Peds1 knockout mice when compared to control. 
Strikingly, in all analyzed tissues, the sum of PE[O] plus PE[P], the most 
abundant ether lipid metabolites in the tissues was, however, not altered 
(ranging from 0.9 fold decreased in sWAT to 1.7 fold increased in 
vWAT). Thus PE[O] in Peds1 knockout mice accumulates exactly to the 
same concentrations as PE[P] were present in the wildtypes. In kidney, 
the organ with highest PEDS1 activity [35], the sum of the other ether 
lipid classes, which quantitatively are of minor importance as compared 
to the PE[P]s and PE[O]s, remained largely unchanged upon Peds1 
knockout (Fig. 2B). 

3.4. Impact of Agmo deficiency on AGMO substrates 

When looking at the AGMO lipid substrates [36], i.e. lysoalkylgly
cerophospholipids (LPC[O] and LPE[O], Fig. 3 left panels) and alkyl
glycerols (MG[O], Fig. 3 right panels), necessarily carrying a hydroxyl 
group at the sn-2 position, we detected a significant accumulation of 25 
individual lipid species. Within these lipids, 14 carried a completely 
saturated alkyl side chain at sn-1, further nine species were 

monounsaturated and two lipid species harbored two double bonds in 
their side chain. The latter two were MG[O-20:2] in liver (Fig. 3A, right 
panel) and MG[O-18:2] in sWAT (Fig. 3D, right panel). Twenty of these 
25 species had side chains with ≥18 carbon atoms while the remaining 
five species carried side chains with 14–17 carbon atoms and were 
selectively present in both brain regions and in sWAT (i.e. LPC[O-17:0] 
in cerebrum and cerebellum (Fig. 3B + C, left panel), MG[O-16:1] in 
cerebrum (Fig. 3B, right panel) and LPC[O-14:0], LPC[O-16:0] and LPC 
[16:1] in sWAT (Fig. 3D, left panel). Interestingly, MG[O-20:0] and MG 
[O-22:1] were elevated in all tested tissues except for brain. Overall, 
these data may indicate that AGMO preferably accepts completely 
saturated or monounsatured lipid species with ≥18 carbon atoms. 

3.5. FAR1 protein amount in cerebral cortex in Peds1 deficiency 

As FAR1 is the rate-limiting enzyme in peroxisomal ether lipid 
biosynthesis and it is proposed to sense high levels of plasmalogens 
which leads to its degradation, we evaluated FAR1 protein expression in 
cerebral cortex of Peds1-deficient mice, in which plasmalogens are 
depleted while plasmanyl lipids are increased. Consistent with the un
changed amount of PE[O + P], Peds1 knockout mice showed no signif
icant differences in FAR1 protein expression when compared to wildtype 
controls (Fig. 4). Thus, we can conclude that loss of plasmenyl lipids is 
not enough to raise FAR1 levels. Whether FAR1 activity is also affected 
by the observed changes in plasmanyl and plasmenyl lipids remains to 
be investigated. 

4. Discussion 

The aim of this study was to investigate the molecular changes of the 
global lipid pool occurring when two ether lipid metabolizing enzymes, 
i.e. AGMO of the catabolic route and PEDS1 of the anabolic route, are 
knocked out in mice and whether these changes correlate with the 
impact on physiology observed in the knockout mice. We found that 
Agmo knockout triggered only mild changes in the lipidome seen as 
modest increases only in plasmanyl and plasmenyl lipids. On the other 
hand, Peds1 knockout manifested profound alterations of the lipid pro
file which was hallmarked by complete absence of plasmalogens par
alleled by accumulation of plasmanyl lipids. Both of the assigned 
metabolic changes are in good accordance with the severity of the 
phenotypes identified in Agmo- and Peds1-deficient mice, reflected by 
absence of a specific Agmo-deficient phenotype whereas Peds1 knockout 
manifests a phenotype mostly affecting growth and blood parameters. 

In the Agmo knockout mice the most significant changes in the lip
idome were found in the liver, which is the organ where AGMO is most 
abundantly expressed and active [13]. Plasmalogen levels are known to 
be very low in mouse wildtype liver [14], a finding we could confirm 
and extend to all ether lipid species present in our dataset. We found an 
overall moderate elevation of both plasmanyl and plasmenyl lipid spe
cies in all ether lipid subclasses in Agmo-deficient liver while in the other 
analyzed tissues only certain ether lipid subclasses were significantly 
affected (see right panels of Fig. 1 and supplemental Fig. S2). In sWAT 
and vWAT neutral ether lipids (i.e. TG[O + P]) were accumulated. 

Both brain regions, cerebrum and cerebellum, showed significantly 
higher levels of LPC[O], LPC[P] and PC[O] but the highly abundant PE 
[O/P] were not influenced by the Agmo knockout. To better understand 
and summarize the consequences of Agmo knockout on the ether lipid 
metabolism in the different tissue types analyzed in our study, we 
highlighted the changes of ether lipid subclasses compared to wildtype 
controls (see metabolic scheme of ether lipids in Fig. 5). Moderate 
accumulation of AGMO substrates MG[O] and LPC[O] as well as LPC[P] 
were found in cerebrum (Fig. 5B right panel). Agmo knockout in sWAT 
was characterized with enhanced levels of solely AGMO substrates LPC 
[O], LPE[O] and MG[O] (Fig. 5D right panel). However, the most pro
nounced but still mild changes were detected in the liver seen as 
enhanced levels of all plasmanyl and plasmenyl lipid subclasses 
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Fig. 3. Volcano plot highlighting changes in Agmo 
substrates in all tested tissues. Lysoalkylglycer
ophospholipids (LPC[O], LPE[O], left panel) and 
alkylglycerol (MG[O], right panel) changed in 
Agmo knockout mice compared to wildtype mice in 
A) liver, B) cerebrum, C) cerebellum, D) sWAT and 
E) vWAT. The significance cut-off (P < 0.01) is 
indicated as horizontal dashed line. The vertical 
dashed line separates log2 (fold change) of 
decreased and increased (red dots) lipid species (n 
= 5). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the 
web version of this article.)   
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(including the substrates of AGMO) except for PC[O], PE[O] and PE[P] 
(Fig. 5C right panel). These quite mild changes we observed in all tissues 
mirror the fact that Agmo-deficient mice do not display a phenotype 
under standard housing conditions present in the SPF facility. In a 
setting where the AGMO pathway is not stimulated, accumulating 
plasmanyl lipids can be cleared via the plasmalogen branch of ether lipid 
metabolism where the respective lysoplasmalogenase degrades exces
sive amounts independently of the AGMO enzyme [37]. In a former 
study in the murine RAW264.7 macrophage cell line, where we applied 
lentiviral knockdown of Agmo, we found significantly altered levels of 
glycosylated ceramides and cardiolipins [18]. This was not observed in 
our current lipidome of Agmo knockout tissues. As we had to rely on 
cluster analysis and lipid subclass enrichment as strategies to attribute 
peaks to certain lipid species for the RAW264.7 study despite the use of 
high-resolution mass spectrometry, our current study is much more 
accurate as it benefits from the many advances that have been made in 
this field in the meantime ([33], for review see [38]). Also for the class of 
sphingolipids we did not observe prominent changes. This was surpris
ing as previous findings in human cells had found a dependency and co- 
regulation of ether lipids and ceramides [39] as well as increased SM 
levels in Gnpat knockout mice, which lack all ether lipids [40]. From this 
perspective the general absence of all ether lipids by disruption of early 
synthetic pathways has a more profound impact on lipids even outside 
the ether lipid pool. Such an alteration has more impact than switching 
off a single catabolic route in this pathway for which a salvage route via 
plasmalogen synthesis and degradation plausibly exists. 

In the Peds1 knockout mouse model we found marked changes in the 
lipidome of all five analyzed tissues. Metabolic changes of ether lipid 
subclasses in the different tissues (highlighted in the metabolic scheme 
Fig. 5 B-D, left panels) presented a dramatic decrease in all analyzed 
plasmalogen subclasses of cerebrum, kidney and sWAT. In the brain, this 
was accompanied by a dramatic increase of all analyzed plasmanyl 
species highest in LPE[O] followed by LPC[O], DG[O] and PE[O] 
(Fig. 5B left panel). Similar but weaker accumulations were also 
detected in sWAT (Fig. 5D, left panel) while in kidney (Fig. 5C, left 
panel) only PE[O] and LPE[O] subclasses were enriched. Nevertheless, 
this points to a strong feedback from PE[O] to LPE[O] and additionally 

DG[O] from which further accumulation of other plasmanyl subclasses 
can occur, when PEDS1 is absent. Furthermore, kidney presented with a 
slight reduction in PC[O] in Peds1-deficient mice, a finding which is in 
contrast to the general trend of PC[O] accumulation found in the other 
tested tissues. This contradiction was also found in a previous study, 
where we had analyzed PC[O/P] and PE[O/P] species in Peds1-deficient 
mouse kidneys [33]. 

In our lipidomic analysis, we found in kidney that the observed 
changes of PE[O/P] subclasses had a minor impact on the ester PE 
subclass for which 12 out of 64 detected species were decreased (cut off: 
P = 0.01, fold change = 2, supplemental Fig. S3). This principle of a 
cellular phospholipid homeostasis, i.e. that the sum of the total cellular 
phospholipid species of a lipid subclass is kept constant, was already 
described for PE lipids in fibroblasts of rhizomelic chondrodysplasia 
punctata patients as well as in brains of Gnpat-deficient mice, which are 
not able to synthesize any ether lipids [40]. 

FAR1 was identified as a key regulatory point in ether lipid biosyn
thesis with FAR1 protein found to be upregulated in human cells [7] or 
mouse cerebellum [41] defective in GNPAT activity which lack both, PE 
[O] and PE[P]. Additionally, the protein levels of FAR1 could be 
normalized by adding PE[P] but not PE to the cells [7]. Whether also PE 
[O]s address this feedback inhibition mechanism has so far been un
known. Here, we find that the amount of PE[O] accumulated in tissues 
of Peds1-deficient mice accurately resembles the amount of PE[P] in the 
corresponding wildtype tissues. In cerebrum, the tissue with the highest 
PE[P] levels, we found that the amount of FAR1 protein remained un
changed upon the Peds1 knockout (Fig. 4). This suggests that both PE[O] 
and PE[P] may lead to feedback inhibition on FAR1 (Fig. 6). 

Detailed lipidomic studies of ether lipids are rarely found as the 
appropriate technologies are just emerging. Compared to our study, 
others recently reported the presence of ether-linked glycer
ophospholipids in several murine tissues and brain regions as well but 
did not provide a clear separation between alkyl- and alkenyl-linked 
phospholipids [42,43]. In our high resolution MS analysis we were 
able to discriminate between plasmanyl and plasmenyl lipid subclasses 
not only in phospholipids but also for neutral lipids. So far, in literature, 
only few lipidomic data is available on monoalkyl-diacylglycerols (i.e. 
TG[O]) from murine tissues [44]. As the analytical tools for the analysis 
of neutral ether lipids have also been meanwhile optimized, more reli
able data like those in our present study are expected to soon become 
available. 

In conclusion, we have found that the severity of the phenotypes of 
two mouse models deficient in one of the ether lipid metabolizing en
zymes AGMO and PEDS1 are mirrored on the lipidomic levels. While 
profound changes are seen if PEDS1 is missing, surprisingly Agmo 
knockout has little impact on the mouse lipidome. This is possibly due to 
efficient feedback regulation of ether lipid biosynthesis and the possi
bility of alternative degradation routes after introduction of the vinyl 
ether double bond. An open question remains whether a strong accu
mulation of plasmanyl lipids would elicit physiological overall changes. 
Other issues that also need to be resolved in further studies is whether 
the reduced plasmalogen levels that have been implicated in neurode
generative disorders like Alzheimer's or Parkinson's disease coincide 
with reduced or enhanced plasmanyl ether lipid species and whether 
these associations found are specific for plasmalogens or in general for 
all ether lipids [6]. 

Our analysis about the impact of AGMO and PEDS1 on the mouse 
lipidome takes us a step further in understanding the homeostasis of the 
lipid environment upon selective ether lipid deficiency in a living or
ganism. This study also points to the importance of discriminating be
tween plasmanyl lipids and plasmalogens in both neutral lipid and 
phospholipid classes, which is now possible by the proceedings in high- 
resolution analytics. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbalip.2023.159285. 

Fig. 4. Effect of Peds1 deficiency on the amount of FAR1 protein expression in 
cerebral cortex. A) Representative immunoblot analysis of FAR1 in the cerebral 
cortex of Peds1 knockout mice (ΔPeds1) and wildtype controls is shown. ACTIN 
was used as loading control. B). Relative expression level of FAR1 in Peds1 
knockout mice was represented by taking expression levels in wildtype as one. 
n = 4, data shown as mean ± SD. n.s. = not significant. 
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Fig. 5. Metabolic scheme of post-peroxisomal ether lipid 
metabolism in wildtype mice and changes in ether lipid 
metabolism upon either Peds1 or Agmo knockout. A) 
Schematic drawing of post-peroxisomal biosynthesis and 
remodeling in the ER which starts with LPA[O] that is 
converted to PA[O] and further metabolized to DG[O]. 
From DG[O] the metabolic scheme branches to TG[O], to 
the AGMO substrate MG[O], to PC[O] and to PE[O]. And 
from the latter two, the AGMO substrates LPC[O] and LPE 
[O] are then formed. PE[O] is used by PEDS1 to build PE 
[P] from which LPE[P] and DG[P] arise which can be 
further converted to MG[P], LPA[P], PA[P] as well as TG 
[P], PC[P] and LPC[P] in consecutive order. Alterations of 
ether lipid subclasses upon Peds1 (left panel) and Agmo 
(right panel) knockout B) in the ether lipid-rich tissue 
cerebellum, C) in tissues with highest enzymatic activity: 
kidney for Peds1 knockout and liver for Agmo knockout 
and D) in the lipid-rich organ sWAT. The levels of each 
lipid subclass were compared to the wildtype control for 
calculating the fold change (as log2). Positive log2 fold 
changes were illustrated as a gradient from gray to dark 
red and the negative log2 fold changes from gray to dark 
blue. [O] = plasmanyl forms and [P] = plasmenyl forms of 
different lipid classes. Dashed rectangles represent ether 
lipids that cannot be separated into [O] and [P]. This 
biosynthetic pathway was adapted from Nagan and Zoeller 
[2] and Malheiro, da Silva and Brites [45] proposed as the 
most likely variant of ether glycerolipid synthesis 
pathway. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version 
of this article.)   
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