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Adipose tissue peroxisomal lipid synthesis
orchestrates obesity and insulin resistance
through LXR-dependent lipogenesis
Brian Kleiboeker1,6, Anyuan He1,4,6, Min Tan 1, Dongliang Lu1, Donghua Hu1, Xuejing Liu 1, Parniyan Goodarzi1,
Fong-Fu Hsu1, Babak Razani2,5, Clay F. Semenkovich1,3, Irfan J. Lodhi1,*
ABSTRACT

Objective: Adipose tissue mass is maintained by a balance between lipolysis and lipid storage. The contribution of adipose tissue lipogenesis to
fat mass, especially in the setting of high-fat feeding, is considered minor. Here we investigated the effect of adipose-specific inactivation of the
peroxisomal lipid synthetic protein PexRAP on fatty acid synthase (FASN)-mediated lipogenesis and its impact on adiposity and metabolic
homeostasis.
Methods: To explore the role of PexRAP in adipose tissue, we metabolically phenotyped mice with adipose-specific knockout of PexRAP. Bulk
RNA sequencing was used to determine transcriptomic responses to PexRAP deletion and 14C-malonyl CoA allowed us to measure de novo
lipogenic activity in adipose tissue of these mice. In vitro cell culture models were used to elucidate the mechanism of cellular responses to
PexRAP deletion.
Results: Adipose-specific PexRAP deletion promoted diet-induced obesity and insulin resistance through activation of de novo lipogenesis.
Mechanistically, PexRAP inactivation inhibited the flux of carbons to ethanolamine plasmalogens. This increased the nuclear PC/PE ratio and
promoted cholesterol mislocalization, resulting in activation of liver X receptor (LXR), a nuclear receptor known to be activated by increased
intracellular cholesterol. LXR activation led to increased expression of the phospholipid remodeling enzyme LPCAT3 and induced FASN-mediated
lipogenesis, which promoted diet-induced obesity and insulin resistance.
Conclusions: These studies reveal an unexpected role for peroxisome-derived lipids in regulating LXR-dependent lipogenesis and suggest that
activation of lipogenesis, combined with dietary lipid overload, exacerbates obesity and metabolic dysregulation.
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1. INTRODUCTION

Obesity continues to rise globally, increasing risk and prevalence of
diabetes, hypertension, and non-alcoholic fatty liver disease [1]. Un-
healthy expansion of adipose tissue in obesity promotes disease
through complex and multifactorial mechanisms. Adipose tissue mass
is maintained through a balance between lipolysis and lipid storage.
Disruption of this balance can lead to storage of lipids in other tissues,
such as liver and skeletal muscle, impairing their functions via lip-
otoxicity [2]. The modern western diet contains a high proportion of
calories from energy-rich fats, and in the setting of positive energy
balance, these lipids are stored in adipose tissue, increasing sus-
ceptibility to obesity. In such a state of lipid excess, the role of lipo-
genesis, the endogenous synthesis of lipids from simple carbon
precursors, is not obvious.
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Increasing evidence implicates peroxisomes, organelles specialized for
lipid metabolism, including lipid synthesis, in metabolic regulation [3].
Peroxisomes are versatile metabolic organelles involved in ether lipid
biosynthesis, fatty acid oxidation, bile acid synthesis, and reactive
oxygen species production and neutralization [4]. The importance of
peroxisomes to mammalian physiology is demonstrated by the dele-
terious phenotypes associated with Zellweger spectrum peroxisome
biogenesis disorders [5]. Ether lipids, such as plasmalogens, have
recently been shown to regulate ferroptosis susceptibility, extend
Caenorhabditis elegans lifespan, and function as cellular antioxidants
[6e8]. Plasmalogens are also important for assembly of lipid raft
microdomains, cholesterol-rich membrane regions involved in cellular
signaling [9]. Plasmalogen deficiency leads to disruption of lipid rafts
and cholesterol mislocalization to a perinuclear compartment [10].
However, the broader physiological roles of these peroxisome-derived
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lipids are unclear. Of note, how peroxisomal lipid synthesis affects
metabolic homeostasis remains unknown.
Peroxisomes use the glycolytic intermediate dihydroxyacetone phos-
phate (DHAP) as a substrate for lipid biosynthesis. When conditions
favor the routing of carbon away from glycolysis and towards perox-
isomal ether lipid synthesis, peroxisomal membrane protein 2 (enco-
ded by Pxmp2) shuttles DHAP into peroxisomes for entry into the acyl
DHAP pathway, localized in peroxisomes and the endoplasmic retic-
ulum (ER), for production of ether lipids and other phospholipid spe-
cies. In the peroxisomal component of this pathway, DHAP is converted
into acyl-DHAP, which may subsequently have its acyl group
exchanged for an alkyl group to yield alkyl-DHAP. In the final
peroxisome-localized step of this pathway, the sn-1 carbonyl of acyl-
or alkyl-DHAP is reduced by acyl/alkyl DHAP reductase [4]. We pre-
viously reported that this protein is encoded by Dhrs7b and renamed
the protein PexRAP (Peroxisomal Reductase Activating PPARg) due to
its role in generating partial agonists for the nuclear receptor PPARg
[11].
PexRAP-catalyzed reduction of acyl- or alkyl-DHAP yields lysophos-
phatidic acid (LPA), a diacyl phospholipid precursor, or 1-O-Alkyl-G3P
(AGP), an ether lipid precursor, respectively. PexRAP is localized to
both ER and peroxisomes and appears to have distinct, location-
dependent preferences for acyl-versus alkyl-DHAP in HeLa cells,
though this effect has not been explored in other contexts [12]. LPA,
like ether lipids, is highly bioactive and functions as a cellular signaling
molecule, which can agonize PPARg and activate five known G
protein-coupled receptors, in addition to serving as a precursor for
downstream diacyl phospholipid synthesis [13,14]. As a key enzyme in
the conversion of DHAP to LPA, AGP, and their downstream diacyl
phospholipids and ether lipids, PexRAP represents a central node in
peroxisomal lipid biosynthesis. We previously reported that global
knockout of PexRAP in mice is lethal, but acutely induced whole-body
knockout of PexRAP increases adipocyte browning through the ability
of PexRAP to compete with the thermogenic transcriptional co-
regulator PRDM16 for binding to PPARg [15]. To further explore the
role of PexRAP in metabolic homeostasis, we generated an adipose-
specific PexRAP knockout mouse model (PexRAP-AKO).
Here, we show that PexRAP-AKO mice unexpectedly have increased
diet-induced obesity and impaired glucose homeostasis despite
elevated expression of thermogenic genes, such as UCP1, in subcu-
taneous white adipose tissue (WAT). Mechanistically, PexRAP inacti-
vation in adipocytes alters nuclear membrane phospholipid
composition, decreasing ether lipid analogs of phosphatidylethanol-
amine (PE) and increasing certain species of conventional diacyl
phosphatidylcholine (PC), leading to increased PC/PE ratio and
cholesterol mislocalization. Cholesterol mislocalization to the nucleus
activates the sterol regulated nuclear receptor liver X receptor (LXR),
which promotes phospholipid remodeling and increases de novo
lipogenesis (DNL). In adipose tissue, the PexRAP inactivation-induced
increase in lipogenesis is sufficient to drive a systemic metabolic
phenotype characterized by increased diet induced obesity, insulin
resistance, and glucose intolerance. This deleterious phenotype is
notably absent in a brown adipose specific PexRAP knockout mouse
model (PexRAP-BKO), suggesting that the PexRAP-AKO phenotype is
driven by processes in white adipose tissue. At the cellular level, these
results uncover a novel relationship between peroxisome-derived
phospholipids and DNL. Systemically, our findings imply that while
adipose tissue DNL is generally considered to be metabolically bene-
ficial, aberrant adipose tissue DNL is deleterious and may be induced
in obese states characterized by adipose tissue inflammation and in-
sulin resistance. Together, these studies suggest that peroxisomal lipid
2 MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. T
synthesis mediated by PexRAP regulates metabolic homeostasis by
balancing adipocyte browning with lipogenesis activation and the
associated metabolic dysregulation.

2. MATERIALS AND METHODS

2.1. Experimental animals
Production of PexRAPLox/Lox mice on the C57BL/6J genetic background
has been described previously [16]. To generate mice with adipose-
specific knockout of PexRAP (PexRAP-AKO), PexRAP floxed animals
were crossed with adiponectin-Cre mice obtained from the Jackson
Laboratory (Stock No. 028020). To generate mice with brown adipose-
specific knockout of PexRAP (PexRAP-BKO), PexRAP floxed animals
were crossed with Ucp1-Cre mice obtained from the Jackson Labo-
ratory (Stock No. 024670). PexRAPLox/Lox mice without Cre were used
as a control for PexRAP-AKO and PexRAP-BKO mice. Genotyping was
performed using previously described primer sets [11,16]. All exper-
iments used male mice unless otherwise stated. All mice were kept on
a 12-h light/dark cycle and provided ad libitum access to food (Purina
5053) and water. For high fat diet feeding experiments, animals were
maintained on chow diet until 8 weeks of age, at which time they were
given high fat diet (Research Diets D12492, 60% kcal from fat). For the
experiment in Figure S1B a high fat diet containing 42% kcal from fat
(Envigo TD.88137) was used. All animal experiments were performed
in accordance with procedures approved by the Institutional Animal
Care and Use Committee at Washington University School of Medicine.

2.2. Cell lines
Stromal vascular fraction (SVF) cells from adult iWAT were isolated
from wild-type C57BL/6J mice by collagenase and dispase digestion,
immortalized, and differentiated into adipocytes as previously reported
[15]. 3T3-L1 cells were maintained in DMEM with 10% newborn calf
serum. To differentiate 3T3-L1 cells to white adipocytes, they were
first allowed to grow confluent for two days, and then treated with
DMEM with 10% fetal bovine serum, 1 mg/ml insulin, 0.25 mM
dexamethasone, and 0.5 mM methyl isobutylxanthine for three days.
Next, DMEM with 10% fetal bovine serum and 1 mg/ml insulin was
added for two days. The then-differentiated 3T3-L1 adipocytes were
maintained in DMEM with 10% fetal bovine serum. Human embryonic
kidney 293T (HEK293T) cells were maintained in DMEM supplemented
with 10% FBS.

2.3. Plasmid constructs
Plasmids encoding lentivirus shRNA for mouse PexRAP
(TRCN0000181732), SREBP1 (TRCN0000055325), LXRa
(TRCN0000026011), and LXRb (TRCN0000026048) were obtained from
Sigma-Aldrich (St. Louis, MO). Packaging vector psPAX2 (12260), en-
velope vector pMD2.G (12259), and scrambled shRNA plasmid (1864)
were obtained from Addgene. The LXRE-EGFP-fLuc lentiviral reporter
plasmid was obtained from System Biosciences (TR102PA-P).

2.4. Immunohistochemistry and immunofluorescence imaging
For iWAT SVF cell immunofluorescence imaging, cells were fixed with
10% formalin and permeabilized with 0.1% Triton X-100 in PBS (PBS-
T). Cells were blocked with PBS with 3% BSA for 1 h and subsequently
incubated overnight with both rabbit polyclonal PexRAP at 1:100
dilution and PMP70-atto-488 (Sigma) in PBS with 1% BSA overnight.
Custom-made PexRAP antibody obtained from Cocalico Biologicals
was produced by injecting rabbit with GST-PexRAP and then affinity
purified. Alexa Fluor conjugated secondary antibody (Invitrogen
A-11008) was used at a dilution of 1:500 in PBS with 1% BSA at room
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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temperature for 1 h. Cells were mounted with Vectashield mounting
medium (H-1000) and imaged with a 20� oil objective and 3� zoom
on a Nikon A1R confocal microscope. For the Filipin III stain in
Figure 6B, differentiated 3T3-L1 adipocytes were stained according to
the Abcam Cholesterol Assay Kit protocol (ab133116), with the only
modification being that after the final wash step the cells were incu-
bated with Nuclear-ID dye (Enzo Life Sciences, ENZ-52406) according
to the manufacturer’s protocol. Cells were finally imaged in Vectashield
mounting medium (H-1000). For IHC detection of F4/80,
formalin-fixed, paraffin-embedded adipose tissue sections were de-
paraffinized with a series of xylene and ethanol solutions, incubated
with anti-F4/80 antibody (Cell Signaling Technology), stained with the
Vectastain Universal Elite ABC kit (Vector Labs) and imaged with a
Leica DMI4000B microscope.

2.5. LXRE reporter assay
3T3-L1 cells were transduced with LXRE-GFP-fLuc lentivirus for two
days and subsequently selected with puromycin for four days. Cells
were then differentiated as described above. On day 5 of differenti-
ation, cells were treated with lentivirus for scrambled or PexRAP
shRNA for 48 h. Cells were maintained in DMEM with 10% FBS for
another 48 h prior to being harvested. Luminescence was measured
using a Promega Luciferase Assay kit (E1500) and normalized to
cellular protein as measured with Pierce BCA Assay kit (Thermo Fisher
23227). For analysis of GFP signal, another plate of cells was treated
equivalently, however instead of being harvested these cells were
visualized with a Leica DMI4000B microscope and Leica CTR4000
laser system.

2.6. RT-qPCR
Total RNA was isolated using TRIzol reagent (Invitrogen 15596026).
2 mg of isolated RNA was reverse transcribed using High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems 4368814).
Quantitative PCR (qPCR) was performed with a StepOnePlus Real-Time
PCR System (Applied Biosystems) using PowerUP SYBR Green Master
Mix (Applied Biosystems A25742). Assays were performed in dupli-
cate, normalized to ribosomal protein L32, and analyzed with theDDCt
method.

2.7. Ex vivo lipolysis assay
An ex vivo lipolysis assay was performed based on the protocol pre-
sented in [17]. Briefly, 50e100 mg chunks of gWAT tissue were
harvested from control and HFD-fed PexRAP-AKO mice and immedi-
ately transferred to prewarmed (37 �C) KRBH buffer in 12-well plates.
Once all tissues were harvested, the buffer was aspirated and replaced
with a prewarmed (37 �C) KRBH-BSA buffer containing either vehicle
or 10 mM isoproterenol. Tissues were incubated for 2 h at 37 �C, after
which 200 mL aliquots of media were taken and analyzed with a
Lipolysis Colorimetric Assay Kit (Sigma MAK211) according to the
manufacturer’s instructions. Measurements were normalized to exact
tissue weight, which was recorded during harvest of tissues.

2.8. RNA-sequencing and analysis
iWAT was collected from 8-week-old male control or PexRAP-AKO
mice. RNA was harvested using RNeasy Lipid Tissue Mini Kit (Qia-
gen). 1 mg of total RNA was used for the construction of sequencing
libraries. Samples were then submitted to the Genome Technology
Access Center (GTAC) at Washington University School of Medicine in
St. Louis for RNA sequencing and analysis. Samples were prepared
according to library kit manufacturer’s protocol, indexed, pooled, and
MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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sequenced on an Illumina HiSeq. Reads were aligned to Mus musculus
reference build Ensembl_R76 with STAR v2.0.4b, after which gene
counts were obtained using the Subread featureCount program
(v1.4.5). Data are deposited to NCBI GEO under GEO Accession
GSE227912.
Differential expression analysis was performed from gene-level counts
using the R/Bioconductor package edgeR. Genes with Benjaminie
Hochberg false-discovery rate less than or equal to 0.05 were
considered differentially expressed. Gene ontology-based pathway
enrichment analysis was performed with the R/Bioconductor package
limma using functions goana and topGO. Gene set enrichment analysis
was conducted on a gene list ranked by log(fold-change) times
�log10(FDR) using the R/Bioconductor package clusterProfiler. RNA-
sequencing and pathway enrichment results were visualized with
the R packages ggplot2 and ComplexHeatmap.
Motif enrichment near the transcription start sites of differentially
expressed genes was analyzed using hypergeometric optimization of
motif enrichment (HOMER). Briefly, the findMotifs.pl function was
called on all differentially expressed genes (excluding PexRAP itself) to
search for motifs of length 8, 10, or 12 from �400 to þ100 relative to
the transcription start site using the mouse (M. musculus) promoter
set. Motifs with p-value less than or equal to 0.05 were considered
significantly enriched.

2.9. 14C-malonyl CoA de novo lipogenesis assay
De novo lipogenesis was assayed in whole tissue lysate using a pro-
tocol adapted from previously described methods [18,19]. Briefly,
either fresh or snap-frozen iWAT tissue was homogenized using a
Dounce tissue homogenizer in 3� volume of 0.25 M sucrose (Sigma
Aldrich), 2 mM EDTA, 0.1 M KPO4, pH 7 buffer containing protease and
phosphatase inhibitors (MilliporeSigma). Lysates were spun at
1,000 � g for 10 min at 4 �C and supernatant was moved to a clean
tube. Protein concentration was measured with Pierce BCA Assay kit
(Thermo Fisher 23227) and 75 mg of total protein from each lysate was
moved to a clean tube and brought to a volume of 147 mL with the
buffer. Each lysate was prewarmed at 37 �C for exactly 5 min before
103 mL of a prewarmed cocktail was added such that each reaction
had 0.1 M KPO4 (pH 7), 20 nmol acetyl CoA (Cayman 16160), 20 nmol
12C-malonyl CoA (Cayman 16455), 0.5 mM NADPH, (Cayman
9000743) 12 mM DTT (Sigma Aldrich), 12 mM EDTA, and 0.1 mCi 14C-
malonyl CoA (PerkinElmer). A no-NADPH control was included in each
assay to ensure specificity of 14C incorporation to lipid fraction. The
complete reactions were incubated at 37 �C for 15 min and quenched
with 60% perchloric acid. The lipid fraction was extracted using 1:3
ethanol:petroleum ether. The petroleum ether fraction was dried
overnight at room temperature. 3 mL of Ecoscinct XR (National Di-
agnostics) was added to each vial and samples were counted for 5 min
each in a Beckman Coulter LS6500 liquid scintillation counter.

2.10. Subcellular fractionation
Inguinal WAT tissues were cut into small pieces and homogenized in
1� peroxisome extraction buffer (from Sigma Peroxisome Isolation Kit)
using a glass dounce homogenizer. The homogenates were centri-
fuged at 800 � g for 10 min at 4 �C. The supernatants (membrane
fraction) were transferred to a new tube and the pellets (nuclear
fraction and tissue) were resuspended and totally homogenized using a
dounce homogenizer. The clean nuclear fraction was pelleted by
centrifuging at 400 � g for 10 min at 4 �C. For membrane fractions,
the supernatants were centrifuged at 22,000 � g for 15 min at 4 �C
and the pellets were collected.
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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2.11. Lipidomic analysis and carbon flux tracing
3T3-L1 cells were cultured and differentiated as described above. On
day 5 of differentiation, cells were treated with lentivirus for scrambled
or PexRAP shRNA for 48 h. Cells were then maintained in
[U13C6]-glucose DMEM media with 10% FBS for 7 days. Cells were
lysed in 1� peroxisome extraction buffer (from Sigma Peroxisome
Isolation Kit) using a dounce homogenizer. Samples were normalized
by total protein content (Thermo Fisher 23227) and lipids were
extracted with 1:1 chloroform:methanol. The samples were dried
under a stream of nitrogen and redissolved in methanol with 0.5%
NH4

þ. Lipids were analyzed by ESI-MS on a Thermo Fisher LTQ
Orbitrap Velos in both positive and negative ion modes scanning from
500 to 1000 m/z with resolution 100,000 (at m/z 400 Da). Data were
processed by built-in Xcalibur software. PE and PC intensities were
normalized to the spiked-in internal standards containing both PE
(14:0/14:0) (Avanti) and PC (14:0/14:0) (Avanti) for normalization in
negative and positive ion modes, respectively.
Nuclear and post-nuclear membrane fraction lipids were analyzed
similarly. 3T3-L1 cells were cultured differentiated as described above.
On day 5 of differentiation, cells were treated with lentivirus for
scrambled or PexRAP shRNA for 48 h. Cells were then maintained in
DMEM media with 10% FBS for 7 days prior to being harvested. Cells
were lysed in 1� peroxisome extraction buffer (from Sigma Peroxi-
some Isolation Kit) using a dounce homogenizer. The nuclear fraction
was pelleted by spinning the whole cell lysate at 1,000 � g for 10 min
at 4 �C. The supernatant was subsequently spun at 21,000 � g for
25 min at 4 �C to pellet a post-nuclear membrane fraction. These
fractions were normalized by total protein content. Lipid extraction and
mass spectrometry analysis was the same as above.

2.12. Cholesterol measurement using GCeMS
For measurement of free cholesterol levels, lipids were extracted and
dried as described above. The dried lipid residue was resuspended in
100 mL of a mixture of 1:0.8:2.2 (v/v/v) BSTFA with 1% TMCS:pyr-
idine:acetonitrile, vortexed, and heated at 65 �C for 1 h.
Electron ionization (EI) GCeMS analysis was conducted on an Agilent
(Santa Clara, CA USA) 7890A GC coupled with Agilent 5975C MSD
using a 25-m Agilent J & W capillary column (DB-1; inner diameter,
0.25 mm; film thickness, 0.1 mm). An aliquot of 2 mL of the derivatized
solution was injected in a 1/10 split mode onto the GC/MS system
controlled by Agilent ChemStation software. The temperature program
started at 200 �C and held for 3 min, ramped 10 �C/min until 300 �C,
held at 300 �C for 7 min.
GC/MS analysis of cholesterol was acquired in selected ion mode. The
dwelling times for ions selected for monitoring cholesterol (m/z 458.4,
368.3 and 329.3) and d7-cholesterol (m/z 465.4, 376.3, 336.3) were
set at 100 ms. d7-Cholesterol and cholesterol peaks were eluted at
14.657 and 14.689 min, respectively, and the peak areas of the
Indigenous cholesterol and the added d7-cholesterol internal standard
peaks from samples were integrated and quantitation was achieved
using the standard curve established by a series of injection of various
cholesterol/d7-cholesterol ratio mixtures.

2.13. Statistical analysis
Data are presented as mean � standard error of mean (SEM) unless
stated otherwise. Comparisons between two groups were performed
using an unpaired, two-tailed t test. When n > 19 comparisons were
made, p values were adjusted for multiple comparisons with a
BenjaminieHochberg adjustment (referred to as false discovery rate,
FDR). ANOVA with Bonferroni’s or Tukey’s multiple comparison test
was used for comparisons between more than 2 groups. A p value (or
4 MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. T
adjusted p value, when relevant) less than 0.05 was considered sig-
nificant. Statistical analysis and graphs were generated using either
GraphPad Prism software or the R statistical programming language.

3. RESULTS

3.1. Adipose-specific knockout of PexRAP promotes diet-induced
obesity
The acyl DHAP pathway of lipid synthesis is required for the production
of ether-linked phospholipids, such as plasmalogens, and also con-
tributes to the synthesis of conventional diacyl phospholipids [20]. The
process begins in peroxisomes but is completed in the ER (Figure 1A).
PexRAP, the terminal enzyme in the peroxisomal component of the
pathway, reduces alkyl- or acyl-DHAP into the ether lipid precursor
AGP or LPA, a precursor of conventional diacylphospholipids [11].
Immunofluorescence analysis confirmed that PexRAP is localized in
peroxisomes in iWAT adipocytes (Figure S1A). We previously reported
that inducible global knockout of PexRAP promotes robust browning of
subcutaneous WAT and demonstrated that this effect is cell autono-
mous [15]. However, how PexRAP is related to diet-induced obesity
has not been investigated. In wild-type C57BL/6J mice fed a high fat
diet (HFD), PexRAP expression increased in iWAT, a subcutaneous
adipose tissue depot which is prone to browning, while no change was
detected in gonadal WAT (gWAT) or brown adipose tissue (BAT).
Conversely, high fat feeding decreased the expression of the lipogenic
enzyme fatty acid synthase (FASN) as expected, especially in gWAT
(Figure 1B).
To investigate the role of PexRAP in diet-induced obesity and meta-
bolic homeostasis, we studied mice with an adipose-specific
knockout of PexRAP (PexRAP-AKO) that were generated by crossing
adiponectin-Cre mice with PexRAP-floxed mice. PexRAP knockout in
adipose tissue was validated by Western blot analysis (Figure 1C).
Consistent with our previously published results [15], PexRAP-AKO
mice fed an adjusted calories diet containing 42% kcal from fat
(TD.88137) had no significant difference in body weight or body
composition (Figure S1B). Surprisingly, high fat feeding (60 kcal% fat;
Research Diets D12492) resulted in significantly higher body weight in
PexRAP-AKO compared to control animals (Figure 1D). Body
composition analysis using Echo-MRI revealed a specific elevation of
fat mass with no change in lean mass in PexRAP-AKO mice
(Figure 1E). The knockout mice had heavier iWAT fat depots, though
masses of gWAT, liver, and BAT did not differ from control mice
(Figure 1F). Histologic analysis of adipose tissue depots and liver
revealed that the adipocytes in iWAT were markedly larger in PexRAP-
AKO mice, while there were no major differences in the morphology of
other tissues (Figure 1G). Quantification of adipocyte size confirmed
that adipocytes in iWAT, but not gWAT, were significantly larger in the
knockout animals (Figure 1HeI).
The increased adiposity in PexRAP-AKO was not associated with
altered food intake, ambulatory movement, fecal output, or fecal fat
content in HFD-fed mice, suggesting that the exacerbated diet induced
obesity in these mice is not due to changes in caloric intake, nutrient
absorption, or physical activity (Figure S1CeF). Resting energy
expenditure measured after 12 weeks of high fat feeding, prior to
emergence of a body weight difference between the genotypes,
trended lower in PexRAP-AKO mice, but the effects did not reach
statistical significance (Figure S1GeH), possibly because indirect
calorimetry is not sufficiently sensitive to detect subtle changes in
energy expenditure that impact body weight over a prolonged period
[21,22]. Moreover, indirect calorimetry indicated respiratory exchange
ratio was not altered in PexRAP-AKO mice (Figure S1I).
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: PexRAP-AKO mice have increased diet induced obesity. A) Diagram of the peroxisomal pathway involved in ether lipid synthesis. The initial steps of ether lipid
synthesis occur in peroxisomes, generating 1-O-alkyl glycerol-3-phosphate (AGP), a precursor of ether lipids, such as plasmalogens. The subsequent steps take place in the
endoplasmic reticulum (ER). Peroxisomes can also generate lysophosphatidic acid (LPA), a precursor of conventional diacyl phospholipids. Structures of a diacyl phospholipid and a
plasmalogen are shown, where X is usually a choline or an ethanolamine. Abbreviations: ACSL, acyl-CoA synthetase; AGPS, alkylglycerone phosphate synthase; DHAP, dihy-
droxyacetone phosphate; FAR1, fatty acyl-CoA reductase; GNAPT, glyceronephosphate O-acyltransferase; PexRAP, Peroxisomal Reductase activating PPARg. B) qPCR analysis of
PexRAP and FASN gene expression in wild-type C57BL/6J mice fed a chow or high-fat diet (60% kcal fat) for 22 weeks (n ¼ 11e13 for iWAT and gWAT, 5e7 for BAT). C) Western
blot analysis of iWAT tissue from control or PexRAP-AKO mice. D) Body weight of male control and PexRAP-AKO mice fed a high fat diet (HFD, 60% kcal fat) beginning at 8 weeks
of age (n ¼ 8e9). E) Body composition results from EchoMRI analysis of male control and PexRAP-AKO mice fed a HFD for 16 weeks (n ¼ 7e9). F) Mass of tissues from male
control and PexRAP-AKO mice fed a HFD for 16 weeks (n ¼ 6e8). G) Hematoxylin and eosin (H&E) staining of formalin-fixed paraffin embedded (FFPE) tissues from male control
and PexRAP-AKO mice fed a HFD for 19 weeks from which H) iWAT and I) gWAT cell area were quantified (n ¼ 3 mice/group) using AdipoSoft/ImageJ [60]. Data are shown as
mean � SEM. Comparisons between groups were made with a two-tailed unpaired Student’s t-test (B,D,E,F,H,I).
3.2. PexRAP-AKO mice have disrupted glucose homeostasis,
impaired insulin signaling, and increased adipose tissue
inflammation
While excessive adiposity is typically associated with increased risk of
developing diabetes, obesity does not necessarily lead to metabolic
dysfunction [23,24]. We thus sought to characterize the metabolic
phenotype of HFD fed PexRAP-AKO mice to determine where these mice
fall on the disease spectrum. Under high fat feeding, PexRAP-AKO mice
exhibited impaired glucose tolerance (Figure 2AeB) in the context of
MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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increased insulin secretion (Figure 2C), suggesting that the knockout
mice are insulin resistant. Analysis of the area of the curve (AOC), which
most accurately reflects glucose tolerance or insulin responsiveness
independent of alterations in basal blood glucose [25], confirmed that
adipose tissue PexRAP deficiency significantly increases glucose intol-
erance (Figure 2B). Insulin tolerance testing suggested that HFD-fed
PexRAP-AKO mice have decreased insulin sensitivity, though the re-
sults were confounded by mildly increased basal glucose levels in the
knockout mice (Figure 2D). Subtracting the baseline area (AOC) indicated
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Figure 2: PexRAP-AKO mice fed a high fat diet (60% kcal fat) have impaired glucose homeostasis, decreased insulin signaling, hyperlipidemia, and increased immune
cell infiltration of adipose tissue. A) Glucose tolerance test and B) area of the curve measurements of male control and PexRAP-AKO mice fed a HFD for 12 weeks (n ¼ 17e18).
C) Glucose-stimulated insulin secretion of male control and PexRAP-AKO mice fed a HFD (n ¼ 7e9). D) Insulin tolerance test and E) area of the curve measurements of male
control and PexRAP-AKO mice fed a HFD for 12 weeks (n ¼ 7e9). FeH) Western blot analysis in iWAT (F), gWAT (G), and liver (H) of male HFD-fed control or PexRAP-AKO mice
injected intraperitoneally with vehicle or insulin. Tissues were harvested 10 min after insulin injection. AKT phosphorylation was analyzed at Thr308 and Ser473. I) Serum tri-
glyceride and J) cholesterol levels of ad-libitum fed male control or PexRAP-AKO mice following 12 weeks of HFD feeding (n ¼ 4). K) Media glycerol levels (normalized to tissue
weight) of fresh iWAT explants from HFD-fed control or PexRAP-AKO mice incubated in media containing vehicle or isoproterenol for 2 h (n ¼ 4). L) F4/80 staining and
quantification in gWAT tissue from male control and PexRAP-AKO mice fed a HFD for 16 weeks. M) qPCR analysis of gene expression of gWAT tissue from male control and
PexRAP-AKO mice fed a HFD for 16 weeks. Data are shown as mean � SEM. Comparisons between groups were made with a two-tailed unpaired Student’s t-test
(A,B,C,D,E,I,J,L,M) or two-way ANOVA with Bonferroni’s multiple comparison test (K).
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a trend towards insulin resistance in PexRAP-AKO mice (Figure 2E).
Elevated basal glucose levels despite increased insulin secretion sug-
gested hepatic insulin resistance. However, there was no alteration in
pyruvate tolerance in PexRAP-AKO mice (Figure S2A), suggesting that
increased gluconeogenesis is not involved in the observed metabolic
phenotype. Western blot analysis of insulin-stimulated AKT
6 MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. T
phosphorylation in iWAT (Figure 2F), gWAT (Figure 2G), liver (Figure 2H),
BAT (Figure S2B) and skeletal muscle (Figure S2C) revealed impaired
insulin signaling in these metabolic tissues and suggested that PexRAP-
AKO mice have systemic insulin resistance.
Serum analysis in ad-libitum fed PexRAP-AKO mice revealed that,
although free fatty acid levels were unaffected (Figure S2D),
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triglycerides were significantly increased (Figure 2I) and cholesterol
was almost significantly increased (Figure 2J). Assaying lipolysis ex-
vivo showed that PexRAP inactivation does not alter basal lipolysis in
iWAT of HFD-fed mice but decreases lipolytic capacity following
stimulation with isoproterenol (Figure 2K), suggesting that the
observed hyperlipidemia is not due to increased lipolysis and likely
reflects increased adipose tissue lipid synthesis or elevated hepatic
very-low density lipoprotein secretion associated with reduced insulin
action in the liver. Further supporting a lipid-mediated origin of
metabolic disruption, levels of circulating leptin and resistin, two key
metabolic hormones, were unaltered in PexRAP-AKO mice
(Figure S2EeF).
Finally, obesity is associated with adipose tissue inflammation, which
contributes to insulin resistance and NAFLD [26]. Since obesity-
associated inflammation is more intense in visceral WAT as
compared to subcutaneous WAT [27], we assessed recruitment of
macrophages in gWAT, a visceral adipose depot. Immunohistochem-
istry analysis demonstrated that PexRAP-AKO mice exhibit increased
F4/80þ macrophage infiltration into gWAT with characteristic crown-
like structures (Figure 2L), a result corroborated by quantitative real-
time PCR (qPCR) analysis of F4/80 mRNA levels (Figure 2M).
Together, these findings reveal that HFD-fed PexRAP-AKO mice have
multiple hallmarks of metabolic syndrome and obesity-associated
diabetes including insulin resistance, glucose intolerance, hyperlipid-
emia, and adipose tissue inflammation.

3.3. BAT-specific knockout of PexRAP is not sufficient to affect
adiposity or metabolism in HFD-fed mice
To determine if deletion of PexRAP in brown fat alone is sufficient to
affect adiposity and metabolism, we generated mice with BAT-
specific knockout of PexRAP (PexRAP-BKO) by crossing PexRAP
floxed mice with UCP1-Cre mice. Gene expression analysis confirmed
the selective knockout of PexRAP in BAT with no change in PexRAP
expression in iWAT (Figure S3A). Metabolic phenotyping of HFD fed
mice revealed that PexRAP-BKO did not alter diet induced obesity
(Figure S3B), body composition (Figure S3C), or systemic glucose
homeostasis, including glucose tolerance (Figure S3D) or insulin
sensitivity (Figure S3E). Gene expression analysis (Figure S3F) and
cold tolerance testing (Figure S3G) indicated that the thermogenic
function of BAT was also not affected by BAT-specific knockout of
PexRAP. Together, these results suggest that metabolic dysfunction
associated with pan-adipose knockout of PexRAP is likely mediated
by disruption of peroxisomal lipid synthesis in WAT or both WAT and
BAT.

3.4. PexRAP-AKO mice exhibit increased expression of genes
involved in de novo lipogenesis and cholesterol synthesis in iWAT
While the metabolic phenotype of HFD-fed PexRAP-AKO mice is sys-
temic, we hypothesized that the underlying mechanism is adipose
tissue-autonomous. To explore the primary effects of PexRAP inacti-
vation in adipose tissue independent of secondary effects of the
observed increases in diet-induced obesity and glucose homeostasis,
we conducted bulk RNA sequencing (RNA-seq) on iWAT from chow-fed
PexRAP-AKO and control mice. Differential expression analysis
revealed that adipose-specific PexRAP knockout significantly alters the
abundance of many mRNAs and confirmed effective PexRAP ablation
(Figure 3AeB). In response to PexRAP knockout, the two most
significantly upregulated genes are lysophosphatidylcholine acyl-
transferase 3 (Lpcat3) and acyl-CoA synthetase long chain family
member 3 (Acsl3) (Figure 3A). Lpcat3 is a phospholipid remodeling
MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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enzyme that plays a key role in ameliorating lipotoxic ER stress in the
liver [28,29], and Acsl3 activates long-chain fatty acids into fatty Acyl-
CoA esters and is induced in response to ER stress in the liver [30,31],
together suggesting that the predominant effects of PexRAP-AKO relate
to its role in lipid metabolism and that ER stress might be one feature of
lifelong PexRAP deletion.
Paradoxically, despite the increased diet-induced obesity, PexRAP
inactivation also resulted in increased expression of multiple genes
involved in UCP1-dependent thermogenesis (Figure S4A), consistent
with our previous observation that acute PexRAP deletion promotes
adipocyte browning [15]. Significantly increased (p < 0.05) genes
included the thermogenic transcription factors PPARa and Ppargc1a,
and Cox8b, a subunit of the cytochrome c oxidase complex. The genes
that trended higher included UCP1, Cidea and Dio2. However, genes
involved in UCP1-independent thermogenic processes were minimally
affected (Figure S4A). qPCR analysis confirmed that knockdown of
PexRAP in iWAT-derived adipocytes using shRNA results in significant
increases in the expression of genes involved in the classical ther-
mogenesis pathway, including UCP1 and Cidea (Figure S4B). To
determine the effect of PexRAP inactivation on thermogenesis,
PexRAP-AKO and control mice were subjected to a 6-h cold challenge.
Body temperature was not different between the genotypes
(Figure S4C), indicating that the modestly increased adipocyte
browning in PexRAP-AKO mice does not translate to increased ther-
mogenesis. In conjunction with the differential expression RNA-seq
analysis results (Figure 3A), these data suggest that while chronic
PexRAP ablation increases thermogenic gene expression, the in-
creases are modest, and the transcriptomic response to PexRAP-AKO
is instead predominated by changes in lipid metabolic genes. We also
measured lipogenic gene expression in iWAT of mice housed at
thermoneutrality (30�C) for 14 days. FASN was still significantly
increased in PexRAP-AKO mice compared to control animals
(Figure S4D), further suggesting that the elevated lipogenic gene
expression is unrelated to thermogenesis.
For an unbiased exploration into shared functions of differentially
expressed genes, which we defined as those with false discovery rate
(FDR) < 0.05, we next performed gene ontology (GO) based pathway-
enrichment analysis. This analysis revealed a significant enrichment of
differentially expressed genes involved in both cholesterol and lipid
biosynthesis, sterol regulatory element binding protein (SREBP)
signaling, and very-low density lipoprotein particle assembly
(Figure 3C). Further exploration of cholesterol biosynthetic process
(GO:0006695), the top pathway from the pathway-enrichment anal-
ysis, revealed that nearly all genes in this pathway were upregulated,
and those downregulated genes include only various isoforms of Ces1
(Carboxylesterase 1), a lipase [32], and Prkaa1 (Protein Kinase AMP-
Activated Catalytic Subunit Alpha 1), which inhibits lipid biosynthesis
through its role as a catalytic subunit of AMPK (Figure 3D) [33]. Gene
set enrichment analysis (GSEA) suggested that PexRAP-AKO increases
abundance of mRNAs encoding lipid biosynthetic enzymes by returning
the lipid biosynthetic process GO term (GO:0008610) as the most
significantly enriched pathway (Figure 3E). Key genes involved in de
novo lipogenesis, including stearoyl-CoA desaturase 1 and 2 (Scd1 and
Scd2), acyl-CoA synthetase (Acss2), acetyl-CoA carboxylase (Acc1)
and FASN were significantly upregulated (p < 0.05) despite being
among the most abundantly expressed genes in the dataset
(Figure 3F). Further analysis revealed that nearly all genes involved in
de novo lipogenesis were elevated in iWAT of PexRAP-AKO mice
(Figure 3G) in a manner we hypothesized to be physiologically relevant
due to their high abundance (Figure 3F).
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Figure 3: PexRAP-AKO increases transcription of genes involved in de novo lipogenesis and cholesterol synthesis in iWAT. A) Volcano plot of differentially expressed
genes from bulk RNA-sequencing analysis of iWAT from PexRAP and control mice. Several genes that were very significantly increased are highlighted. B) Heatmap of logCPM
value-derived Z-scores. C) Gene ontology (GO) pathway enrichment analysis of genes differentially expressed (FDR � 0.05) in PexRAP-AKO mice. D) Heatmap of all genes in the
cholesterol biosynthetic process GO term (GO:0006695). E) Enrichment plot of GO:0008610 (lipid biosynthetic process), a top result of an unbiased GSEA analysis. F) MA plot (logFC
vs. logCPM) of results of differential expression analysis of RNA-seq data from control and PexRAP-AKO mice (n ¼ 5/group for all). G) Heatmap of key lipid synthetic genes.
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3.5. PexRAP ablation induces lipogenesis through activation of LXR
Since PexRAP-AKO mice exhibit increased diet-induced obesity and
insulin resistance, we determined whether PexRAP deficiency also
results in increased lipogenic gene expression in the context of high fat
feeding. qPCR analysis demonstrated that the mRNA levels of lipogenic
genes significantly increase in iWAT of HFD-fed PexRAP-AKO mice,
with FASN being upregulated nearly 5-fold (Figure 4A). To determine if
the elevated gene expression translates to increased FASN activity, we
measured incorporation of 14C-malonyl-CoA into fatty acids in iWAT
8 MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. T
lysates from HFD-fed PexRAP-AKO and control mice. PexRAP knockout
significantly increased FASN-mediated lipogenesis (Figure 4B).
We next sought to understand the molecular mechanism underlying the
increased lipogenic gene expression associated with PexRAP inactiva-
tion. Based on the high enrichment of upregulated genes in GO terms
concerning lipogenesis, cholesterol synthesis (Figure 3C), and SREBP
regulation, we hypothesized that PexRAP-AKO increases SREBP-driven
transcription of lipogenic genes. Transcription factor enrichment anal-
ysis with HOMER, however, revealed LXR and NFY as the only two
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Figure 4: PexRAP inactivation induces lipogenesis through activation of LXR. A) qPCR analysis of lipogenic genes in iWAT from male control or PexRAP-AKO mice fed a HFD
(60% kcal fat) for 14 weeks (n ¼ 3e4). B) Counts per minute results of 14C-Malonyl CoA de-novo lipogenesis assay performed on iWAT from male control or PexRAP-AKO mice fed
a HFD for 14 weeks (n ¼ 3e4). C) Top results from hypergeometric motif enrichment analysis (HOMER) of genes differentially expressed (FDR � 0.05) in PexRAP-AKO mice
according to RNA-seq analysis (n ¼ 5). D) Schematic of LXR reporter construct. E) Normalized luminescence and F) green fluorescence microscopy from 3T3-L1 cells stably
transfected with a plasmid expressing GFP and firefly luciferase under control of a LXR response element (LXRE), differentiated to white adipocytes, and then treated with
scrambled (SC) or PexRAP shRNA and GW3965 or vehicle (DMSO) (n ¼ 6). G) qPCR analysis of lipogenic genes in 3T3-L1 cells differentiated to white adipocytes and then treated
with scrambled (SC) or SREBP1 shRNA followed by SC or PexRAP shRNA (n ¼ 5e6). H) qPCR analysis and I) Western blot analysis of 3T3-L1 cells differentiated to white adipocytes
and then treated with scrambled (SC) or LXRab shRNA followed by SC or PexRAP shRNA (n ¼ 4). J) Western blot analysis of 3T3-L1 cells differentiated to white adipocytes and
then treated with scrambled (SC) or PexRAP shRNA. K) Western blot analysis of iWAT from male control or PexRAP-AKO mice fed a HFD for 14 weeks. L) CHOP mRNA expression in
iWAT of PexRAP-AKO (N ¼ 4) and control (N ¼ 3) mice fed a HFD for 19 weeks. Data are shown as mean � SEM. Comparisons between groups were made with a two-tailed
unpaired Student’s t-test (A,B,E, L) or two-way ANOVA with Tukey’s multiple comparisons test (G,H).
transcription factors with known motifs significantly enriched near the
transcription start sites (TSS) of differentially expressed genes in the
RNA-seq data (Figure 4C) [34]. NFY is a highly conserved and ubiqui-
tously expressed transcription factor [35] that can cooperate with
SREBP1 and SP1 to coordinate transcription of various lipogenic gene
programs [36]. LXR is a nuclear receptor that is activated in response to
MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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increased cellular levels of cholesterol and promotes cholesterol ho-
meostasis and lipogenesis using oxysterols as endogenous ligands
[37,38]. Oxysterols are formed by enzymatic or non-enzymatic oxidation
of cholesterol [39]. Cyp51, a cytochrome p450 protein that promotes
oxysterol production through its role in cholesterol synthesis [40], was
significantly upregulated in the PexRAP-AKO iWAT RNA-seq dataset
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(Figure 3A). Moreover, HOMER analysis identified known LXR binding
motifs near the TSS of the two most significantly upregulated genes in
the PexRAP-AKO mice, Acsl3 and LPCAT3 (Figure 3A), which are both
known to be direct LXR target genes with functional LXR response el-
ements (LXRE) across multiple mammalian species [29,41]. To deter-
mine if PexRAP inactivation promotes LXR activation in adipocytes, we
used an LXR-dependent reporter that expresses luciferase and GFP
under the control of LXRE paired with a minimal CMV promoter (mCMV)
(Figure 4D). PexRAP knockdown in 3T3-L1 adipocytes markedly
increased LXRE-driven expression of luciferase and GFP, indicating LXR
activation (Figure 4EeF). The validity of the LXRE-driven luciferase assay
was verified through treatment with LXR agonist GW3965 [42], which
elicited an increase in GFP fluorescence in differentiated 3T3-L1 cells
(Figure 4F).
Next, we determined whether LXR is required for PexRAP-inactivation
associated increases in lipogenic gene expression. Although SREBP1
KD did not eliminate the PexRAP-KD induced increase in FASN
expression (Figure 4G), simultaneous knockdown of PexRAP, LXRa,
and LXRb (LXRab KD) in 3T3-L1 adipocytes demonstrated that LXR is a
required mediator of increased FASN mRNA and protein levels in
response to PexRAP KD (Figure 4HeI).
Given the increased expression of the LXR transcriptional target
Lpcat3 (Figures 3A and 4A), a phospholipid remodeling enzyme that
regulates ER stress response [29], we hypothesized that PexRAP
knockout induces ER stress. Analysis of publicly available RNA-seq
data (GSE129442) identified a striking similarity between the tran-
scriptomic responses to PexRAP-AKO in iWAT and lipotoxic ER stress
in 3T3-L1 adipocytes. Every GO term significantly upregulated in iWAT
of PexRAP-AKO mice was also upregulated in palmitate-treated 3T3-
L1 cells (Figure S5). Western blot analysis showed that PexRAP
knockdown (KD) in differentiated 3T3-L1 adipocytes increases the
protein levels of FASN and Grp78/BiP (Figure 4J), which activates the
ER stress response [43]. Furthermore, HFD-fed PexRAP-AKO mice
exhibited increased FASN and Grp78/BiP protein levels in iWAT
(Figure 4K). We also assessed other downstream markers of ER
stress, including PERK phosphorylation and CHOP levels. Although
PERK phosphorylation was not affected (Figure 4K), CHOP mRNA
expression was significantly increased in iWAT of HFD-fed mice
(Figure 4L). Together, these data demonstrate that PexRAP inactiva-
tion increases adipocyte lipogenesis through LXR activation and ini-
tiates ER stress response that is partially attenuated, presumably
because LXR activation mitigates ER stress [29].

3.6. PexRAP KO alters membrane phospholipid composition and
results in cholesterol mislocalization
ER stress has been observed in adipose tissue of metabolically un-
healthy humans and mice [44,45]. In liver, ER stress is known to
dysregulate lipogenesis [46,47]. Aberrant lipogenesis can in turn
further contribute to ER stress by increasing PC/PE ratio, forming a
problematic positive feedback loop wherein ER stress induces lipo-
genesis, which in turn causes further ER stress [48]. PexRAP is
involved in the synthesis of ether-linked phospholipids, but can also
affect the levels of diacyl phospholipids, such as PC and PE. Global
PexRAP knockout decreases the levels of ether lipid analogs of PC but
results in compensatory increases in diacyl PC species in neutrophils
[16]. To determine if adipose-specific PexRAP deletion affects phos-
pholipid levels similarly, we conducted shotgun electrospray ionization
mass spectrometry (ESI-MS) on adipose tissue of HFD-fed control or
PexRAP-AKO mice. Analysis of PC and PE phospholipids revealed that
PexRAP deletion markedly decreases levels of multiple PE plasmal-
ogens in both nuclear (Figure 5A,B) and postnuclear membrane
10 MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. T
(Figure S6A and B) fractions. The purity of subcellular fractionation was
confirmed via western blot against PexRAP alongside known peroxi-
somal, mitochondrial, and nuclear markers (Figure S6C). PexRAP
knockdown in differentiated 3T3-L1 adipocytes elicited similar de-
creases in PE plasmalogens, suggesting that the lipodomic changes
observed in vivo represent a cell-autonomous effect of PexRAP
depletion (Figure 5C,D). More robust coverage of the lipidome in vitro
allowed us to calculate PC/PE intensity ratios, which revealed that
PexRAP knockdown significantly increased the PC/PE ratio in the nu-
clear fraction and trended towards increasing the ratio in the post-
nuclear membrane fraction (Figure 5E). Supplementary Table 1 and
Supplementary Table 2 list all lipid species identified in the nuclear and
postnuclear membrane fractions, respectively.
Static levels of individual lipid species reflect the summed effect of
synthesis, degradation, and remodeling processes. Given that PexRAP
deletion alters levels of many key lipid synthesis and remodeling en-
zymes including FASN and Lpcat3, we sought to determine if the
decreased levels of PE plasmalogens in PexRAP depleted cells reflects
decreased synthesis of these lipids or instead results from increased
activity of other lipid metabolic processes such as remodeling. To do
this, we used ESI-MS to trace flux of 13C from [U13C6]-glucose into
specific lipid species after knockdown of PexRAP in differentiated 3T3-
L1 cells (Figure 5F). Isotope incorporation into an abundantly present
plasmalogen species was detected well above the levels expected due
to naturally occurring 13C alone in both control and KD samples,
demonstrating the validity of our [U13C6]-glucose treatment dose and
duration (Figure S6D). Furthermore, PexRAP knockdown resulted in a
significant decrease in incorporation of 13C into PE-plasmalogen
species relative to control cells (Figure 5G), suggesting that the
decreased levels of PE plasmalogens in PexRAP depleted cells and
tissue is a direct result of the decreased synthesis of these species.
Ether lipids, including plasmalogens, are required for the organization
and stability of lipid rafts, cholesterol-rich membrane microdomains
involved in cell signaling [49]. Previous studies show that
plasmalogen-deficient GNPAT knockout mice exhibit disruption of lipid
raft formation, resulting in mislocalization of cholesterol to a peri-
nuclear compartment [10]. To test if PexRAP depletion has a similar
effect, we knocked down PexRAP in differentiated 3T3-L1 adipocytes
and imaged intracellular cholesterol using Filipin III. PexRAP-KD cells
demonstrated an increase in nuclear cholesterol localization which
was rescued with supplementation of the downstream ether lipid in-
termediate 1-O-alkyl glycerol (AG) (Figure 6A,B). Measuring total
cholesterol levels in nuclear or postnuclear membrane fractions of
iWAT from HFD fed mice using electrospray ionization gas chroma-
tography mass spectrometry (GCeMS) confirmed this increase in
nuclear cholesterol levels in vivo and revealed a concomitant decrease
in postnuclear membrane cholesterol levels (Figure 6C). LXR, which is
activated in response to PexRAP knockdown, is a nuclear receptor
known to be activated endogenously by cholesterol derivatives called
oxysterols [38]. Notably, we found that treating differentiated 3T3-L1
cells with AG, which rescues PexRAP-KD induced cholesterol mis-
localization, also completely attenuates the PexRAP-KD induced acti-
vation of LXR (Figure 6D).
Together, these results suggest that the loss of PexRAP-derived PE
plasmalogens disrupts cellular membrane phospholipid composition
and thus induces cholesterol mislocalization and mild ER stress.
Mislocalized cholesterol in turn activates LXR and its downstream de
novo lipogenic gene program. In the context of HFD feeding, this
aberrant activation of DNL is deleterious and promotes insulin resis-
tance, glucose intolerance, and increased diet induced obesity
(Figure 7).
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Figure 5: PexRAP deletion is associated with decreased synthesis of PE plasmalogens and increased PC/PE ratio. Targeted ESI-MS analysis of PC and PE species from the
nuclear fraction of iWAT from HFD fed male control and PexRAP-AKO mice, expressed as A) logFC values (PexRAP-AKO versus Control) and B) absolute concentrations. C) Shotgun
ESI-MS analysis of PC and PE species from the nuclear fraction and D) post-nuclear membrane fraction of 3T3-L1 cells differentiated to white adipocytes and then treated with
scrambled (SC) or PexRAP shRNA (species with adjusted p-value less than or equal to 0.01 are shown). E) PC/PE ratios based on lipid changes in C and D (n ¼ 4). F) Schematic
showing ways in which 13Carbon may be incorporated to phospholipids from glucose. G) Volcano plot of isotope incorporation in control cells versus PexRAP-KD cells from an ESI-MS-
based 13Carbon-flux analysis of 3T3-L1 cells differentiated to white adipocytes, treated with scrambled (SC) or PexRAP shRNA, and then maintained in [U13C6]-glucose containing
media for 5 days (n ¼ 4, species with adjusted p-value less than or equal to 0.05 are shown). Data are shown as mean � SEM (B, E). Comparisons between groups were made with
a two-tailed unpaired Student’s t-test adjusted for multiple comparisons using the BenjaminieHochberg method (A,C,D,G) or a two-tailed unpaired Student’s t-test (B, E).
4. DISCUSSION

Our previous studies indicate that PexRAP inhibits thermogenic gene
expression by competing with PRDM16 for interaction with PPARg
[15]. Although PexRAP inactivation results in increased expression of
brown adipocyte genes such as UCP1 and Cidea in subcutaneous WAT,
MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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here we report that adipose-specific knockout of PexRAP paradoxically
promotes diet-induced obesity and insulin resistance through activa-
tion of LXR-dependent lipogenesis via an alternative mechanism.
PexRAP ablation in adipocytes alters the nuclear membrane phos-
pholipid composition through loss of certain species of PE plasmal-
ogens, resulting in cholesterol mislocalization and activation of LXR,
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Figure 6: PexRAP depletion is associated with cholesterol mislocalization to the nucleus and LXR activation in an alkyl glycerol-dependent manner. A) Schematic
depicting timeline of alkyl glycerol (AG) rescue in PexRAP-KD or control 3T3-L1 adipocytes. B) Fluorescence microscopy of cholesterol (Filipin III, blue) and nuclei (Nuclear-ID, red) in
differentiated 3T3-L1 adipocytes. Nuclear localization of cholesterol is indicated by white arrows. Quantification of mean fluorescence of nuclear Filipin III staining is shown on the
right (n ¼ 4). C) GCeMS quantification of total cholesterol in nuclear and postnuclear membrane fractions of iWAT tissue from HFD-fed control or PexRAP-AKO mice (n ¼ 4e5). D)
Normalized luminescence of 3T3-L1 cells stably transfected with a plasmid expressing GFP and firefly luciferase under control of a LXR response element (LXRE), differentiated to
white adipocytes, treated with scrambled (SC) or PexRAP shRNA and finally treated with AG (n ¼ 24). Data are shown as mean � SEM. Comparisons between groups were made
with a two-tailed unpaired Student’s t-test (B,C,D).
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which increases expression of the membrane remodeling protein
LPCAT3. LXR activation also promotes cholesterol homeostasis and
FASN-mediated DNL. When challenged with a HFD, activation of adi-
pose tissue DNL increases diet induced obesity and impairs glucose
homeostasis. Together, these studies suggest that PexRAP regulates
metabolic homeostasis by maintaining a balance between adipocyte
browning and aberrant activation of lipogenesis. However, in the
context of high fat feeding, the activation of lipogenesis has the
dominant effect, resulting in metabolic dysregulation.
In the liver, the complex relationships between prolonged positive
energy balance and DNL are well characterized. Excessive food intake
activates hepatic DNL, increasing the cellular PC/PE ratio. The elevated
PC/PE ratio in the ER membrane in turn impairs SERCA activity and
thus Ca2þ transport, inducing ER stress and further promoting lipo-
genesis, constituting a positive feedback cycle [48]. In response to this
lipotoxic ER stress, LXR is activated and induces Lpcat3 to promote
phospholipid remodeling and incorporation of unsaturated phospho-
lipids into the ER membrane [29]. Lpcat3-mediated incorporation of
unsaturated phospholipids into the ER membrane has also been shown
to promote post-translational processing of SREBP1, which is also
regulated by LXR, demonstrating a close connection between the
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lipotoxic ER stress response and DNL since LXR simultaneously acti-
vates both processes [50]. LXR is activated by increased intracellular
cholesterol [38]. Cholesterol is reported to be present in nuclear
membranes, where it is implicated in promoting the formation of
membrane microdomains [51,52]. Given the importance of plasmal-
ogens in the assembly of microdomains [9,10], our studies indicate the
existence of an alternative mechanism of LXR activation through
regulation of cholesterol homeostasis by nuclear plasmalogens. Our
results suggest that PexRAP deletion induces lipotoxic stress by dis-
rupting the nuclear PC/PE ratio by decreasing PE plasmalogens, which
releases cholesterol from nuclear membranes. This, in turn, results in
LXR activation to increase lipogenesis.
These results shed light on the role of PexRAP-derived phospholipids
in adipocytes, suggesting that they function to promote membrane
homeostasis. Whether this reflects a general effect of PexRAP-
derived lipids on membrane fluidity or simply that PexRAP contrib-
utes to the production of many unsaturated phospholipids remains
unclear. Notably, the cellular effects of PexRAP-KO are reminiscent of
Zellweger syndrome disease models such as Pex2�/� mice, which
have hepatic increases in levels of Grp78/BiP, FASN, and Insig1
[53,54]. Loss of peroxisome-derived lipids might be an important link
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 7: Proposed mechanism by which adipose-specific PexRAP deletion increases diet-induced obesity and insulin resistance. Loss of PexRAP decreases the amount
of phosphatidylethanolamine (PE) plasmalogens present in cellular membranes. The absence of these key membrane lipids leads to release of membrane cholesterol, which is
sensed by the sterol-regulated transcription factor Liver X receptor (LXR). LXR dimerizes with RXR to drive a transcriptional program characterized by increased expression of
lysophosphatidylcholine acyltransferase 3 (Lpcat3), which remodels the PE-plasmalogen deficient membranes, and de novo lipogenesis genes. Aberrant activation of lipogenic
genes in adipose tissue drives diet-induced obesity, hyperlipidemia and insulin resistance. Created with BioRender.
between peroxisome deficiency and disease, in which case supple-
mentation of these lipids might partially correct the Zellweger
phenotype.
The adipose-specific disruption of peroxisomal lipid synthesis in this
study yields insight into the role of adipose tissue DNL in propagating
the diabetic phenotype. Although chREBP-driven DNL in adipose tis-
sue has emerged as a systemically beneficial insulin-sensitizing
process [55], our results suggest that an LXR-driven program of
adipose tissue lipogenesis impairs metabolic homeostasis, supporting
earlier studies demonstrating that adipose-specific overexpression of
SREBP1a promotes fatty liver and adipocyte hypertrophy [56]. Simi-
larly, an inverse correlation between adipose tissue DNL and meta-
bolic health has been observed in humans who have undergone
bariatric surgery [57], further suggesting heterogeneity in the effects
of DNL on systemic metabolism. The divergent effects of ChREBP-
and LXR/SREBP-driven DNL might relate to their unique endogenous
regulatory mechanisms. While ChREBP is activated by carbohydrates
such as glucose [54], LXR and SREBP respond to intracellular or
intramembrane sterol lipids [36]. The lipogenic activity of LXR limits
the potential use of LXR agonists for treatment of atherosclerosis or
Alzheimer disease [38].
Lipogenesis, by definition, is simply the conversion of sugars to lipids.
Palmitate (C16:0), the primary product of DNL, is generally toxic but
MOLECULAR METABOLISM 82 (2024) 101913 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
can be modified by various cellular elongases or desaturases to yield
systemically-beneficial lipids such as palmitoleate or fatty acidehy-
droxyefatty acids [58]. It is thus not surprising that distinct lipogenic
transcription factors might have opposing effects on physiology despite
promoting expression of many of the same canonical lipogenesis
genes. Furthermore, even within single lipogenic transcriptional pro-
grams, disruption of individual genes often has opposite, deleterious
effects compared to perturbation of the master regulator such as
ChREBP [59]. Characterizing these distinct lipogenic programs has the
potential to identify strategies for modifying adipose tissue function to
treat obesity and diabetes.
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