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ARTICLE INFO ABSTRACT

Keywords: Very-long chain acyl-CoA dehydrogenase (VLCAD) catalyzes the initial step of mitochondrial long chain (LC)
VLCAD deficiency fatty acid p-oxidation (FAO). Inherited VLCAD deficiency (VLCADD) predisposes to neonatal arrhythmias whose
Lipidomic

pathophysiology is still not understood. We hypothesized that VLCADD results in global disruption of cardiac
complex lipid homeostasis, which may set conditions predisposing to arrhythmia. To test this, we assessed the
cardiac lipidome and related molecular markers in seven-month-old VLCAD ™~ mice, which mimic to some
extent the human cardiac phenotype. Mice were sacrificed in the fed or fasted state after receiving for two weeks
a chow or a high-fat diet (HFD), the latter condition being known to worsen symptoms in human VLCADD.
Compared to their littermate counterparts, HFD/fasted VLCAD /™~ mouse hearts displayed the following lipid
alterations: (1) Lower LC, but higher VLC-acylcarnitines accumulation, (2) higher levels of arachidonic acid (AA)
and lower docosahexaenoic acid (DHA) contents in glycerophospholipids (GPLs), as well as (3) corresponding
changes in pro-arrhythmogenic AA-derived isoprostanes and thromboxane B, (higher), and anti-arrythmogenic
DHA-derived neuroprostanes (lower). These changes were associated with remodeling in the expression of gene
or protein markers of (1) GPLs remodeling: higher -calcium-dependent phospholipase A2 and
lysophosphatidylcholine-acyltransferase 2, (2) calcium handling perturbations, and (3) endoplasmic reticulum
stress. Altogether, these results highlight global lipid dyshomeostasis beyond FAO in VLCAD /™ mouse hearts,
which may set conditions predisposing the hearts to calcium mishandling and endoplasmic reticulum stress and
thereby may contribute to the pathogenesis of arrhythmias in VLCADD in mice as well as in humans.

Prostane
Calcium homeostasis
Endoplasmic reticulum stress
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channel; CD, chow diet; DHA, docosahexaenoic acid; ER, endoplasmic reticulum; HFD, high fat diet; IsoP, isoprostane; LCFA, long chain fatty acid; LPC, lyso-
phosphatidylcholine; LPCAT, lysophosphatidylcholine acyltransferase; LPE, lysophosphatidylethanolamine; MS, mass spectrometry; NeuroP, neuroprostane; PL,
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1. Introduction

Very-long chain acyl-CoA dehydrogenase (VLCAD) catalyzes the first
step of long-chain fatty acid (LCFA) mitochondrial p-oxidation. Inheri-
ted VLCAD deficiency (VLCADD) (OMIM #201475), the most prevalent
mitochondrial LCFA oxidation disorder (~1:30000 births [1]), is asso-
ciated with a broad range of clinical phenotypes. The most severe form
of the disease occurs mostly in infants and is characterized by potentially
lethal cardiac lesions including cardiomyopathy, pericardial effusion
and/or arrhythmias [2-5]. Diagnosis of VLCADD relies on plasma
accumulation of long-chain acylcarnitines (LC-ACs) and especially tet-
radecenoylcarnitine (C14:1) [6]. VLCAD deficiency is confirmed by
assessing VLCAD enzyme activity and FA oxidation flux using labeled
oleate or palmitate in patient fibroblasts or lymphocytes [7] and its gene
mutation (ACADVL) is more commonly identified using Sanger meth-
odology [8]. Even though the prognosis of VLCADD has substantially
improved since its inclusion in newborn screening programs promoting
early care in the detected children [9,10], a better understanding of the
pathophysiology of VLCADD is warranted specially to identify new
therapeutic strategies, as current ones failed to prevent clinical symp-
toms in patients with severe VLCADD [11,12].

Energy deficiency is commonly considered as the main cause of
symptoms in patients with VLCADD. Additionally, lipid intermediates
accumulating upstream of the defective enzyme in fibroblasts from pa-
tients with VLCADD, such as LC-ACs and LC-acyl-CoAs as well as com-
plex lipids comprising ceramides or diacylglycerols [13], have been
shown to have deleterious effects in various experimental models. These
effects include endoplasmic reticulum (ER) stress response in C2C12
myotubes [14], inflammation through the activation of the JNK/ERK/
p38 pathway in RAW 264.7 cells [15] as well as in adipocytes isolated
from diabetic or obese patients [16], decreased mitochondrial energy
production in fibroblasts derived from patients with LCFA oxidation
defects [17], alteration of Krebs cycle enzymes activities in rat hearts
[18] and dysregulation of ionic channels embedded in cellular mem-
brane in HEK293 cells [19].

A mouse model of VLCADD (VLCAD /") has been developed
[20,21], albeit it does not reproduce exactly the pathogenesis of
VLCADD in human. Such discrepancy has been attributed to the unex-
pected capacity of VLCAD™~ mice to oxidize LCFAs, likely due to
compensatory mechanisms involving the enzyme long chain acyl-CoA
dehydrogenase (LCAD), which is present in mice, while in humans, its
expression is low in organs with high fatty acid p-oxidation (FAO) rates
such as liver, muscle and heart [22,23]. In support of this notion,
LCAD ™~ mice present a more severe phenotype than their VLCAD ™/~
counterparts [24]. Nevertheless, VLCAD /"~ mice mimic some of the
human phenotype as they gradually develop cardiac dysfunction [25]
and inducible ventricular tachycardia [21]. In addition, we have
demonstrated that despite maintaining normal cardiac contractile
function ex vivo, VLCAD /™ mice exhibit prolongation of the QT interval
in vivo. Furthermore, these mice present unexpected cardiac lipid al-
terations, such as age- and condition-dependent reduced levels of do-
cosahexaenoic acid (C22:6n-3, DHA) in glycerophospholipids (GPLs)
[23]. The latter finding is of particular interest given the known asso-
ciation between n-3 polyunsaturated fatty acids (PUFAs) and cardiac
dysfunction, particularly arrhythmias and ventricular tachycardia
[26-28]. The coverage of lipids beyond FAs, including various GPL sub-
classes or DHA related bioactive metabolites were, however, limited, as
were the potential molecular mechanisms that could be involved in
eliciting arrhythmias. Such bioactive lipids include F4-neuroprostanes
(F4-NeuroP), which are derivative products of non-enzymatic oxidation
of DHA that exert anti-arrhythmic properties in isolated ventricular
cardiomyocytes and in post myocardial infarcted mice [29], and dis-
played cardio-protective properties by reducing apoptosis [30,31].

Hence, this study aimed at further characterizing complex lipid
perturbations of VLCAD ™/~ mice using a combination of comprehensive
untargeted and targeted lipidomic methods by liquid chromatography-
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mass spectrometry (LC-MS). Based on our previous findings of lower
cardiac DHA content in GPLs in 7-month-old VLCAD /"~ ys. control mice
fed a high fat diet (HFD) vs. a standard chow diet (CD), we have used
similarly aged mice and diets. Using mice under the CD/fed condition as
baseline, we aimed at testing the impact of a condition known to worsen
cardiac symptoms in human with VLCADD, namely FA overload as it
occurs under a high-fat diet and fasting (HFD/fasted), where energy
metabolism depends predominantly on FAO. Our findings show that
under the latter condition, VLCAD/~ mice have exacerbated changes in
heart tissue PUFA C22:6n-3 (DHA; lower) vs C20:4n-6 (arachidonic acid;
AA; higher) content in GPLs. and in their respective downstream bio-
logically active metabolites, F4-NeuroP (lower) and Fy-isoprostanes (Fa-
IsoP; higher). Since the latter changes suggested a tipping of the balance
towards pro-arrhythmic metabolites, we then also aimed at evaluating
alterations in molecular markers reflecting potential mechanisms linked
to perturbations in calcium homeostasis as well as the endoplasmic re-
ticulum stress response.

2. Materials and methods
2.1. Animals and study design

2.1.1. Animals

Animal experiments were approved by the local animal care com-
mittee in agreement with the guidelines of the Canadian Council on
Animal Care. VLCAD /™ mice (129svJ X C57BL/6 J genetic background)
were kindly provided by Dr. Arnold Strauss (University of Cincinnati,
College of Medicine [21]). VLCAD /™ males were crossed with C57B1/6
J females to generate heterozygous VLCAD"/~ mice. Mating of hetero-
zygous mice then produced VLCAD /™ mice and control littermate
counterparts (VLCAD™™). All animals were genotyped as previously
described [23]. For this study, male mice were housed in a specific
pathogen-free facility under a 12-h light/dark cycle at constant tem-
perature and with access to water and food ad libitum until they reached
7-month of age. Thereafter, they were divided in different experimental
groups.

2.1.2. Study design

Based on our previous findings demonstrating lowest cardiac DHA
levels in 7-month-old VLCAD-/- vs. VLCAD mice after 2-week of high fat
feeding [23], this study was designed to assess broad changes in the
cardiac lipidome of these mice under baseline condition and under a
condition mimicking metabolic decompensation in human VLCADD,
namely FA overload as it occurs under fasting and with a HFD. There-
fore, 7-month-old VLCAD ™/~ and VLCAD"/* mice were each divided
into two groups, which were fed for 2 weeks either a chow diet (CD;
Harlan Teklad no. 2018; 3.1 kcal/g) or a high-fat diet (HFD; Harlan
Teklad no. 03584; 5.4 kcal/g) ad libitum. The percent calories from
carbohydrates, lipids and proteins from these diets was 58/18/24 and
26.6/58.4/15, respectively and their FA composition is provided in
Supplementary Table 1. All mice were then sacrificed under anesthesia
using ketamine (100 mg/mL) and xylazine (20 mg/mL) either in fed
state for the CD group (CD/fed; reflecting baseline or control condition)
or after fasting for 24 h for the HFD group (HFD/fasted; reflecting the
metabolic decompensation condition under FA overload). Hearts were
excised and immediately (within 2-3 s) snap-frozen with metal tongs
chilled in liquid nitrogen and then stored at —80 °C.

2.2. Lipidomic analyses by HPLC-MS

2.2.1. Targeted analysis: Acylcarnitine (AC) profile

The semi-quantitative analysis of 54 ACs ware performed as previ-
ously described with slight modifications [32]. Briefly, ACs were
extracted from pulverized heart under liquid nitrogen (~20 mg) using
acetonitrile and ether after spiking with the following labeled internal
standards: [2H9] free carnitine, [2H3] acetyl-carnitine, [2H3] propionyl-
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carnitine, [2H3] butyryl-carnitine, [2H3] octanoyl-carnitine, [2H3]
dodecanoyl-carnitine and [U—13C4] palmitoyl-carnitine. Supernatants
were evaporated to dryness under a stream of nitrogen gas and dissolved
in 50 pL methanol plus 50 pL water. Then 4 pL were injected onto a high
performance liquid chromatography (HPLC; Atlantis dC18 silica col-
umn, 50 mm x 4.6 mm, particle size 3 pM, Waters) coupled to a 6460
Triple Quadrupole (QQQ) equipped with an electrospray ionization Jet
Stream source (Agilent Technologies). Chromatographic separation was
achieved as previously described [32]. Data were acquired in positive
dynamic MRM mode for parent ions of m/z 85 and 60 and processed
using Mass Hunter QQQ quantitative software (version B.07, Agilent
technologies). Semi-quantitative analysis was performed for each AC by
normalization to the selected internal standard (the closest in terms of
chain length).

2.2.2. Targeted analysis: Quantification of F4-NeuroP, Fy-IsoP and TXBy

F4-NeuroP, Fy-IsoP and TXB, quantification were performed as pre-
viously described with modifications [33]. Briefly, pulverized hearts
under liquid nitrogen were supplemented with butylated hydrox-
ytoluene plus indomethacin and spiked with the following internal
standards:10-F4-NeuroP-d4, 10-epi-10-F4-NeuroP-d4, 5-Foi-IsoP-d11,
8-Fot-IsoP-d4, 15-Fy-IsoP-d4 and TBX,-d4. Then, an alkaline solution
was added before sample processing in solid phase extraction cartridges
(Strata-X, 60 mg/3 cc, Phenomenex, Torrance, CA, USA) beforehand
preconditioned with methanol and 50 mM sodium acetate buffer (pH 3).
Cartridges were then washed twice: first with water and second with
hexane:ethyl acetate (75:25 v/v). Elution was done with 3 mL of methyl
formate. Eluate was concentrated until dryness under a stream of ni-
trogen and reconstituted with 60 pL of a solution containing 13.5 %
acetonitrile, 31.5 % methanol and 0.01 % acetic acid in water. LC-MS/
MS analysis was carried out as previously described [34] with modifi-
cations. The latter included column temperature set at 45 °C and chro-
matographic separation which was achieved using a gradient of 3
solvents (A: 0.01 % acetic acid in water (v/v); and B: 0.01 % acetic acid
in acetonitrile (v/v) and C: 0.01 % acetic acid in methanol) as followed:
First, solvent A was ramped from 55 % to 8.2 % and solvent B from 0 %
to 36.7 % over 13.2 min. Second, a linear gradient (0.1 min) to 80 % (B)
and 15 % (C) respectively was applied and maintained for 2.2 min. Then
solvent A was decreased to 0 % and B to 45 % in 0.1 min and maintained
for an additional 5 min to complete the 20.6 min run. Analyses were
analyzed using the multiple-reaction monitoring (MRM) mode. Acqui-
sition was done using Analyst 1.6.2 and quantification was performed
using MultiQuant 3.0.2 software (AB Sciex).

2.2.3. Untargeted analysis: comprehensive lipidomic analysis

Untargeted lipidomic analyses were conducted using a previously
validated workflow [35]. Briefly, total lipids were extracted from 40 mg
of pulverized hearts under liquid nitrogen using in methyl tert-butyl
ether (MTBE) and ethyl acetate after spiking with the following internal
standards lysophosphatidylcholine (LPC) 13:0, phosphatidylcholine
(PC) 19:0/19:0, PC14:0/14:0, phosphatidylserine (PS) 12:0/12:0,
phosphatidylglycerol (PG) 15:0/15:0 and phosphatidylethanolamine
(PE) 17:0/17:0). Supernatants were evaporated using a Speed Vacuum
concentrator overnight, dissolved in methanol/chloroform (2,1) and
aliquots (50 pL) were stored at —80 °C until use. LC-MS analysis were
performed by injection of 1 pL onto a 1290 Infinity HPLC (Zorbax
Eclipse plus C18 column, 2.1 mm x 100 mm, particle size 1.8 pm,
Agilent Technologies) coupled to a 6530 accurate mass Quantitative
Time of Flight (QTOF) MS system equipped with a dual electrospray
(ESD source and operated in the positive ionization mode (Agilent
Technologies Inc.). Lipid were eluted over 83 min at constant temper-
ature of 40 °C using a gradient of solvent A (0.2 % formic acid and 10
mM ammonium formate in water) and B (0.2 % formic acid and 5 mM
ammonium formate in methanol:acetonitrile:MTBE, 55:35:10 [v/v/v]).

The raw lipidomic dataset has been deposited at Metabolomics
Workbench (www.metabolomicsworkbench.org). The study reference
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number is # ST002569 and the link is: https://doi.org/10.2122
8/M8ND9B. MS raw data processing was achieved using the Mass
Hunter Qualitative Analysis software package (version B.07) for peak
picking and a bioinformatic script (available at MetaboICM/Metaborose
(github.com) and MetaboICM/Data-processing: Script (github.com)),
which we have developed and encoded in both Perl and R languages to
enable optimal MS data alignment, retention time (RT) correction,
filtering of presence, normalization, batch effect correction, and missing
data imputation. The resulting final dataset lists reproducible high
quality MS signals referred as features, which are characterized by a
mass-over-charge (m/z), a corrected signal intensity, and a RT. Lipid
annotation was achieved on features that passed our subjective selected
criteria of significance (a corrected p-value of 0.05 following Benjamini-
Hochberg correction; corresponding to a p value of 0.0038; and a fold-
change (FC) < 0.67 or > 1.5) for the comparison of VLCAD ™/~ vs
VLCAD ™™ mice receiving the same diet. Selected features were anno-
tated by alignment with our in-house database containing >500 previ-
ously annotated lipids using MS/MS and public databases (Metlin and
Lipid Map), as well as by MS/MS analyses, from which mass spectra
were manually interpreted to identify the polar head and acyl chains
based on their fragmentation pattern, as previously described in detail
[35].

2.3. Molecular analyses

2.3.1. Real time qPCR analysis

Total RNA was isolated from pulverizing frozen heart using the
RNeasy mini kit (Qiagen, Hilden, Germany). Reverse transcription of
total RNA was performed with the high-capacity cDNA reverse tran-
scription kit (Applied Biosystems, Burlington, ON, Canada) according to
the manufacturer recommendations. Gene transcript levels of the
following genes were assessed: acylglycerol-3-phosphate O-acyl-
transferases 1, 2 and 3 (Agpatl, Agpat2, Agpat3), LPC acyltransferase 2
and 3 (Lpcat2, Lpcat3), phospholipase A2 group 4 and group 6
(Pla2G4a, Pla2G6), fatty acid delta 5 and delta 6 desaturase (Fadsl,
Fads2), fatty acid elongase 5 (Elovl5), acyl-CoA oxidase 1 (ACOX1),
peroxisomal-3-oxoacyl-CoA thiolase (PTHIO/Acaal), peroxisomal
bifunctional enzyme (PBE/Ehhadh), multifunctional protein 2 (Mfp2),
CHOP (Ddit3), TATA box binding protein (TBP). The list and sequences
of primers used are reported in Supplementary Table 2. RT qPCR were
conducted as previously described [36]. Gene transcript levels were
normalized to the level of TBP transcript expression.

2.3.2. Western Blot analysis

Protein homogenates from pulverizing heart were separated on SDS
polyacrylamide gel then transferred to nitrocellulose as previously
described [36]. Detection was carried out using primary antibodies
against GRP78/BIP (Abcam, 1:1,000), CHOP (Cell Signaling Technol-
ogy, 1:1,000), Ryanodine receptor 2 (RyR2) (Abcam, 1:2,000), phos-
pholamban (PLB) (EMD Millipore, 1:1,000), SERCA2a (Thermo
Scientific, 1:1,000). The HRP-conjugated f-Actin antibody (Santa Cruz
Biotechnology) served as loading control. Signal were detected with the
ChemiDoc Imaging System (Bio-Rad Laboratories, Berkeley, USA), and
quantified with the Image Lab 6.0 software (Bio-Rad Laboratories,
Berkeley, USA).

2.4. Statistical analysis

For untargeted lipidomic analysis, the final corrected dataset con-
taining all features for VLCAD™* and VLCAD ™~ mice under both di-
etary condition was imported into Mass Professional Pro (MPP: version
B.14.00; Agilent Technologies Inc.) for statistical analysis. Independent
testing of each feature was achieved on log 2 transformed data using an
unpaired Student t-test with Benjamini-Hochberg correction for com-
parison of VLCAD™* ys VLCAD /™ mice for each dietary condition. The
selected threshold of significance was a corrected p-value <0.05 as an
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estimation of false discovery rate of 5 % and an absolute fold change of
1.5. Data for ACs, Fy-IsoP and F4-NeuroP, as well as protein and gene
expression were compared between VLCAD'/* and VLCAD ™/~ mice
under each dietary condition separately using an unpaired Student t-test
or the non-parametric Mann and Whitney test whenever variances were
significantly unequal using GraphPad Prism version 9.0 (GraphPad
software, Inc.) and significance threshold was set as p < 0.05. Supple-
mentary analyses of these data were also conducted using a 2-way
Anova (genotype vs. condition) and post-hoc Fisher's LSD test. Data
are depicted as volcano plots as well as a heat map whereby the median
of scaled lipids for each group was plotted using “pheatmap” in R
(untargeted lipidomics) and as dotted box plots, where the midline
represents the median, the box represents the interquartile range (IQR)
between the first and third quartile, and dots are individual values.

3. Results

3.1. Targeted cardiac acylcarnitine (AC) profiling reveals accumulation
in very-long, albeit lower long-chain, ACs in VLCAD ™'~ mouse hearts

VLCADD is characterized by high plasma levels of LC-ACs, C14-ACs
in humans [37,38] and C16- and C18-ACs in VLCAD ™/~ mice [20]. In
contrast, lower cardiac LC-ACs was reported in VLCAD /™ mice [39],
albeit the impact of high fat feeding had not been examined. We
therefore first assessed whether ACs were affected in heart tissues of
VLCAD ™/~ mice under our two dietary conditions using targeted
profiling by LC-QQQ. Results showed that compared to their VLCAD™*
littermate counterparts fed the same diet and sacrificed under the same
fasting or feeding condition, CD/fed VLCAD ™ mice exhibited higher
cardiac levels of VLC-AC 24:0 (5-fold, p < 0.01); while the majority of
other ACs, LC-AC, medium chain (MC)- and short chain (SC)-AC were
significantly lower (up to 8.5-fold, p < 0.001) (Fig. 1A). Under the HFD/
fasted condition, additional VLC-AC species were also significantly
higher in VLCAD /™ mice, namely with 20 to 24 carbons (up to 6-fold, p
< 0.05) while changes in the level of other ACs were essentially similar
to those observed for the CD condition (Fig. 1B). The complete list of
measured ACs is provided in Supplementary Table 4. Altogether, our
findings of lower LC-ACs combined with accumulation of VLC-ACs
suggest perturbations in FA metabolism that go beyond mitochondrial
FAO, which may involve their elongation/desaturation or the peroxi-
somes. They also do not support a role for LC-ACs accumulating intra-
cellularly as a potential mechanism underlying the cardiac phenotype in
VLCAD ™~ mice.

Acylcarnitine profiling (n = 8 per condition) was performed by LC-
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QQQ on pulverized snap-frozen heart tissue of VLCAD ™/~ and
VLCAD™" mice in A) CD/fed condition and B) high fat diet (HFD)/
fasted condition. Results are expressed as fold-changes in VLCAD ™~ vs
VLCAD™" mice and presented as dotted box plots where the midline
represents the median, the box represents the interquartile range (IQR)
between the first and third quartile, and dots are individual values.
Statistics: *p < 0.05, **p < 0.01, ***p < 0.001 using unpaired Student t-
test. Statistical results are also supported by supplementary analysis
using a 2-way Anova and post-hoc Fisher's LSD test (Supplementary
Tables 3A and 4).

3.2. Untargeted lipidomics unveils glycerophospholipid (GPL) acyl chain
remodeling in VLCAD ™/~ mouse hearts that is exacerbated under the high
fat diet (HFD)/fasted condition

Considering our previous finding of a lower DHA levels in GPLs in 7-
month-old VLCAD ™/~ mice [23], the impact of VLCADD on cardiac
complex lipids, particularly GPL sub-classes, was further characterized
under CD/fed (baseline) and HFD/fasted (mimicking metabolic
decompensation) conditions. For this, we used a previously validated
high-resolution LC-QTOF-based untargeted lipidomic workflow opti-
mized for isomer resolution, which can detect >1000 reproducible MS
features (defined by a mass-to-charge ratio (m/z), retention time and
signal intensity) covering 20 lipid sub-classes, including their acyl side
chains [35].

The final dataset retained 2075 MS features eluting in the first 40
min of the chromatogram,; this excluded glycerolipids because their MS
signals were saturated under the HFD/fasted conditions. Using an un-
paired t-test with Benjamini-Hochberg correction and applying a sub-
jective threshold of corrected p-value<0.05 (corresponding to an
uncorrected p-value <0.0038) and a fold-change (FC) > 1.5 or < 0.67,
93 and 189 MS features discriminated hearts from VLCAD /'~ mice vs
their littermate counterparts under the CD/fed (Fig. 2A) and HFD/fasted
(Fig. 2B) condition (listed in Supplementary Tables 5 and 6). Twenty-
nine and 47 unique lipids were annotated by MS/MS, shown as
different colors in Fig. 2A-B, respectively, and also as a heatmap (Fig. S1
and Supplementary Table 7). While most lipids showed changes in the
same direction in hearts from VLCAD /~ vs. control mice under both
conditions, changes were of greater magnitude in the HFD/fasted con-
dition. Hence, a higher proportion of lipids reached significance (47 vs.
29) under the HFD/fasted condition, of which 8 were common to both
conditions. These lipids include LC-AC species such as C14:1-AC, which
was lower in VLCAD™/~ vs control mice under both conditions,
concurring with the results of our targeted AC profiling; VLC-AC were,
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Fig. 1. Cardiac acylcarnitine (AC) profile alterations in VLCAD /™ mice under (A) chow fed (CD)/fed and (B) high fat diet (HFD)/fasted condition.
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however, not detected using the untargeted lipidomic workflow,
attributed to the sensitivity performance between the two methods.
Other lipid (sub-) classes include sphingolipids (SPs), but predominantly
GPLs, both phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) species.

Volcano plot showing the 2075 MS features retained in the final
dataset following untargeted lipidomic analysis using high performance
LC-QTOF of heart tissue samples of VLCAD ™/~ (n = 11 per condition)
and VLCAD™™ (n = 9 per condition) mice under A) standard diet (CD)/
fed and B) high fat diet (HFD)/fasted conditions. Data processing
included all MS features eluting within 40 min; this excluded glycer-
olipids whose MS signals were saturated in the HFD/fasted condition. X-
axes show fold-change (FC) (logs) in MS signal intensity values and y-
axes the corresponding corrected p-values (—log;o) for the comparison
VLCAD ™/~ ys VLCAD™/* using an unpaired t-test with Benjamini-
Hochberg correction. All 93 and 189 MS features discriminating
VLCAD /"~ vs VLCAD+/+ mice under the CD/fed A) and HFD/fasted B)
condition, respectively (Listed in Supplementary Table 5 and 6) that
passed the selected significance threshold of corrected p-value<0.05
(corresponding to an uncorrected p-value <0.0038; horizontal red line)
and a fold-change (FC) > 1.5 or <0.67 (vertical dotted red lines) were
analyses by MS/MS, of which 29 and 47 were annotated to unique lipids,
respectively. Colors indicate lipid sub-classes. Car: acylcarnitine; Cer:
Ceramide; CL: cardiolipin; LPC: lyso-phosphatidylcholine; LPE: lyso-
phosphatidylethanolamine, PC: glycerophosphatidylcholine; PC-O: PC
ether; PE: glycerophosphatidylethanolamine; SM: sphingomyelin.

Among GPLs, there was a greater number of species that was altered
in VLCAD ™~ vs controls in the HFD/fasted vs CD/fed condition (43 vs 13
GPLs, respectively) (Fig. 2 and S1; and Supplementary Table 7). Among
the 43 annotated GPLs that discriminated VLCAD /" vs control mouse
hearts under the HFD/fasted condition (Fig. 3A-C), 32 were higher in
VLCAD /™ mice, 31 of which contained an acyl chain with <20 carbons,
11 PEs (Fig. 3A) and 20 PCs (Fig. 3B), 8 of which were C20:4. In contrast,
11 GPLs were lower in VLCAD /™ mice and contained an acyl chain with
>20 carbons, 9 PCs and 2 lysoPCs, 7 of which contained C22:6. (Fig. 3C,
D). Although we are unable to confirm the position of double bonds in
both C20:4 and C22:6, due to the lack of available commercial stan-
dards, based on our previous finding of similarly lower DHA, but higher
AA content in cardiac GPL of 7-month-old VLCAD /™ mice fed a HFD
assessed through quantitative targeted analysis [23], the GPL remodel-
ing are likely to involve opposite changes in PUFA n-6 AA (up) vs n-3
DHA (down) in VLCAD /~ mice under the HFD/fasted condition, which
is known to worsen cardiac symptoms in human VLCADD. Given the
broader and greater changes in cardiac lipids in VLCAD—/— vs.
VLCAD+/+ mice under the HFD/fasting condition than CD/fed, the
former condition was the main focus of all subsequent metabolite and
gene expression analyses.

Dotted box plots for the 43 GPLs discriminating VLCAD /" from
VLCAD™" mouse hearts under the HFD/fasted condition using our
selected significance threshold (corrected p-value<0.05; corresponding
to an uncorrected p-value <0.0038; and fold-change (FC) > 1.5 or <
0.67) and that were annotated by MS/MS using LC-QTOF. Each dot
represents a log2-transformed fold-change of MS intensity ratios for
VLCAD ™/~ vs VLCAD+/+ mice (n = 9) for the indicated GPL sub-class
containing specific acyl side chain in sn2 position: A) PE and B) PC
with acyl chain with <20C; C) LysoPC and lyso PE; and D) PC with acyl
chain with >20C. Red and green dots indicate GPLs containing arach-
idonic acid (AA; C20:4n-6) and docosahexaenoic acid (DHA; C22:6n-3),
respectively; while all other GPLs are shown as black dots. PE: phos-
phatidylethanolamine, LPE: lysophosphatidylethanolamine, PC:
phosphatidyl-choline, LPC: lysophosphatidylcholine, lysoPL: lysophos-
pholipid, GPL: glycerophospholipid, DHA: docosahexaenoic acid.

BBA - Molecular Basis of Disease 1869 (2023) 166843

3.3. VLCAD™/~ mice show opposite changes in cardiac levels of
biologically active DHA and AA downstream metabolites in the HFD/
fasted condition

Further to our finding of a greater remodeling in cardiac GPLs con-
taining PUFAs, especially C22:6 (lower) and C20:4 (higher), in VLCAD
~ mice under the HFD/fasted condition, we aimed at assessing the levels
of C20:4n-6 or arachidonic acid (AA)- and C22:6n-3 or DHA-derived
metabolites involved in relevant cardiac biological functions only in
this specific condition. Specifically, our focus was on their non-
enzymatic oxygenated metabolites F2-isoprostanes (Fo-IsoP) (from AA)
and F4-Neuroprostanes (F4-NeuroP) (from DHA) [40]. Compared to
their control counterparts, VLCAD ™/~ mouse hearts showed signifi-
cantly higher levels of many of AA-derived metabolites Fo-IsoP (8-Fy;-
IsoP: +31 %, p < 0.05; 5-Fo-IsoP: +48 %, p < 0.05; and 5-epi-5-Fy-IsoP:
+39 %, p < 0.05; Fig. 4A) as well as thromboxane By (TXBy: +62 %, p <
0.01; Fig. 4B), a stable, biologically inactive metabolite of thromboxane
Ay (TXA,) and endogenous mediator of inflammation generated from
AA [41]. In contrast, VLCAD/~ mouse hearts had significantly lower
levels for many of the DHA-derived metabolites F4-NeuroP (10-F4-
NeuroP: —20 %, p < 0.05; 20-F4+-NeuroP: —51 %, p < 0.001; Fig. 4C).
Altogether, these findings highlight a marked imbalance in the cardiac
levels of AA- and DHA-derived non-enzymatic oxygenated metabolites
in VLCAD ™/~ mice under the HFD/fasted condition.

Dotted box plots of concentrations of AA-derived non-enzymatic
oxygenated F2-isoprostanes A) and thromboxane B2 B) as well as DHA-
derived non-enzymatic oxygenated F4-neuroprostanes C) assessed by
LC-MS in VLCAD /™ (n = 8) and VLCAD"/* (n = 7) mouse hearts under
HFD/fasted condition. Statistics: *p < 0.05, **p < 0.01, ***p < 0.001
using an unpaired Student t-test. TBXy: thromboxane B2, PG:
prostaglandins.

3.4. VLCAD™’~ mouse hearts show higher gene expression of calcium-
dependent enzymes involved in GLP acyl chain remodeling

Further to our finding of a greater remodeling of cardiac GPL acyl
chains in VLCAD ™~ mouse hearts under the HFD/fasted condition, we
assessed if this may be linked to changes in gene expression by
measuring the expression of selected and relevant metabolic genes in
VLCAD ™/~ and VLCAD™" mice under this specific condition. These
include genes encoding for enzymes involved in: i) GPL synthesis and FA
remodeling, namely isoforms of lysophosphatidylcholine acyltransfer-
ase (LPCAT; Lpcat2 and Lpcat3) and phospholipase A2 (PLA2; Pla2g4 and
Pla2g6) [42] as well as of 1-acylglycerol-3-phosphate O-acyltransferase
(AGPAT; Agapt1, Agapt2 and Agapt3) [43] (Fig. 5A-C); ii) PUFA (AA and
DHA) synthesis through elongation and desaturation (Elovl5, Fadsl,
Fads2; Fig. 5D) or AA conversion to biologically active derivatives
(Alox5, Alox12, Alox15; Fig. 5E), and iii) peroxisomal FA metabolism
(Acox1; Mfp2; Ehhadh; Pthio; Fig. 5F). Interestingly, transcript levels for
calcium-dependent (Fig. 5A), but not calcium-independent (Fig. 5B),
enzyme isoforms, namely LPCAT2 (Lpcat2) and PLA2 group 4 (Pla2g4)
were significantly higher in HFD/fasted VLCAD~/~ vs VLCAD"/* mouse
hearts (+89 %, p < 0.05 and + 63 %, p < 0.05). Transcript levels for all
other above-mentioned metabolic genes were unchanged except that of
Alox 12, which was significantly lower in VLCAD ™/~ ys VLCAD*/* mice
(—42 %); Fig. 5E). Supplementary analysis showed that changes in gene
expression for the aforementioned enzymes were similar under the CD/
fed condition for the two groups of mice, except for FadsI and Fads2,
which showed significantly higher transcript levels in VLCAD /~ hearts
(452 %; p < 0.01 and + 79 + 17 %; p < 0.01 respectively, suggesting a
possible adaptive change in this condition (Fig. S2; and Supplementary
Table 3B for 2-Way Anova analysis results).

Dotted box plots of transcript levels assessed by RT-qPCR for genes
encoding enzymes involved in: A-C) GPL acyl chain remodeling: Isoforms
of A-B) lysophosphatidylcholine acyltransferase (LPCAT) and phospho-
lipase A2 that are A) calcium-dependent (LPCAT2; PLA2G4) or B)
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Fig. 4. Opposite changes in cardiac levels of AA- vs DHA-derived non-enzymatic oxygenated metabolites in VLCAD ™~ mice under the HFD/fasted condition.

calcium-independent (LPCAT3; PLA2G6), as well as C) 1-acylglycerol-3-
phosphate O-acyltransferase (AGPAT1; AGPAT2; AGPAT3); D) Synthesis
of polyunsaturated fatty acids AA and DHA (Elovl5, Fads1, Fads2); E) AA
conversion to biologically active derivatives (Alox5, Alox12, Alox15)
and F) peroxisomal fatty acid metabolism (Acox1; Mfp2; Ehhadh; Pthio;
Fig. 4F). Transcript levels for VLCAD /™ (n = 7) and VLCAD™* mouse
hearts (n = 6) under the HFD/fasted condition were normalized to TATA
box binding protein (TBP) gene expression. Statistics: *p < 0.05, **p <
0.001 using unpaired Student t-test.

Altogether, our finding of higher transcript levels of calcium-
dependent, but not-calcium independent, enzymes involved in cardiac
GPL remodeling in VLCAD ™/~ mouse hearts suggest calcium dysho-
meostasis, which may contribute to GPL acyl chain remodeling in the
absence of other adaptive changes.

3.5. VLCAD™/~ mice show dlterations in the expression of cardiac
proteins involved in calcium homeostasis in the HFD/fasted condition

Given that our gene expression findings suggested alterations in
calcium homeostasis, a process involved in ventricular arrhythmias
[44], we assessed the cardiac expression of major endoplasmic reticu-
lum (ER) proteins involved calcium homeostasis, namely sarco/

endoplasmic reticulum Ca®" ATPase (SERCA2a), phospholamban (PLB),
and ryanodine receptor 2 (RyR2). We found significant differences in the
cardiac levels of these proteins between HFD/fasted VLCAD ™/~ vs
VLCAD ™™ mice: specifically, levels for SERCA2a and PLB were higher
(+35 %, p < 0.05 and + 95 %, p < 0.001, respectively; Fig. 6A, B), while
that for RyR2 was lower (—55 %, p < 0.01, Fig. 6C). We, however, did
not observe any significant changes in their phosphorylation on Ser16
for PLB and Ser2802 for RyR2 while the phosphorylated-to-total protein
ratio appeared decreased for PLB (—66 %) but increased for RyR2 (475
%). These differences between VLCAD ™/~ vs VLCAD"/* mouse hearts
were, however, not observed in the CD/fed condition (Fig. S3 and
Supplementary Table 3 for 2-way Anova analysis results). Taken
together, these results suggest an altered regulation of cardiac proteins
involved in intracellular calcium homeostasis in VLCAD ™/~ mice under
the HFD/fasted condition.

A-C) Representative images (left panel) and quantification (dotted
box plots; data normalized to f-actin) of immunoreactivity of key car-
diac proteins involved in calcium handling assessed in VLCAD ™/~ and
VLCAD"* mouse hearts under the HFD/fasted condition (n = 4/ group):
A) sarcoplasmic/endoplasmic reticulum Ca®" ATPase (SERCA2a), B)
phospholamban (PLB) and C) ryanodine receptor 2 (RyR2). Statistics: *p
< 0.05, **p < 0.01, ***p < 0.001, using an unpaired Student t-test.
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Fig. 5. Changes in cardiac gene expression of enzymes involved in GPL acyl chain remodeling and related metabolism in VLCAD ™/~ mice under the HFD/fas-

ted condition.

3.6. VLCAD™/~ mice show changes in cardiac protein and/or transcript
levels of markers of endoplasmic reticulum (ER) stress in the HFD/fasted
condition

Lastly, since GPL remodeling and calcium regulation occurs in the
endoplasmic reticulum (ER) [45,46], and alterations in GPL fatty acyl
content was reported to promote ER stress [47], a maladaptive response
that may also contribute to arrhythmias [48,49], we assessed the cardiac
expression of two recognized actors in this process, namely GRP78
(protein level) and CHOP (protein and transcript levels). It is noteworthy
that neither gene nor protein expressions of GRP78 or CHOP differed
between VLCAD /™ and VLCAD*/* mouse hearts in the CD/fed condi-
tion (Fig. S4 and Supplementary Table 3 for 2-way Anova analysis re-
sults). In contrast, cardiac GRP78 protein expression was significantly
higher in VLCAD™~ vs VLCAD"/* mice in the HFD/fasted condition
(+90 %, p < 0.01; Fig. 7A) as was CHOP transcript levels (+35 %, p <
0.05; Fig. 7B), although change in CHOP protein expression did not
reach significance (+71 %, p = 0.15; Fig. 7A), Altogether these findings
suggest that GPL remodeling in hearts from VLCAD ™~ mice is associ-
ated ER stress under the HFD/fasted condition.

Representative images (top panel) and quantification of levels
(dotted box plots; data normalized to p-actin) of immunoreactivity of
key ER proteins, GRP78 and CHOP (N = 4 per group), and B) transcript
levels of CHOP (n = 7 per group) normalized to TATA box binding
protein (TBP) gene expression, in VLCAD ™/~ and VLCAD"* mouse
hearts under the HFD/fasted condition. Statistics: *p < 0.05, **p < 0.01
using an unpaired Student t-test.

4. Discussion
In this study, we applied MS-based targeted and untargeted lip-

idomics combined with molecular methods in a VLCAD ™/~ mouse model
to identify perturbations in cardiac lipids beyond FAs as well as related

molecular mechanisms potentially involved in reported cardiac rhythm
manifestations in VLCADD. These analyses were conducted under two
metabolic conditions, namely the CD/fed condition, representing the
basal nutritional state, and the HFD/fasted condition, representing a
condition of FA overload known to worsen the clinical phenotype in
patients with VLCADD. Compared to their littermate counterparts, 7-
month-old HFD/fasted VLCAD ™/~ mouse hearts displayed marked
modifications of lipid composition including VLC-ACs accumulation,
higher levels of AA and lower DHA contents in GPLs, concurring and
expanding our previous findings [23], as well as corresponding changes
in pro-arrhythmogenic AA-derived IsoP and TXB, and anti-
arrythmogenic DHA-derived NeuroP. These changes were associated
with remodeling in the expression of gene or protein markers of GPL
remodeling, calcium handling perturbations and endoplasmic reticulum
stress. Taken altogether our results highlights cardiac lipid perturbations
under FA overload that may set conditions favouring the formation of
pro-arrhythmic lipid PUFA metabolites.

Because LC-AC can affect negatively calcium homeostasis and
mitochondrial function [14,17], we first conduced a targeted profiling of
78 ACs in VLCAD ™/~ mouse hearts. Concurring with previous report
[39], cardiac LC-AC levels in VLCAD /™ mice were lower than controls,
a finding that may be explained by the functional overlap between
VLCAD and LCAD, the latter being active in mice rather than changes in
mitochondrial FAO rates based on our previous findings of normal
relative FAO flux when assessed in ex vivo working hearts from VLCAD
~ mice perfused with 0.4 to 1 mM '3C-labeled palmitate under various
basal and stress conditions [23]. One interesting finding of this study,
however, is the higher cardiac level of VLC-ACs in VLCAD ™/~ mice,
which is exacerbated in the HFD/fasted condition and may suggest
increased shuttling of LCFA-CoAs towards elongation and/or impaired
VLC-FA oxidation in peroxisomes. Higher plasma levels in VLC-ACs are
surrogates of inherited peroxisomal FAO disorders such in X-linked
adrenoleukodystrophy [50] and was also reported in a monogenic
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Fig. 6. Altered expression of cardiac proteins involved in calcium homeostasis in VLCAD

mitochondrial disorder [32]. Although we did not find any significant
changes in transcripts levels for key markers of peroxisomal p-oxidation,
namely ACOX1, PTHIO, EHHADH and MFP2, further investigations of
the role of peroxisomes in VLCADD appear warranted. Taken together
our results do not support a role for LC-ACs accumulating intracellularly
as a potential mechanism underlying the cardiac phenotype in VLCAD
~ mice via direct regulation of ion channels such as hERG [19], and
calcium handling proteins such as calcium release channel, Ca(2+)-
ATPase or ryanodine receptor [51-53]. The impact of VLC-ACs remains
to be clarified, but it tempting to speculate that VLC-ACs may have
similar effects and thus be involved in arrhythmogenesis, albeit this
remains to be ascertained.

Then, we conducted additional untargeted lipidomic analysis to
follow up on our previous finding of lower DHA content in GPLs in
VLCAD /™ mouse hearts [23]. This led to a major finding of this study,
which is a marked imbalance in GPLs, both PE and PC, containing C22:6
(lower) and C20:4 (higher) in VLCAD ™~ mouse hearts vs controls in the
HFD/fasted condition only. These changes were paralleled by those in
corresponding DHA- and AA-derived metabolites from their non-
enzymatic oxygenation, namely NeuroP (lower) and IsoP (higher),
respectively. This finding is of particular relevance since DHA was
shown to be protective against arrhythmias [28,54]. While the under-
lying mechanisms remain, however, to be better understood, it has been
proposed that a modification of the cell membrane GPL content may
affect membrane fluidity, lipid microdomain formation and signaling,
which in turn would modulate the function of membrane voltage gate
channels [55-58]. Moreover, DHA-derived neuroprostanes have also
been shown to have anti-arrhythmogenic properties [28,29], possibly by
countering cellular oxidative stress. Conversely, AA has been reported to
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~/~ mice under the HFD/fasted condition.

be pro-arrhythmogenic through its enzymatically derived metabolites
TXA, or its stable counterpart TXB,. The latter metabolites, which were
found to be higher in VLCAD/~ mouse heart, have been associated with
arrhythmias during myocardial ischemia in an open-chest greyhound
[59] or following its direct injection in the left atrium of rabbits [60].
The mechanism underlying TXAy-induced arrhythmias is also not un-
derstood, but evidence support the involvement of the voltage-
independent AA-regulated calcium (ARC) channel [61]. Consistently,
the non-enzymatic oxygenated AA-derivatives, IsoP, has also been
shown to be involved in the pathogenesis of arrhythmias by inactivation
of cardiac Na™ channels [62,63]. Hence, based on these considerations,
our finding of a marked imbalance between cardiac DHA (lower) vs AA
(higher) content in GPLs and their respective non-enzymatically derived
oxygenated metabolites, NeuroP (lower) and IsoP (higher), suggests
potential actors contributing to a pro-arrhythmogenic environment in
VLCAD /™ mouse hearts under the HFD/fasted condition.

Regarding the molecular mechanisms that could possibly underlie
GPL acyl chain remodeling in VLCAD ™/~ mouse hearts, which was
exacerbated under the HFD/fasted condition, we did not find any sig-
nificant changes in the gene expression of enzymes involved in PUFA
synthesis. While liver is known to play an important role in PUFA and
GPL metabolism [50,64], our previous findings showed that the LCFA
profile, and consequently their enrichment in DHA, in GPLs in liver as
well as in plasma of 7-month-old VLCAD ™/~ mice was similar to their
control counterpart under both CD and HFD thereby supporting the
notion that the liver export of DHA was not affected [23]. Clarification
of this aspect in the future would, however, require the use of cardiac-
specific VLCAD ™/~ mice. Nevertheless, our results highlighted signifi-
cantly higher transcript levels of key enzymes involved in cardiac GPL
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Fig. 7. Higher cardiac levels of molecular markers of endoplasmic reticulum (ER) stress in VLCAD

remodeling through hydrolysis or reacylation, namely Pla2g4 and
Lpcat2, specifically those enzymes that are regulated by intracellular
calcium [42], which was observed in both the CD/fed and HFD/fasted
condition. In contrast to the CD/fed state, such changes in the HFD/
fasted state were, however, not accompanied by potentially adaptive
higher transcript levels for enzymes involved in the synthesis of the
PUFA AA and DHA thereby suggesting one possible explanation for the
specific alterations in the content of these PUFAs in GPLs in VLCAD ™/~
mouse hearts under the latter condition. Interestingly, Pla2g4 has been
reported to preferentially promote the release of AA from GPLs, gener-
ating prostanoids, which in turn induce ER stress [65], whereas Lpcat2
reintroduce AA into the membrane GPLs [42]. Such deregulation has
been described in liver from non-alcoholic fatty liver disease patients
[66] and is responsible of a vicious circle referred to as “AA released-ER
stress-calcium mishandling vicious cycle”. Whether such cycle is also
present in the heart needs to be ascertained, but likely this could pro-
mote arrhythmias following accumulation of proarrythmogenic AA de-
rivatives, namely IsoP and TXA,, as it was observed in VLCAD ™/~ mouse
hearts under the HFD/fasted condition in this study. From a therapeutic
point of view, it would be interesting to evaluate whether inhibition of
AA release by Pla2g4, or inhibition of AA-regulated calcium channel
involved in TXA2-induced arrhythmias [67], could prevent heart
rhythm disorders in VLCAD ™/~ mice.

Beyond suggesting a potential role of changes in cardiac gene
expression in enzymes involved in GPL acyl chain remodeling, our
findings of higher transcript levels in Lpcat2 and Pla2g4, but not Lpcat3
and Pla2g6, point out to a prevailing calcium deregulation, which along
with disturbances of bioenergetics, was previously linked to cardiac
manifestations seen in VLCADD [68]. Consistent with this notion, we
reported significant changes in protein expression of enzymes involved
in calcium homeostasis in the heart, namely calcium-regulated SERCA2a
(higher), PLB (higher) and its phosphorylation level (lower) as well as

10

~/~ mice under the HFD/fasted condition.

RyR2 (lower) and its phosphorylation level (higher) in VLCAD /™ mice.
These changes were seen predominantly under the HFD/fasted condi-
tion. In mammalians heart, the proper excitation-contraction coupling is
tightly regulated by release of calcium from sarcoplasmic reticulum
through the RyR during systole, and reuptake of calcium in the same
amount into the sarcoplasmic reticulum by SERCA pump during diastole
[69]. In VLCAD /~ mice heart, such alterations in expression or acti-
vation of the major protein involved in calcium handling might result in
imbalance between Ca?! release and reuptake, as well as Ca?*t leak
through RyR during diastole, which could induce calcium sparks and
trigger arrhythmias [70]. Of potential relevance in terms of mecha-
nisms, F4-NeuroP derived from DHA oxidation has been shown to exert
their antiarrhythmic effect by preventing sarcoplasmic reticulum Ca®*
accumulation via inhibition of posttranslational modifications of RyR2
including carbonylation, S-nitrosylation or phosphorylation on serine
2808 [29]. Hence, it appears likely that the lower level of F4-NeuroP and
higher RyR2 phosphorylation herein reported in VLCAD /'~ mouse heart
are setting conditions for the genesis of arrhythmias. Further in-
vestigations using calcium imaging, namely through recording of Ca?*
transients in cardiomyocytes isolated from VLCAD/~ mice, would
indicate the changes that may impair intracellular calcium homeostasis.

Finally, we evaluated the presence of ER stress, given that it has been
linked to both perturbations in lipid homeostasis [71] and calcium
handling [72,73], with the latter shown to trigger ventricular arrhyth-
mias secondary to abnormal diastolic depolarization [74]. ER stress
involves the accumulation of unfolded proteins in the ER lumen [71].
The unfolded protein response (UPR) is a complex signaling pathway
intending to re-establish normal ER function [72]. Our results support
the induction of ER stress in VLCAD ™~ mouse heart in the HFD/fasted,
but not the CD/fed, condition based on the higher expression of GRP78
and CHOP, two proteins currently used as markers of ER stress. GRP78 is
a well-established ER chaperone protein implicated in the UPR response,
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which leads to increased expression of the transcription factor CHOP
[75]. It is tempting to speculate that induction of ER stress in VLCAD ™/~
mouse hearts may result from GPL remodeling as previously reported by
others [66,76]. Alternatively, it may also be induced by accumulation of
VLC-ACs, as observed in VLCAD /™ mouse hearts in this study, based on
findings that ER stress can be triggered by exposition to VLC-ACs
metabolic precursors, namely LC-ACs as shown in skeletal muscle
model (C2C12 myotubes) [14] or to VLC-FAs as shown in fibroblasts
from X-linked adrenoleukodystrophy [77]. Given that ER stress has also
been shown to lead to deregulated lipid metabolism [45], one would
expect that there will be a vicious circle between lipid perturbations and
ER stress in VLCDA ™/~ mouse hearts, which will lead to worsening of the
situation with time.

Altogether, results from this study highlighted various changes in the
lipid landscape in male VLCAD/~ mouse hearts particularly under he
HFD/fasted condition, which mimics FA overload, which is known to
worsen symptoms in human VLCADD. The observed lipid changes
encompass VLC-AC accumulation, GPL acyl chain remodeling with
higher AA and lower DHA contents and parallel variations of their
respective derivatives IsoP and NeuroP. Such lipid perturbations, which
were associated with alterations in proteins involved in calcium
handling and ER stress, represent potential mechanisms that could
contribute to the pathogenesis of arrhythmias. Further investigations
are, however, needed to assess whether the aforementioned changes in
male VLCAD /™ mice under the HFD/fasted condition can be extended
to the HFD/fed condition and in female VLCAD/~ mice as well as are
associated with cardiac functional or electrophysiological consequences.
Nevertheless, the documented changes may represent potential thera-
peutic targets for treatments in VLCADD in mice as well as in humans.
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