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1 | INTRODUCTION

Fatty acids are, together with glucose and amino acids, the
main substrates used to maintain metabolic homeostasis.
Especially during fasting and exercise, organs such as the
liver, heart and skeletal muscle rely highly on mitochon-
drial long-chain fatty acid p-oxidation (IcFAO) for energy
production.! In addition to the generation of adenosine
triphosphate (ATP) via the citric acid cycle and respira-
tory chain, fatty acids and their degradation products are
important building blocks for the biosynthesis of different
(macro)molecules.?

Deficiency of any of the enzymes of the mitochondrial
IcFAO system leads to impaired degradation of fatty acids
and energy shortage. This group of inherited metabolic dis-
eases are called the long-chain fatty acid p-oxidation dis-
orders (IcFAOD) and comprise seven different disorders*?;
carnitine palmitoyltransferase 1 deficiency (CPT1D),
carnitine-acylcarnitine translocase deficiency (CACTD),
carnitine palmitoyltransferase 2 deficiency (CPT2D), very
long-chain acyl-CoA dehydrogenase deficiency (VLCADD)
and deficiencies of the mitochondrial trifunctional protein
(MTP) including generalized MTP deficiency (MTPD),
long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
(LCHADD) and long-chain acyl-CoA thiolase deficiency
(LCKATD). The worldwide incidence of IcFAOD is highly
variable between countries and ethnicities (ranging from
0.002% to 1.4%), and depends on, among others, the pres-
ence of NBS and specific variants in the population.®
LcFAOD can present with cardiomyopathy, rhabdomyoly-
sis, hypoglycemia and for LCHADD/MTPD also with pe-
ripheral neuropathy and/or pigmentary retinopathy.*

Biochemically, IcFAOD are characterized by the accumu-
lation of disease-specific acyl-CoAs, reflecting the enzyme
deficiency. Measurement of concomitantly accumulating
acylcarnitines' in plasma/blood spots is a well-established

classic diagnostic marker C14:1-carnitine. The second candidate biomarker was
an unknown lipid class, which we identified as S-(3-hydroxyacyl)cysteamines.
We hypothesized that these were degradation products of the CoA moiety of ac-
cumulating 3-hydroxyacyl-CoAs. S-(3-hydroxyacyl)cysteamines were significantly
increased in LCHADD compared to controls and other IcFAOD, including MTPD.
Our findings suggest extensive alternative lipid metabolism in IcFAOD and con-
firm that IcFAOD accumulate neutral lipid species. In addition, we present two
disease-specific candidate biomarkers for VLCADD and LCHADD, that may have
significant relevance for disease diagnosis, prognosis, and monitoring.

biomarkers, inborn errors, lipid metabolism, lipid metabolism disorders, lipidomics, lipolysis
and fatty acids, lysophospholipids, mitochondria

and cheap diagnostic tool that also allows newborn screening
(NBS) for IcFAOD, as implemented in many countries world-
wide. The clinical spectrum of patients with IcCFAOD detected
through NBS is highly variable, ranging from severe neonatal
and fatal disease, to mild myopathic and even asymptomatic
phenotypes.” It remains difficult to predict the clinical phe-
notype after diagnosis through NBS, complicating clinical
decision-making and patient care. In recent years, measure-
ment of IcFAO flux in fibroblasts has been introduced as a
reliable disease severity marker for IcFAOD.® Unfortunately,
the IcFAO flux assay is only performed in a limited number
of laboratories worldwide and requires a skin biopsy fol-
lowed by fibroblast culturing, making this assay laborious
and limited to only a small number of patients.

Although the acylcarnitine pattern is the diagnostic
hallmark for IcFAOD, the exact role of the accumulation
of IcFAO-intermediates in the pathophysiology of IcFAOD
is largely unknown. It is hypothesized that certain accu-
mulating IcFAO-intermediates may have toxic effects on
tissues and organs, which together with metabolic energy
shortage lead to clinical symptoms.*’ How the accumu-
lation of IcFAO-intermediates influences cellular lipid
homeostasis and development of symptoms is poorly
understood. A number of studies have shown increased
intracellular lipid accumulation in muscle fibers in mus-
cle biopsies from patients with MTPD and VLCADD.'**3
Other studies in IcFAOD patient-derived skin fibroblasts,
cardiomyocytes and stem cell-derived LCHADD retina
cells indicate a selective rerouting of long-chain fatty acids
(LCFAs) into triacylglycerols (TG)."*™° Alatibi et al,'* who
reported the first lipidomic analyses in fibroblasts de-
rived from patients with three different IcFAOD (CPT2D,
LCHADD and VLCADD), proposed that the accumulation
of specific acyl-CoAs leads to changes in the complex lipid
profile of cells, which probably contributes to the clinical
symptoms in IcFAOD patients.
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In the present study, we used tracer-based lipidomics
using deuterium-labeled oleic acid (D9-C18:1) to fur-
ther explore the fate of accumulating LCFAs and 1cFAO-
intermediates in fibroblasts of four different IcFAOD, i.e.,
CPT2D, LCHADD, MTPD and VLCADD. We here report
a direct correlation between the accumulation of specific
IcFAO-intermediates and the various enzyme deficiencies
and a more general accumulation of neutral lipid species
including TG. Moreover, tracer-based lipidomics allowed
for the discovery of two disease-specific candidate bio-
markers, LPC(14:1) for VLCADD and S-(3-hydroxyacyl)
cysteamines for LCHADD.

2 | MATERIALS AND METHODS

2.1 | Fibroblast culture

Skin fibroblasts from six healthy controls, three CPT2D
patients, five LCHADD patients, three MTPD patients,
six severe VLCADD patients (IcFAO flux <10%) and six
mild VLCADD patients (IcFAO flux >10%) were included
(Table 1). For the patient and control fibroblasts used for
the tracer-based lipidomics, informed consent was ob-
tained for research studies. Cells were cultured in Ham's
F-10 medium (Gibco, cat. no. 11550043) supplemented
with 10% fetal calf serum (Invitrogen) 25 mmol/L HEPES,
100 U/mL penicillin, 100 pg/mL streptomycin, and 250 ug/
mL amphotericin in a humidified atmosphere of 5% CO,
at 37°C. In parallel, all cell lines were cultured in the pres-
ence of a tracer, 50 uM D9-C18:1 (Avanti Polar Lipids, Cat.
No 8618090) and 25pumol/LL-carnitine (Sigma-Aldrich,
Cat. No. C0158). After 96h of incubation, the fibroblasts
were harvested by trypsinization and pellets were used for
lipid isolation.

2.2 | Single-phase lipidomic extraction

Fibroblasts were resuspended in ultra-pure water and
sonicated for 2x 10s at 8 W using a tip sonicator. For fibro-
blasts used to exclude extracellular formation of detected
lipid clusters, methanol: chloroform and internal stand-
ards were added before sonication. The protein concen-
tration of the homogenates was determined with the BCA
assay'’ and 250 pg of protein equivalent was used for lipid
extraction. The lipid extraction was performed in a 2mL
tube with 1.5mL internal standards dissolved methanol:
chloroform (1:1 (v/v)) as previously described with minor
changes.'®"° The following internal standards were added
in listed quantities (per sample): bis(monoacylglycero)
phosphate  (BMP)(14:0), (0.2nmol), ceramide-1-
phosphate (C1P) (d18:1/12:0) (0.125nmol), D7-cholesteryl

Th|'IC-)A\SEBJourr1C|I

ester (CE) (16:0) (2.5nmol), ceramide cer (d18:1/12:0)
(0.125nmol), ceramide cer (d18:1/25:0) (0.125nmol),
cardiolipin CL (14:0), (0.1nmol), diacylglycerol (DAG)
(14:0), (0.5nmol), glucose ceramide GlcCer (d18:1/12:0)
(0.125nmol), lactose ceramide LacCer (d18:1/12:0)
(0.125nmol), lysophosphatidicacid LPA (14:0) (0.1 nmol),
lysophosphatidylcholine LPC (14:0) (0.5nmol), lysophos-
phatidylethanolamine (LPE) (14:0) (0.1 nmol), lysophos-
phatidylglycerol (LPG) (14:0) (0.02nmol), phosphatidic
acid (PA) (14:0), (0.5nmol), phosphatidylcholine (PC)
(14:0), (2nmol), phosphatidylethanolamine (PE) (14:0),
(0.5nmol), phosphatidylglycerol (PG) (14:0), (0.1 nmol),
phosphatidylinositol (PI) (8:0), (0.5nmol), phosphati-
dylserine (PS) (14:0), (5nmol), sphinganine 1-phosphate
(S1P) (d17:0) (0.125nmol), sphinganine-1-phosphate
S1P(d17:1) (0.125nmol), ceramide phosphocholines (SM)
(d18:1/12:0) (2.125nmol), sphingosine (SPH) (d17:0)
(0.125nmol), sphingosine (SPH) (d17:1) (0.125nmol), and
triacylglycerol (TG) (14:0); (0.5nmol). The mixture was
thoroughly mixed and sonicated in a water bath for 5min
followed by centrifugation at 4°C (16000g for 5min). The
supernatant was transferred to a glass vial and evaporated
under a stream of nitrogen at 60°C. The residue was dis-
solved in 150 pL of 1:1 (v/v) methanol: chloroform.

2.3 | Ultra-performance liquid
chromatography-high-resolution mass
spectrometry (UPLC-HRMS)

Lipids were analyzed using a Thermo Scientific Ultimate
3000 binary HPLC coupled to a Q Exactive Plus Orbitrap
mass spectrometer. The normal phase separation of lipids
was performed with 2pL lipid extract that were injected
on a Phenomenex, Luna 5pm Silica IOOA, 250X 2mm
maintained at 25°C. Mobile phase consisted of (A) 85:15
(v/v) methanol: water containing 0.025% formic acid
and 6.7mmol/L ammonia and (B) 97:3 (v/v) chloroform:
methanol containing 0.025% formic acid. Using a flow
rate of 0.3mL/min, the LC gradient consisted of: Dwell at
10% A 0-1min, ramp to 20% A at 4min, ramp to 85% A
at 12min, ramp to 100% A at 12.1min, dwell at 100% A
12.1-14 min, ramp to 10% A at 14.1 min, and dwell at 10%
A for 14.1-15min.

For reverse phase separation of lipids, 5pL of lipid
extract was injected onto an Acquity UPLC HSS T3
(100x2.1mm, 1.8um, Waters) maintained at 60°C.
Mobile phase consisted of (A) 4:6 (v/v) methanol: water
and B 1:9 (v/v) methanol: isopropanol, both containing
0.1% formic acid and 10 mmol/L ammonia. Using a flow
rate of 0.4 mL/min, the LC gradient consisted of: Dwell
at 100% A at Omin, ramp to 80% A at 1min, ramp to
0% A at 16 min, dwell at 0% A for 16-20min, ramp to
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100% A at 20.1 min, dwell at 100% A for 20.1-21 min. A
Q Exactive Plus Orbitrap mass spectrometer (Thermo
Fisher Scientific) was used in the negative and positive
electrospray ionization mode using nitrogen as nebu-
lizing gas. The spray voltage was 2500V (neg) or 3500V
(pos), and the capillary temperature was 256°C. S-lens
RF level: 50, auxiliary gas: 11, auxiliary gas temperature
300°C, Sheath gas: 48 au, Sweep cone gas: 2 au. Mass
spectra of lipids were acquired in both scan modes by
continuous scanning from m/z 150 to m/z 2000 with
a resolution of 280000 full width at half maximum
(FWHM) and processed using an in-house developed
lipidomics pipeline,® written in the R programming
language (http://www.r-project.org). The identified
peaks were normalized to the intensity of the internal
standard for each lipid class.

2.4 | LPC(14:1) measurements in plasma
LPC(14:1) in plasma was analyzed using a Waters
Acquity UPLC system coupled to a Waters Xevo TQ-S
Micro mass spectrometer. The reversed phase separa-
tion was performed with 2 pL of lipid extract that was in-
jected on a Kinetex C8 LC Column (50x2.1mm, 2.6 pm,
Phenomenex) maintained at 50°C. Mobile phase consisted
of (A) water containing 0.1% formic acid and (B) methanol
containing 0.1% formic acid. Using a flow rate of 0.4 mL/
min, the LC gradient consisted of a linear gradient from
50% A at Omin to 100% B at 8.35min, 100% B from 8.35
to 12.5min, to 50% A at 12.6 min and equilibrate at 50% A
from 12.6 to 14.5min. The TQ-S Micro mass spectrometer
(Waters) was used in the positive electrospray ionization
mode using nitrogen as nebulizing gas and argon as colli-
sion gas. The capillary voltage was 3500V, the source tem-
perature was 150°C and the desolvation temperature was
350°C. Cone gas flow 50L/h an desolvation gas 650L/h.
LPC(14:1) was measured in multiple reaction mode
(MRM 466.3>104.1, cone 20V, collision energy 23V) and
processed using Masslynx V4.2 (Waters). The peak area
was normalized to the intensity of the internal standard
D4-LPC(26:0) (MRM 640.5>104.1, cone 20V, collision
energy 30V).

2.5 | Fragmentation analysis

Tandem mass spectrometry analysis (MS/MS) of the, at
first instance unknown, lipid class was done using similar
liquid chromatography mass spectrometry (LCMS) set-
tings as described in the UPLC-HRMS section. MS/MS
spectra were acquired in positive ion mode using higher

energy collisional dissociation (HCD) using a normalized
collision energy of 10, 35, and 60eV for the m/z corre-
sponding to the unknown lipid class. MS/MS spectra were
evaluated using Thermo Scientific Xcalibur 4.1.50.

2.6 | Annotation and statistical analyses
Peak identification in the untargeted lipidomics data was
performed using a dedicated annotation tool written in
MATLAB (https://www.mathworks/com), in which clus-
ters of monoisotopic and labeled D9-lipid peaks could be
annotated in a semi-automated fashion. Specifically, the
identification of known lipids was based on a combina-
tion of accurate mass and an in-house database of reten-
tion times from earlier studies and relevant standards.
Identification of unknown lipid clusters was based on
the visualization of all unannotated peaks with signifi-
cant patient-control group differences and the subsequent
comparison of within cluster mass differences with a pre-
established list of commonly occurring mass differences
that was composed of naturally occurring isotopes (e.g.
13¢ vs 12C), chemical moieties (e.g. CH,, H,, O) and ad-
ducts (e.g. [M+H]* vs. [M +NH4]").

Additional statistical analyses were performed using
IBM SPSS Statistics for Windows, Version 26.0.0.1,
Armonk, NY, IBM Corporation. Statistical significance
of median differences between groups were calculated
using a two-tailed Mann-Whitney U test. Correlation be-
tween to continuous variables was investigated using a
Spearman's rank correlation test. p values below .05 were
considered statistically significant. Data are presented as
median with range.

3 | RESULTS

3.1 | Acylcarnitine accumulation
patterns reflect IcCFAOD enzyme
deficiencies

Acylcarnitine levels in blood/plasma are generally
thought to reflect intracellular levels of the correspond-
ing acyl-CoA species. In line with this assumption, and
with routine diagnostic procedures, we observed an in-
creased relative abundance of disease-specific long-chain
acylcarnitines (i.e., C18:1-carnitine in CPT2D, OH-C16:0-
carnitine in LCHADD and MTPD, and C14:1-carnitine in
VLCADD; Figure 1A) in IcFAOD patient fibroblasts cul-
tured in standard HAM F-10 medium. When incubated
with a medium containing deuterium-labeled oleic acid
(D9-C18:1), we observed an increased relative abundance
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FIGURE 1 Disease-specific accumulation of acylcarnitines. (A) The disease-specific accumulation of long-chain acylcarnitines in
CPT2D (C18:1-carnitine), LCHADD and MTPD (OH-C16:0-carnitine), and VLCADD (C14:1-carnitine) fibroblasts and control fibroblasts
under standard culture conditions. (B) Increased relative abundance of D9-C18:1-carnitine 96 h after addition of D9-C18:1 to the medium
as a consequence of the impaired p-oxidation in all IcFAOD fibroblasts compared to controls. (C) The ratio of D9-C6:0-carnitine (represents
the product of p-oxidation) over D9-C18:1-carnitine (represents the substrate of -oxidation) as a measure of the remaining flux of D9-C18:1
through the $-oxidation system. *p <.05; **p <.01. Median (bars) and individual values (black circles) are shown in the graphs.

of D9-C18:1-carnitine, a derivative of the supplemented
D9-C18:1 fatty acid, in all IcFAOD patients compared to
control fibroblasts (Figure 1B) together with a decreased
relative abundance of shorter intermediates in LCHADD
and severe VLCADD patients (D9-C6:0- to D9-C10:0-
carnitines; Figure 2A), indicating decreased p-oxidation
capacity. Both the increased levels of disease-specific
long-chain acylcarnitines and D9-C18:1-carnitine, and
the decreased levels of short-chain D9-acylcarnitines

are in line with the IcFAO enzyme deficiency in patient
fibroblasts.

For the here reported IcCFAOD, the mitochondrial IcFAO
capacity can be represented as the ratio of D9-C6-carnitine
over D9-C18:1-carnitine, the product and the substrate, re-
spectively. As expected, controls had the highest IcFAO ca-
pacity. In LCHADD and severe VLCADD IcFAO capacity
was severely impaired, but in mild VLCADD, CPT2D and
MPTD, there was residual IcFAO capacity (Figure 1C). For
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FIGURE 2 LcFAOD-specific handling of accumulating acylcarnitines. (A) Relative abundance of shorter chain acylcarnitines (D9-C6:0-
to D9-C10:0-carnitine) in IcFAOD patient compared to control fibroblasts after addition of D9-C18:1 to the medium. (B) Relative abundance
of long-chain (>C18) acylcarnitines in IcFAOD patient fibroblasts compared to control fibroblasts after addition of D9-C18:1 to the medium.
(C) Relative abundance of unsaturated and long-chain (>C18) D9-acylcarnitines in IcFAOD patient compared to control fibroblasts after

addition of D9-C18:1 to the medium. *p <.05; **p <.01. Median (bars) and individual values (black circles) are shown in the graphs.

VLCADD, this ratio correlated well with the 1cFAO flux as
measured with tritium-labeled oleic acid, a validated di-

3.2

agnostic tool to measure the flux of oleic acid through the

B-oxidation system and a good predictor of the VLCADD
phenotype® (Spearman'’s p=0.85, p <.001, Figure S1A).

| Disease-specific lipid metabolism as

identified by tracer-based lipidomics

When incubating CPT2D and VLCADD patient fibro-
blasts with D9-C18:1, we observed an increased relative
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FIGURE 3 Disease-specific lipid metabolism leading to LCHADD and MTPD-specific acylcarnitines. (A) Extracted-ion chromatogram
(left) and the relative abundance (normalized based on the PE internal standard) (right) of the two peaks of C18:2-carnitines measured with
reverse phase liquid chromatography in control and IcFAOD patient fibroblasts cultured in standard conditions and after addition of D9-
C18:1 to the medium. For the different acylcarnitine species, the peaks of the D9-labeled acylcarnitines had a slightly lower retention time
(RT), likely as a consequence of the nine deuterium atoms that are heavier than their nonlabeled counterparts. Relative abundances of (D9-)
C20:2-carnitine (B) and (D9-)C22:2-carnitine (C) and the LCHADD/MTPD-specific peaks, expected (D9-)2,11-dienoyl-C20 (B), and (D9-
)2,13-dienoyl-C22-carnitines (C) measured with reverse phase liquid chromatography in control and IcFAOD patient fibroblasts cultured in
standard conditions and after addition of D9-C18:1 to the medium. *p <.05; **p <.01. Median (bars) and individual values (black circles) are

shown in the graphs.

abundance of (very) long-chain, mono-unsaturated acyl-
carnitines (D9-C20:1-carnitines and longer) compared to
controls, indicating elongation of D9-C18:1 (Figure 2B).
In LCHADD and MTPD, lipidomics analysis using nor-
mal phase liquid chromatography identified an increase
of long-chain acylcarnitines with two double bonds,
namely of D9-18:2-carnitine, D9-20:2-carnitine, and,
with a lower relative abundance, D9-C16:2-carnitine
(Figure 2C). We detected two separate peaks in the
extracted-ion chromatograms of C18:2-carnitine and
D9-C18:2-carnitine (Figure 3A,B). The first eluting

peak (retention time (RT): 375-390s) was present in
all IcFAOD, whereas the later eluting peak (RT: 390-
430s) was only found in LCHADD and MTPD patient
fibroblasts. This was also seen for C20:2-carnitine and
C22:2-carnitine, although the relative abundances were
increasingly lower (Figure 3C). We speculate that these
LCHADD- and MTPD-specific lipid acylcarnitine spe-
cies are carnitine esters that originate from the VLCAD-
dependent dehydrogenation of D9-9-enoyl-C18-CoA
(D9-)oleyl-carnitine and its elongation products D9-11-
enoyl-C20-CoA and D9-13-enoyl-C22-CoA, resulting
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FIGURE 4 LCHADD and MTPD-specific accumulation of hydroxyacylcarnitine species. (A) Extracted-ion chromatogram of OH-C18:2-
carnitine (left) and D9-OH-C18:2-carnitine (right). For the OH-C18:2-carnitine, we observed three peaks. The peaks were hypothesized

to be 3-OH-9,12-dienoyl-C18-carnitine (first peak, retention time (RT): 326-341s, red), 3-OH-?,9-dienoyl-C18-carnitine (second peak, RT:
341-360s, orange, position double bond unknown) and 3-oxo-C18:1-carnitine (third peak, RT: 362-3865, green). For the labeled analysis,
D9-OH-C18:2-carnitine, we only observe two peaks, hypothesized to be D9-3-OH-?,9-dienoyl-C18-carnitine (first peak) and, D9-3-oxo-
C18:1-carnitine (second peak). (B) Relative abundance of OH-C18:2-carnitine and D9-OH-C18:2-carnitine in LCHADD and MTPD patients
compared to controls. (C) Relative abundance of OH-C18:2-carnitine and D9-OH-C18:2-carnitine for the different peaks (based on RT)
observed in A. *p <.05; **p <.01. Median (bars) and individual values (black circles) are shown in the graphs.
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FIGURE 5 Neutral lipids accumulate in IcFAOD fibroblasts. The relative abundance of neutral lipids (TG, TG(O), and CE) in IcFAOD
patient fibroblasts compared to control fibroblasts cultured in standard conditions and after addition of D9-C18:1 to the medium. *p <.05;
**p <.01. Median (black lines) and individual values (open circles) are shown in the graphs. The boxes span the minimal and maximal
observed value.
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in the respective formation of D9-2,9-dienoyl-C18-CoA
(D9-C18:2-CoA), D9-2,11-dienoyl-C20-CoA (=D9-C20:2-
CoA) and D9-2,13-dienoyl-C22-CoA (=D9-C22:2-CoA)
(Figure S2A). We observed a negative correlation be-
tween the calculated mitochondrial IcFAO capacity and
the levels of D9-2,11-dienoyl-C20-carnitine accumula-
tion in LCHADD and MTPD (Spearman's p=—0.86,
p=.01, Figure S1B). This negative correlation indicated
that more D9-9-enoyl-C18-CoA is elongated and conse-
quently more D9-2,11-dienoyl-C20-carnitine is formed
in case of a lower mitochondrial IcFAO capacity caused
by a more severe downstream metabolic block.

These results were confirmed in patient fibroblasts
cultured in standard medium, where we also observed
increased levels of very long-chain acylcarnitines (>C22)
in VLCADD compared to controls, and increased levels
of double unsaturated acylcarnitines in LCHADD and
MTPD compared to controls and other IcFAOD patient
fibroblasts (Figure S3).

3.3 | LCHADD and MTPD
cells accumulate specific
hydroxyacylcarnitine species

To investigate possible differences in the LCHADD- and
MTPD-specific OH-C18:1- and OH-C18:2-carnitine spe-
cies we evaluated their extracted-ion chromatograms
derived from the reversed-phase analysis. For both OH-
C18:1-carnitine and D9-OH-C18:1-carnitine, we detected
one peak (RT: 366-398s), likely corresponding to the
3-hydroxyl form of (D9-)oleoyl-carnitine (Figure S4).
However, for OH-C18:2-carnitine, we detected three peaks
(Figure 4). Like for (D9-)9-enoyl-C18-carnitine, (D9-)11-
enoyl-C20-carnitine and (D9-)13-enoyl-C22-carnitine,
the peaks of the labeled substrates were shifted to slightly
lower retention times compared to the unlabeled sub-
strates. We hypothesize that the first eluting peak (RT:
326-341s) corresponds to the 3-hydroxyl form of linoleoyl-
carnitine (3-OH-9,12-dienoyl-C18-carnitine). The second
and third eluting peaks (RT 341-360s and 362-386s, re-
spectively) were also found in the extracted-ion chroma-
togram of D9-labeled OH-C18:2-carnitine, indicating that
both peaks were products of the added D9-C18:1. The sec-
ond eluting peak was predominantly present in LCHADD-
and to a lesser extent in MTPD-patient fibroblasts when
compared to controls. We hypothesized that the second
peak at RT 341-360s was a product of fatty acid desatu-
rates (FADS),”** forming D9-?,9-dienoyl-C18-CoA (“?”
represents the unknown location of the new double bond)
followed by partial oxidation through the IcFAO path-
way to form D9-?,9-dienoyl-3-OH-C18-CoA and its corre-
sponding acylcarnitine, see discussion (Figure S2B). The

T|h'lc-)A\SEBJourn0|

third, MTPD-specific, peak at RT 362-386s is most likely
(D9-)3-0x0-C18:1-carnitine, the intermediate accumulat-
ing due to a deficiency of the LCKAT activity (Figure S2B).

3.4 | Neutral lipid accumulation in
1cFAOD fibroblasts

In IcFAOD patient fibroblasts cultured in standard medium
we observed neutral lipid accumulation. The median sums
of all triacylglycerols (TG), alkyldiacylglycerols (TG(O))
and cholesterol esters (CE) were significantly higher in
IcFAOD compared to control fibroblasts (1.6, 2.4 and 2.1
times, respectively). There were however differences be-
tween the distinct IcFAOD: TG(O) and CE were increased
in LCHADD, and not or only mildly in other IcFAOD
(Figure 5A,B). CE levels were normal in severe VLCADD
and MTPD (Figure 5C). The group of mild VLCADD pa-
tients with high IcFAO fluxes (33%-125%), but not the se-
vere VLCADD patients with low IcFAO fluxes (5%-7%),
showed neutral lipid accumulation (Table 1, Figure 5).
There was no statistically significant correlation between
the amount of lipid accumulation (TG, TG(O) and CE) and
IcFAO flux in VLCADD patients (not shown).

After D9-C18:1 loading to allow lipid tracing, the rel-
ative abundance of TG(O) was significantly increased
in LCHADD and mild VLCADD, whereas D9-neutral
lipids were not increased in other IcFAOD patient fibro-
blasts when compared to controls (Figure 5). Comparison
of chain-length distribution and saturation patterns in
neutral lipid chains with disease-specific acylcarnitine
patterns did not show consistent effects (Table S1). The rel-
ative abundance of phospholipids (phosphatidylcholine
(PC), phosphatidylethanolamine (PE)) and lysophospho-
lipids (lysophosphatidylcholine (LPC) and lysophosphati-
dylethanolamine (LPE)) was normal or slightly decreased
compared to controls with and without D9-C18:1 added
to the medium (Figure S5). The ratio of PC and PE was
comparable to the levels of the controls under both con-
ditions (Table S1). In conclusion, we observed a neutral
lipid accumulation (TG, TG(O) and CE) in IcFAOD pa-
tient fibroblasts cultured in standard medium, albeit the
accumulation varied between the different disorders.
(Lyso)phospholipids, on the other hand, were not clearly
affected at the class level.

3.5 | LPC(14:1) is a VLCADD-specific
candidate biomarker that correlates with
VLCAD enzyme activity

Although lysophopholipids as a group were not in-
creased in IcFAOD patients, LPC(14:1) was significantly
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FIGURE 6 LPC(14:1)as new VLCADD disease severity marker. (A) Relative abundance of LPC(14:1) and D9-LPC(14:1) in mild and
severe VLCADD patient fibroblasts and control fibroblasts cultured in standard conditions and after addition of D9-C18:1 to the medium.
*p<.05. **p <.01. Median (bars) and individual values (open circles) are shown. (B) LPC(14:1) and C14:1-carnitine were measured in plasma
samples from VLCADD patients with varying remaining enzyme activities (n=9) (red dots), a carrier of a variant in ACADVL (n=1) (dark
gray dot), and, for LPC(14:1), healthy controls (n=10) (light gray dots).

more abundant in severe VLCADD patient fibroblasts
compared to controls (Figure 6A). This lipid better dis-
criminated between mild and severe VLCADD than the
established VLCADD biomarker C14:1-carnitine and had
a higher correlation with IcFAO flux (Spearman'’s p IcFAO
flux and LPC(14:1): —0.82, p=.001, Spearman'’s p IcFAO
flux and Cl4:1-carnitine: —0.13, p=.70). Similarly, D9-
LPC(14:1) had a significantly higher abundance in severe
VLCADD compared to mild VLCADD and control fibro-
blasts (Figure 6A). To further investigate LPC(14:1) as a
possible VLCADD disease severity marker, we measured
LPC(14:1) in plasma of ten healthy controls, one carrier
of VLCADD, and nine VLCADD patients with varying

clinical and biochemical phenotypes (Table S2). LPC(14:1)
accumulation in plasma of VLCADD patients showed a
strong correlation with enzyme activity measured in lym-
phocytes (Spearman'’s p =—0.93, p <.001) (Figure 6B). The
correlation of LPC(14:1) with enzyme activity was better
than the correlation of C14:1-carnitine with enzyme ac-
tivity (Spearman'’s p enzyme activity and C14:1-carnitine:
—0.48, p=.19, respectively (Figure 6B)). Correlating
LPC(14:1) concentrations with the clinical phenotype was
complicated by the relatively low number of patients and
the fact that this cohort contains both symptomatically-
and NBS-diagnosed patients with varying follow-up times.
Nevertheless, LPC(14:1) was increased in all symptomatic
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FIGURE 7 S-(3-hydroxyacyl)cysteamines are new disease markers for LCHADD. (A) Endogenous and corresponding D9-C18:1-
derived features, likely S-(3-hydroxyacyl)cysteamines, were detected in significantly higher abundance in LCHADD patient fibroblasts
when compared to control and MTPD patient fibroblasts cultured in standard conditions and after addition of D9-C18:1 to the medium.
(B) Lipidomics analysis in fibroblast pellets from LCHADD patients (n=>5) (two cell lines were also included in the original lipidomics
experiment: LCHADD_3 and LCHADD_4, Table S3), an MTPD patient (n=1) and controls (n=4). Graphs show the combined results of
the first (open circles) and the second (closed circles) lipidomics analysis. *p <.05; **p <.01. Median (bars) and individual values (circles)
are shown as percentage of the controls' average in the same experiment. LCHADD_3 and LCHADD_4 were also measured in the repeat
experiment (analysis of new/unrelated sample) and are shown in triangle and square symbols, respectively.

patients and one asymptomatic NBS-diagnosed patient
with a low IcFAO flux (<10%) associated with a severe
clinical phenotype, whereas LPC(14:1) was normal com-
pared to controls in one asymptomatic NBS-diagnosed pa-
tient with a high IcFAO flux (not shown).

3.6 | S-(3-hydroxyacyl)cysteamines are
LCHADD-specific candidate biomarkers

Using untargeted lipidomics, which allowed detection of
~40000 features, we identified a set of unknown features
that were significantly elevated only in LCHADD when
compared to controls and other IcCFAOD patient fibroblasts
(Figure 7A). The m/z values of the unknown features
differed from each other by the mass of two methylene
groups. After incubation with D9-C18:1, the D9-tracer was
also incorporated in these, at that time unknown, features
indicating that they are part of a lipid cluster containing
fatty acids or their derivatives. Interestingly, in MTPD
patient fibroblasts, this newly identified lipid cluster was
not significantly increased. Fragmentation analysis was
in line with the hypothesis that this unknown lipid clus-
ter likely corresponded to thioesters of cysteamine, pos-
sibly originating from the degraded Coenzyme A-moiety,
and a hydroxy-fatty acid (with varying chain lengths)
(Figure S6). We termed these molecules S-(3-hydroxyacyl)
cysteamines.

To confirm our findings, we repeated the lipidom-
ics analysis in anonymized dermal fibroblast pellets not
controlled for culture conditions and storage duration,

from four healthy controls, one MTPD patient, and five
LCHADD patients, again showing a significant increase
in the LCHADD samples (Figure 7B). To exclude that the
S-(3-hydroxyacyl)cysteamines were artifacts produced
during sample preparation, we determined the concen-
tration dependency of D9-C18:1-OH-cysteamine forma-
tion from D9-C18:1 in fibroblasts of one control and one
LCHADD patient. For the highest D9-C18:1 concentra-
tion we also directly lysed cells in methanol:chloroform
to exclude non-enzymatic formation of S-(3-hydroxyacyl)
cysteamines. Strikingly, D9-C18:1-OH-cysteamine was
formed in a D9-C18:1-concentration-dependent manner
and was also present in the directly lysed cells, confirming
that S-(3-hydroxyacyl)cysteamines are endogenously pro-
duced metabolites (Figure S7).

4 | DISCUSSION

Since the discovery of the first IcFAOD patients around
the 1980s, diagnostic and therapeutic strategies have
improved significantly, including implementation of
IcFAOD in NBS programs allowing for pre-symptomatic
diagnosis and treatment from birth. This has not only
helped to prevent life-threatening hypoglycemia, but
with time also showed that there still are difficulties to
predict prognosis pre-symptomatically. Moreover, treat-
ment strategies for some disorders are limited. Better un-
derstanding of the metabolic consequences of IcFAOD
will likely contribute to further improving care for these
patients. In this study we used tracer-based lipidomics in
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CPT2D, LCHADD, MTPD and VLCADD patient fibro-
blasts to investigate the fate of LCFAs in IcFAOD, and the
potential role of accumulating IcFAO intermediates in
IcFAOD pathophysiology.

We observed a direct correlation between the chain
length and saturation patterns of accumulating acyl-
carnitines with the enzyme deficiencies in 1IcFAOD. For
CPT2D and VLCADD, we mainly detected accumulation
of elongated mono-unsaturated acylcarnitines, whereas
for LCHADD and MTPD, acylcarnitines with an addi-
tional double bond accumulated. We hypothesized that
these LCHADD- and MTPD-specific lipid acylcarnitine
species are carnitine esters that originate from VLCAD-
dependent dehydrogenation of long-chain acyl-CoAs,
yielding 2-enoyl-acyl-CoAs. Based on the combination of
(1) the accumulation of both elongated mono-unsaturated
(for CPT2D and VLCADD) and the presumed
2-enoyl-acylcarnitines (for LCHADD and MTPD), (2) the
low affinity of CPT2 for 2-enoyl-acyl-CoAs,* which makes
the transport of 2-enoyl-acyl-CoAs out of the mitochondria
unlikely, (3) the fact that enzymes catalyzing the elonga-
tion of fatty acids are present outside of the mitochondria
(mainly the endoplasmic reticulum®*) and (4) elongation
enzymes present within the mitochondria mainly act on
substrates shorter than 16 atoms,* we suggest that accu-
mulating fatty acids (e.g., C18:1) are first transported out
of mitochondria (via the carnitine cycle), then elongated
in the endoplasmic reticulum (e.g., to C20:1), subsequently
transported back into mitochondria followed by dehydro-
genation by VLCAD (e.g., to form C20:2).

By tracer-based lipidomics and analysis of extracted-
ion chromatograms of selected acylcarnitines, we found
that there was alternative and disease-specific process-
ing of accumulating IcFAO-intermediates. This is con-
cluded from the finding of different chromatographic
peaks in the extracted-ion chromatograms correspond-
ing to different species of (D9-)OH-C18:2-carnitine
in LCHADD and MTPD. Based on the stable isotope
labeling experiment, we reasoned that the first and
the third peak corresponded to the 3-hydroxyl form of
linoleoyl-carnitine (3-OH-9,12-dienoyl-C18-carnitin
e) and 3-oxo0-9-enoyl-C18 carnitine, respectively. The
second peak, however, was only present in the label-
ing experiment and thus must have been derived from
the D9-C18:1 which had gained an hydroxyl-group and
an additional double bond to form (D9-)OH-C18:2,
most likely introduced by the “general” desaturase
FADS2.*%* We hypothesize that the (D9-)C18:1-CoA
which now contains a second double bond introduced
by the FADS enzyme (i.e. (D9-)9-enoyl-C18-CoA to
produce (D9-)C18:2-CoAs (position of double bond un-
known)), is subsequently imported into mitochondria
to be degraded via B-oxidation. Given the impairment

in IcFAO because of LCHADD, f-oxidation is disturbed
and (D9-)3-OH-C18:2-carnitine accumulates. These
different species of OH-C18:2-carnitines illustrate the
complex metabolic consequences of IcFAOD and high-
light the insight that labeling studies in combination
with UPLC-MS can yield.

Based on previous findings of neutral lipid accu-
mulation due to impaired 1IcFAO both in vitro and
in vivo,'*>?® we hypothesized that disease-specific
IcFAO-intermediates are shunted towards neutral lipid
species such as TG as a protection mechanism. Indeed,
we observed neutral lipid accumulation (TG, TG(O) and
CE) in IcFAOD fibroblasts cultured in standard medium.
(Lyso)phospholipids, however, did not accumulate, and in
some IcFAOD the levels of these lipid species were even
decreased. Moreover, we observed no changes in the PC/
PE ratio, which was previously associated with mitochon-
drial disease’’ % and LCHADD."® The observed changes
in neutral lipids but not in (lyso)phospholipids may relate
to the different functions of these lipid species and likely
are tissue/cell type specific. Whereas neutral lipids mainly
function as energy storage, (lyso)phospholipids are essen-
tial signaling molecules®”*! and building blocks for cellu-
lar and organellar membranes.** To prevent large changes
in these structural/functional lipids, cells may shunt ac-
cumulating fatty acids into “storage” lipids as exemplified
by steatosis of liver and muscle in IcFAOD.*"**> However,
tracing of D9-C18:1 did not provide direct evidence for
storage of LCFAs in neutral lipids in IcFAOD fibroblasts.
Supplementation of carnitine to the culture medium to-
gether with the D9-C18:1 may have stimulated detoxifi-
cation through acylcarnitine formation and excretion in
the medium. Also, the time-scale of the experiment could
have been too short to accumulate D9-labeled fatty acids
in neutral lipids.

Cl14:1-carnitine, the (NBS) marker for VLCADD, ac-
cumulated similarly in both severe and mild VLCADD
patient fibroblasts. LcFAO flux measurements can dis-
criminate between mild and severe VLCADD phenotypes,8
but obtaining dermal fibroblasts for this is both invasive
and time-consuming with limited test accessibility. We
here found that LPC(14:1) also differentiated between se-
vere and mild VLCADD in fibroblasts. Furthermore, we
observed a correlation between LPC(14:1) in plasma from
VLCADD patients and enzyme activity. Although promis-
ing, this initial observation does require confirmation in
more patients and further characterization in terms of re-
producibility, accuracy, specificity and sensitivity, before a
potential implementation in clinical practice.

LPCs are the most abundant lysoglycerophospholip-
ids in human blood, and are suggested to play, among
other functions, a role in the inflammatory response with
both pro- and anti-inflammatory effects.**** LPCs can
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become toxic to cells at high concentrations, as they dis-
rupt membrane structures and cause cell lysis, hence the
prefix “lyso”. LPCs are derived from the corresponding
phospholipid PC via hydrolysis by lipoprotein-associated
phospholipases A, or A,*® Long-chain LPCs are used as
biomarkers for other metabolic diseases. For example,
LPC(26:0) is used as a biomarker of very LCFA accumula-
tion in adrenoleukodystrophy (ALD) and can be detected
in blood spots.*® In VLCADD, accumulating C14:1 is likely
integrated into PC eventually leading to the formation of
LPC(14:1). As a product of PC, LPCs may be more stable
and have a longer half-life in plasma than acylcarnitines,
which are highly influenced by the patient's diet, fasting
and exercise.*’ If LPCs have a longer half-life, they might
better represent the accumulating p-oxidation intermedi-
ates over a longer time period which is less influenced by
the exact sampling time. Although possible dietary and
lifestyle influences on LPC(14:1) still need to be investi-
gated, plasma LPC(14:1) may thus represent a useful can-
didate biomarker to predict disease severity and monitor
the effects of and compliance to dietary interventions.

Using untargeted lipidomics, we discovered a potential
LCHADD-specific candidate biomarker, which accumu-
lated specifically in LCHADD patient fibroblasts in two
separate experiments, including cell pellets of fibroblasts
cultured under different conditions and at different time
points. Based on the m/z values, fragmentation analysis,
and the presence of a cluster of lipids with a fatty acid
signature, we provisionally identified these lipids as S-(3-
hydroxyacyl)cysteamines. We hypothesize that the gener-
ation of S-(3-hydroxyacyl)cysteamines occurs due to the
high concentrations of 3-hydroxyacyl-CoAs that accumu-
late in LCHADD caused by the p-oxidation defect in com-
bination with putatively lower affinity towards conversion
into acylcarnitines (via CPT2) and cleavage into free fatty
acids and coenzyme A (via thioesterases).?® The accumu-
lating 3-hydroxyacyl-CoAs may be shunted into the CoA
degradation pathway leading to the formation of S-(3-
hydroxyacyl)cysteamines.*"*** The exact mechanism of the
generation of these lipid species is as yet unknown and
requires further investigation. However, two enzymatic
pathways/enzymes exist which in theory could produce S-
(3-hydroxyacyl)cysteamines, pantheteinase (VNN)* and/
or amidase®™* activity. Pantheteinase catalyzes the last
step of the CoA degradation pathway, but is generally re-
garded as an extracellular protein** making this possibility
less likely. Accumulating 3-hydroxyacyl-CoAs could also
be processed by an amidase, an enzyme that previously
has been described to catalyze the one-step generation of
acylcysteamines from acyl-CoAs.****

We observed that S-(3-hydroxyacyl)cysteamines al-
most exclusively accumulated in LCHADD fibroblasts,
whereas only minimal or inconsistent accumulation

%A\SEBJourncl

was observed in MTPD. Most of our MTPD patients had
mild disease with relatively high residual enzyme activ-
ity and IcFAO capacity, likely allowing some degradation
of 3-hydroxyacyl-CoAs via the p-oxidation pathway. Yet,
it remains puzzling that hydroxyacylcarnitines accu-
mulated in both LCHADD and MTPD, suggesting that
hydroxyacyl-CoAs do so too, and that concomitantly S-(3-
hydroxyacyl)cysteamines would be expected to be formed
in both disorders.

The LCHADD specificity of the S-(3-hydroxyacyl)
cysteamines and the precise mechanism of formation
still requires further investigation. However, our find-
ings suggest that 3-hydroxyacyl-CoAs, and possibly also
other accumulating acyl-CoAs, can be driven towards
the CoA degradation pathway leading to the formation
of S-(3-hydroxyacyl)cysteamines. LCHADD and MTPD
are unique among IcFAOD as they are the only two lc-
FAOD that display pigmentary retinopathy and peripheral
neuropathy. For long, it was thought that toxic effects of
accumulating 3-hydroxyacyl-CoAs and their carnitine
derivatives may play a role in the development of these
long-term complications. The exact pathophysiological
mechanism, however, remains unknown. Our discov-
ery of the predominant and specific occurrence of S-(3-
hydroxyacyl)cysteamines in LCHADD makes it tempting
to speculate that they might play a role in LCHADD- (and
MTPD-)specific disease pathophysiology. CoA biosyn-
thesis deficiencies present with severe neurological phe-
notypes, including axonal neuropathy and pigmentary
retinopathy due to CoA shortage.*>™*” We hypothesize that
activity of the CoA degradation pathway in LCHADD and
possibly MTPD may also result in CoA shortage which in
turn might contribute to the development of pigmentary
retinopathy and peripheral neuropathy.

In conclusion, we observed neutral lipid without (lyso)
phospholipid accumulation in 1cFAOD fibroblasts, sug-
gesting protection of the intracellular balance in functional
lipids by shunting accumulating fatty acids into neutral
lipids. Tracer-based lipidomics did not only increase in-
sight in the (alternative) processing and fate of accumulat-
ing IcFAO-intermediates in IcFAOD, but also enabled the
discovery of two disease-specific candidate biomarkers,
LPC(14:1) for VLCADD and S-(3-hydroxyacyl)cysteam-
ines for LCHADD, which may have significant relevance
for disease prognosis and diagnosis, respectively.
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