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ARTICLE INFO ABSTRACT

Keywords: Fatty acid (FA) oxidation disorders (FAOD) are characterized by accumulation of specific acylcarnitines (CAR)
Lipid metabolism disorders and FA and can lead to potentially severe complications. In this study, dried blood spots (DBS) combined with
Lipids

LC-MS lipidomics analysis were used to assess lipidome plasticity in medium-chain acyl-CoA dehydrogenase
deficiency (MCADD), long-chain hydroxyacyl-CoA dehydrogenase deficiency (LCHADD), and very long-chain
acyl-CoA dehydrogenase deficiency (VLCADD), compared to control (CT) individuals, for screening potential
prognostic biomarkers.

Statistically significant variations were found in CAR, biomarkers for FAOD diagnosis, but other lipid species
showed variations depending on the FAOD. Common changes in all FAOD included a few phosphatidylcholine
(PC) lipid species, notably an up-regulation of LPC 16:1, possibly associated with a higher risk of cardiovascular
disease (CVD). In LCHADD and VLCADD, an up-regulation of odd-chain PC (PC 33:0, PC 35:4 and PC 37:4) was
observed. VLCADD exhibited higher levels of odd-chain TG, while LCHADD showed an up-regulation of ceramide
(Cer 41:2;02). The increase in the Cer class has been found to be associated with neurodegeneration and may
contribute to the risk of developing this condition in LCHADD. An upregulation of ether-linked PC lipid species,
including plasmenyl (known as endogenous antioxidants), was observed in MCADD, possibly as a response to
increased oxidative stress reported in this disorder.

Overall, DBS combined with lipidomics effectively pinpoints the lipid plasticity in FAOD, highlighting po-
tential specific biomarkers for disease prognosis that warrant further validation for their association with the
development of FAOD comorbidities.

Microsampling

Whole blood

Liquid chromatography
Mass spectrometry

1. Introduction metabolic errors caused by defects in the mitochondrial fatty acid
p-oxidation (FAO). The most prevalent FAOD include medium-chain
Fatty acid B-oxidation disorders (FAOD) are a group of rare inborn acyl-CoA dehydrogenase deficiency (MCADD), long-chain hydroxy
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acyl-CoA dehydrogenase deficiency (LCHADD), and very long-chain
acyl-CoA dehydrogenase deficiency (VLCADD). Alterations at the level
of acylcarnitines (CAR) with specific fatty acyl chains are used as bio-
markers for diagnosis of each FAOD [1-3]. The inefficient fatty acid (FA)
mitochondrial B-oxidation, together with accumulation of specific CAR
and FA (of medium-chain in MCADD, long-chain 3-hydroxy in LCHADD,
and long-chain in VLCADD), if not controlled, can lead to life-
threatening clinical phenotypes [4-7]. Similar symptoms have been
described for FAOD, such as acute hypoketotic hypoglycemia and en-
cephalopathy episodes. However, other symptoms and comorbidities,
such as cardiomyopathy and myopathy, are specific described for
LCHADD and VLCADD, and the cardiac arrhythmias for long-chain
FAOD and for few MCADD cases [8-15]. Only LCHADD patients pre-
sent progressive neuropathy and retinopathy [3,16].

The therapeutic approach to manage FAOD is primarily focused on
balancing energy deprivation and preventing the accumulation of toxic
intermediates resulting from these metabolic defects [17]. Treatment
strategies vary based on the patient’s symptomatic or asymptomatic
status, and the FAOD subtype [6]. In general, patients should avoid long
fasting periods. Patients with long-chain FAOD (such as VLCADD and
LCHADD) should also limit long-chain FA intake, follow a low-fat diet,
and take supplements of medium-chain triacylglycerols containing C8
FA (MCT-C8). Additional therapeutic strategies, including anaplerotic
therapy with triheptanoin may be employed. Triheptanoin, a triglycer-
ide composed of three odd-chain C7 fatty acids (MCT-C7), can also serve
as an alternative to MCT-C8 supplementation [17]. As energy supply
depends on FAO, supplementing with carbohydrates may be required
when glucose levels are low [18].

The accumulation of specific CAR and FA, as well as the dietary
therapy and MCT supplementation (in the case of long-chain FAOD), can
disrupt lipid homeostasis [3]. In addition, the accumulation of specific
CAR and FA can contribute to enhancing cell oxidative stress, causing
lipid peroxidation and ultimately inducing deregulation in lipid ho-
meostasis and alteration of cellular lipid profile [4]. Besides the alter-
ations in CAR and FA profiles, published works reported the variation in
other lipid classes in MCADD, VLCADD, and LCHADD [19]. Lipidomics
and metabolomics studies have reported changes at the level of CAR and
other complex lipids, such as glycerophospholipids, sphingolipids, and
glycerolipids [19-35]. A decrease in ether-linked lipids, namely phos-
phatidylcholine (PC) plasmalogens, known as endogenous antioxidants,
was reported in the plasma of MCADD patients and associated with a
possible increase in oxidative stress [19]. Alterations in the profile of the
triacylglycerols (TG) containing saturated and monounsaturated FA
(namely FA 14:0 and FA 16:0) were also reported in MCADD individuals
[19]. These changes were linked to a potential risk of long-term devel-
opment of cardiovascular disease, as reported for patients with obesity
and type 2 diabetes mellitus [21-25]. Less is known regarding the
changes in the complex lipids in LCHADD, but changes in the levels of
TG, PC, phosphatidylethanolamine (PE), PC/PE ratio, sphingomyelins
(SM), ceramides (Cer) and hexosylceramides (HexCer) were reported
[26,28,29]. The authors hypotheses that the altered sphingolipid profile
in LCHADD patients may be a long-term risk factor to the neurodegen-
erative symptoms of these patients [28], as increase in sphingolipids
have been associated with neurodegenerative disorder [36,37]. In
VLCADD patients, a higher content of lysophospholipids containing FA
with 14 carbons was pointed as potentially contributing to the pro-
inflammatory state of this disorder [32]. Increased levels of PC, ether-
linked PC, and TG, together with lower content of ether-linked PE
(with 36 and 38 total carbons in FA chains) were also observed in human
VLCADD fibroblasts [28]. Thus, a disruption of lipid homeostasis and
profile can have a significant impact on the onset and progression of
FAOD [38-40]. The analysis of the specific variation of the lipidome
may enable the identification of potential biomarkers for prognosis, as
well as for valuating disease progression and assessing treatment effects
[41,42].

The research on FAOD lipidome was focused on the analysis of
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plasma, fibroblasts, and dried blood spots (DBS) samples [3]. Recently,
the use of DBS has attracted attention, and when combined with lipid
analysis, it is considered highly advantageous for chronic diseases sur-
veillance [43,44]. DBS sampling is a patient-centric approach to
healthcare, as it is minimally invasive, requiring small blood volumes,
and enabling easier sample collection. This makes DBS ideal for frequent
follow-up, improving patient compliance and quality of life. DBS is
already applied routinely for newborn screening and FAOD diagnosis,
but it is limited to CAR quantification in FAOD patients. In this work, we
aimed to use DBS combined with lipidomic analysis to access the whole
blood lipid plasticity of MCADD, VLCADD, and LCHADD compared to
control (CT) individuals, screening potential prognosis biomarker
candidates.

2. Material and methods
2.1. Dried blood spot (DBS) samples

Whole blood from a total of 25 participants, including 10 controls
(CT), 5 medium-chain acyl-CoA dehydrogenase deficiency (MCADD)
patients, 5 very long-chain acyl-CoA dehydrogenase deficiency
(VLCADD), and 5 long-chain hydroxy acyl-CoA dehydrogenase defi-
ciency (LCHADD) patients, were collected by a heal/fingerpick on
multiple 1.3 cm DBS circles of PerkinElmer ® 226 filter paper cards and
stored at —20 °C until the total lipid extraction. The samples were
divided into 4 groups: CT (subjects with 1 month to 28 years old, 4 fe-
males and 6 males), MCADD (subjects with 9 days to 10 years old, 4
females and 1 male), VLCADD (subjects with 3 to 22 years old, 2 females
and 4 males) and LCHADD (subjects with 6 months to 28 years old, 2
females and 3 males). Data collected for each patient are summarized in
Supplementary Table S1.

2.2. DSB total lipid extraction

Total lipids were extracted from each DBS using the Bligh & Dyer
method [45]. For this, 8 circles of 3.2 mm, punched from the DBS circles,
were placed in Pyrex extraction tubes. To each tube, 1 mL of Milli-Q
water and 3.75 mL of dichloromethane: methanol (1:2, v/v) were
added and vortexed for 1 min. Then, each tube was incubated on ice for
30 min under agitation (75 rpm) using an orbital shaker (Stuart Recip-
rocating Shaker SSL2, Stuart, UK), vortexing every 5 min. After 30 min,
1.25 mL of dichloromethane and 1.25 mL of Milli-Q water were added to
each tube and vortexed for 1 min between each addition. The tubes were
centrifuged at 2000 rpm for 10 min, and the lower organic phase was
collected into a new glass tube. Then, 1.88 mL of dichloromethane was
added to the aqueous phase, and the tubes were vortexed for 1 min. The
tubes were then re-centrifuged under the same conditions to separate
the aqueous phase from the remaining organic phase. The organic phase
was collected into the previous glass tube, dried under a stream of ni-
trogen gas, and re-dissolved in dichloromethane. The total lipid extracts
were transferred to amber vials, dried, and stored at —80 °C until further
analysis.

2.3. Phospholipid quantification by phosphorus measurement

The quantification of total phospholipids (PL) recovered after
extraction was performed through phosphorus (P) measurement,
following a modified Bartlett and Lewis method [46], as previously
described [19]. For that, the total lipid extracts were dissolved in 200 pL
of dichloromethane, and a volume of 10 pL was transferred in duplicate
to a glass tube previously washed with 5 % nitric acid. The solvent was
dried using a nitrogen stream, and then 125 L of 70 % perchloric acid
was added to each tube. The samples were incubated in a heating block
(Stuart, U.K.) at 180 °C for 1 h. After cooling to room temperature, 825
uL of Milli-Q water, 125 pL of ammonium molybdate (25 g L~} prepared
in Milli-Q water), and 125 pL of ascorbic acid (100 g L™! prepared in
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Milli-Q water) were added to each sample, with vortex mixing between
each addition. The samples were then incubated in a water bath at
100 °C for 10 min, followed by immediate cooling in a cold-water bath.
The absorbance was measured at 797 nm using a Multiskan GO1.00.38
Microplate Spectrophotometer (Thermo Scientific, Hudson, NH, USA)
controlled by SkanIT software, version 3.2 (Thermo Scientific). The
phosphorus content of each extract was determined using a calibration
curve prepared by performing the same procedure (excluding the
heating block step) with standards containing 0.1 to 2 pg of phospho-
rous, prepared from a sodium dihydrogen phosphate dihydrate solution
(100 pg mL~! of P). The total amount of phospholipids was estimated by
multiplying the phosphorus amount by 25 [47].

2.4. Characterization of the total lipidome profile by reverse phase liquid
chromatography coupled to high-resolution tandem mass spectrometry
(C18 LC-MS/MS)

The total lipid extract from DBS samples was analyzed by reverse-
phase liquid chromatography coupled to high-resolution tandem mass
spectrometry (C18 LC-MS/MS) using an Ultimate 3000 Dionex (Thermo
Fisher Scientific, Bremen, Germany) equipped with an Ascentis® Ex-
press 90 A C18 column (Sigma-Aldrich®, 2.1 x 100 mm, 2.7 pm)
coupled to a Q-Exactive® hybrid quadrupole Orbitrap mass spectrom-
eter (Thermo Fisher Scientific, Bremen, Germany). For this analysis, the
total lipid extracts obtained from DBS samples were resuspended in
dichloromethane to achieve a phospholipid (PL) concentration of 1 pg
PL pL L. A volume of 5 pL of a mixture containing 10 pL of lipid extract
(previously resuspended in dichloromethane; 1 pg PL pL™1), 82 pL of a
solvent system of isopropanol:methanol (1:1, v/v), and 8 pL of a mixture
of phospholipid standards (1,2-dimyristoyl-sn-glycero-3-phosphocho-
line - 0.04 pg, N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine
- 0.04 pg, 1,2-dimyristoyl-snglycero-3-phosphoethanolamine - 0.04 pg,
1-nonadecanoyl-2-hydroxy-sn-glycero-3phosphocholine - 0.04 pug, 1,2-
dipalmitoyl-sn-glycero-3-phosphoinositol - 0.08 pg, 1,3-bis[1,2-dimyr-
istoyl-sn-glycero-3-phospho]-glycerol - 0.16 pg; 1,2-dimyristoyl-sngly-
cero-3-phosphoglycerol - 0.024 pg, N-heptadecanoyl-D-erythro-
sphingosine - 0.08 pg, 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
—0.08 pg; 1,2-dimyristoyl-sn-glycero3-phosphate - 0.16 pg) was injec-
ted, for each sample, into the column at 50 °C and at a flow rate of 260
pL min~!. Mobile phase A consisted of Milli-Q water/acetonitrile (ACN)
(40/60 %) with 10 mM ammonium formate and 0.1 % formic acid, while
mobile phase B comprised isopropanol/ACN (90/10 %) with 10 mM
ammonium formate and 0.1 % formic acid. The elution started with 32
% of mobile phase B, followed by the following gradient: 45 % B (1.5
min), 52 % B (4 min), 58 % B (5 min), 66 % B (8 min), 70 % B (11 min),
85 % B (14 min), 97 % B (18 min), 97 % B (25 min), 32 % B (25.01 min,
followed by an 8-min re-equilibration period before the next injection).
The mass spectrometer operated simultaneously in positive mode
(electrospray voltage 3.0 kV) and negative mode (electrospray voltage
2.7 kV). The gas flow was 35 U, the auxiliary gas was 3 U, the capillary
temperature was 320 °C, the S-lenses RF was 50 U, and the probe tem-
perature was 300 °C. Data acquisition was performed in full scan mode
with a high resolution of 70,000 and automatic gain control (AGC)
target of 3 x 106, in an m/z range of 200-1600, with 2 micro scans, and a
maximum injection time (IT) of 100 ms. Tandem mass spectra (MS/MS)
were obtained with a resolution of 17,500, AGC target of 1 x 10 1
micro scan, and a maximum IT of 100 ms. The cycles consisted of a full-
scan mass spectrum and 10 data-dependent MS/MS scans, which were
repeated continuously throughout the experiments with a dynamic
exclusion of 30 s and an intensity threshold of 8 x 10*. The normalized
collision energy (CE) ranged between 20, 24, and 28 eV in the negative
mode and 25 and 30 eV in the positive mode. Data acquisition was
performed using the Xcalibur data system (V3.3, Thermo Fisher 6 Sci-
entific, Bremen, Germany). The LC-MS data were processed using Lip-
ostar software (Molecular Discovery Ltd., version 2.1.5) [7]. This
software was used for raw data import, peak detection, and
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identification. Lipid assignment and identification were performed
against a database created from the LIPID MAPS structure database
(version November 2023). The database was fragmented using the DB
Manager Module of Lipostar, following Lipostar fragmentation rules.
The raw files were directly imported and aligned using the settings
described by Lange et al. [8] Automatic peak picking was carried out
with the SDA smoothing level set to low and a minimum signal-to-noise
ratio of 3 and a signal filtering threshold of automatic in the positive
mode and negative mode. Automatic isotope clustering settings were set
to 0 ppm with a retention time tolerance of 0.2 min. The MS/MS filter
was applied to retain only features with MS/MS spectra for identifica-
tion. Lipid identification was based on the following parameters: a 5
ppm precursor ion mass tolerance and a 10 ppm product ion mass
tolerance. An automatic approval process was applied to retain struc-
tures with a confidence level of 2—4 stars [7]. The areas of the identified
and approved lipid species were then exported. For semi-quantitation,
the peak areas of each lipid species were normalized by calculating
the ratio against the sum of the areas.

2.5. Statistical analysis

Multivariate and univariate statistical analyses were performed
using R version 4.3.1 [48] in RStudio version 2024.04.2 [49]. The area
of lipid species (from LC-MS) was normalized by the total area sum and
transformed using log transformation (base 10) [50], and further
normalized using EigenMS [51]. The R packages FactoMineR [52] and
factoextra [53] were used to perform principal component analysis
(PCA). Heatmaps were created from autoscaled data using the R package
pheatmap [54], using “Euclidean” as the clustering distance, and “ward.
D” as the clustering method. Data normality and variance homogeneity
were assessed using Shapiro-Wilk and Levene’s tests, respectively. Based
on these tests, data were analyzed using ANOVA if assumptions were
met, or the Kruskal-Wallis test if not. Significant differences identified by
ANOVA were further examined with Tukey’s HSD test, while Dunn’s test
was used for the Kruskal-Wallis post hoc comparisons. P-values were
corrected for multiple testing using the Benjamin—Hochberg method for
the false discovery rate (FDR, g-values). All univariate analyses were
performed using the r package rstatix [55] with a significance threshold
of p < 0.05. All graphics and boxplots were created using the R package
ggplot2 [56].

3. Results

3.1. Total lipidome profile of control (CT) individuals, MCADD,
VLCADD, and LCHADD patients using C18 LC-MS/MS

The lipid profile of DBS samples from MCADD, VLCADD, and
LCHADD patients, and control (CT) individuals, was analyzed using a
high-resolution C18-RP-LC-MS and MS/MS. A total of 266 different
lipid species (m/z values) were identified (Supplementary Table S2),
belonging to 12 lipid classes, including acylcarnitines (CAR); phospha-
tidylcholine (PC), comprising diacyl, lyso-PC (LPC), alkyl-acyl (indi-
cated with the prefix ‘O-’ or also named as plasmanyl) and alkenyl-acyl
species (indicated with prefix ‘P-’ or also named as plasmenyl); phos-
phatidylethanolamine (PE), including diacyl, lyso-PE (LPE), alkyl-acyl
and alkenyl-acyl species; phosphatidylinositol (PI); phosphatidylserine
(PS), including diacyl, alkyl-acyl and alkenyl-acyl species; sphingo-
myelin (SM); ceramide (Cer); hexosylceramide (HexCer); dihexosylcer-
amide (HexyCer); cholesteryl ester (CE); diacylglycerol (DG); and
triacylglycerol (TG). For most of the identified lipid species, the fatty
acyl composition was determined, using MS/MS data, as shown in
Supplementary Table S2. The lipid species were semi-quantified, and the
statistical analysis was performed to assess the discrimination between
the four groups considering two datasets: 1) acylcarnitines (CAR),
glycerophospholipids (PC, LPC, PE, LPE, PI, PS) and sphingolipids (SM,
Cer, HexCer and HexyCer) and 2) glycerolipids (DG and TG) and sterol
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lipids (CE).

3.2. Comparison of acylcarnitines, glycerophospholipids, and
sphingolipids profile of MCADD, VLCADD, LCHADD, and control (CT)
individuals

The acylcarnitines, glycerophospholipids, and sphingolipids profiles
were compared between FAOD (MCADD, VLCADD, and LCHADD) and
controls (CT) groups using a multivariate and univariate analysis. To
reduce the dimensionality of the data and to visualize sample clustering,
a principal component analysis (PCA) was performed (Fig. 1). The PCA
score plot showed clear discrimination between MCADD, long-chain
FAOD (LCHADD and VLCADD), and CT groups, describing 54.2 % of
the total variance with the contribution of Dimension 1 (Dim1, 33.4 %)
and Dimension 2 (Dim2, 20.8 %). The CT group (plotted at negative
values of Dim2) was well separated from the three FAOD groups. A clear
separation between the medium-chain (MCADD) and long-chain FAOD
(VLCADD and LCHADD) groups was visible along Dim1. However, an
overlap of the 95 % confidence ellipse was observed between VLCADD
and LCHADD groups. According to the loading values, Dim1 significant
contributors were 5 CAR, 7 PC, 1 LPC, 1 PE, and 2 PI (Supplementary
Fig. S1). The main contributors for the Dim2 discrimination were 4 CAR,
7 PC, 3LPC, 1 LPE, and 1 Cer (Supplementary Fig. S2).

Univariate analysis showed that 134 out of 173 identified lipid
species were significantly different between the four conditions with a g-
value<0.05 (Supplementary Table S3). The results of the ANOVA test
were used to select the top 50 lipid species with the lowest g-values (g-
values <0.001) to create a two-dimensional hierarchical clustering
heatmap (Fig. 2). These 50 lipid species, which contribute most to the
differentiation of DBS samples from CT, MCADD, VLCADD and LCHADD
groups, included 7 acylcarnitines (CAR), 34 glycerophospholipids (20
PC, 3 ether-linked PC, 3 LPC, 1 ether-linked LPC, 1 PE, 1 ether-linked PE,
1 LPE, 3 P, and 1 ether-linked PS), and 9 sphingolipids (5 SM, 3 Cer and
1 HexCer). The samples were clustered independently into two groups,
on the top of the hierarchical dendrogram, with CT (green) on the left
side and FAOD groups, MCADD (purple), LCHADD (orange), and
VLCADD (pink), on the right side. The FAOD cluster showed a clear
separation between MCADD and long-chain FAOD (LCHADD and
VLCADD).

The clustering of the lipid species with respect to their similarity
variation is shown on the dendrogram on the left side of the heatmap

Individuals - PCA

_a

Groups

e ‘ [¢]cr

| 4| LcrabD
| = | mcapD
VLCADD

2 4
Dim1 (33.4%)

e
'
O—mmmm e — 4 - -

Fig. 1. Principal component analysis (PCA) score plot for total lipid extracts
from DBS samples of medium-chain acyl-CoA dehydrogenase deficiency
(MCADD), long-chain hydroxy acyl-CoA dehydrogenase deficiency (LCHADD),
very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) and controls
(CT) individuals. The lipid dataset composed by acylcarnitines, glycer-
ophospholipids, and sphingolipids obtained using a high-resolution C18-RP-
LC-MS and MS/MS analysis was used as variables.
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(Fig. 2). The first upper cluster included a total of 15 lipid species, of
which 10 lipid species (CAR 12:1, CAR 14:0, CAR 18:2, PI 36:1, PI 36:2,
PI 34:2, SM 41:2;02, Cer 41:2;02 and HexCer 41:1;02) were decreased
in the MCADD when compared to LCHADD, VLCADD and CT groups. On
the other hand, 5 lipid species (CAR 18:1, PC 34:2, PC 36:2, PE 36:2, and
LPE 18:2) were downregulated in all FAOD (MCADD, LCHADD, and
VLCADD) compared to CT group. The second cluster in the first level of
the dendrogram included 35 lipid species, of which 12 lipid species were
increased in MCADD group (CAR 8:0, PC 22:0, PC 38:1, PC 38:2, PC
37:2, PC 37:1, PC 39:6, PC 40:3, PC 40:7, PC 0-40:6/PC P-40:5, PC O-
38:6/ PC P-38:5, and LPC 20:5). In addition, 11 lipid species (CAR 14:1,
PC 31:0, PC 33:0, PC 35:4, PC 37:4, PC 38:6, PC 40:6, PC 40:8, LPC O-
17:1/LPC P-17:0, SM 37:1;02 and SM 40:3;02) were up-regulated in
long-chain FAOD (LCHADD and VLCADD). Whereas, CAR 16:0;0, Cer
36:1;02 and PS 0-34:2/PS P-34:1 were only up-regulated in LCHADD
group. The other 9 lipid species (PC 20:0, PC 30:0, PC 30:1, LPC 16:1,
LPC 22:6, PE P-38:6, SM 36:0;02, SM 36:1;02 and Cer 42:0;02) were
up-regulated in all FAOD.

Additionally, the 16 most significant lipid species with the lowest g-
values (ANOVA test followed by Tukey’s test) were selected and pre-
sented in the boxplot (Fig. 3). These 16 lipid species include 5 CAR, 8 PC,
2 LPC, and 1 Cer. Up-regulation of CAR 8:0 and down-regulation of CAR
12:1 was only observed in MCADD patients compared to long-chain
FAOD (LCHADD and VLCADD) and CT groups. On the other hand,
CAR 14:1 showed higher abundance in long-chain FAOD compared to
MCADD and CT groups. LCHADD patients revealed higher levels of CAR
16:0;0, compared to MCADD, VLCADD, and CT individuals. CAR 18:1
was lower in LCHADD, MCADD and VLCADD groups, compared to CT
group. The PC 20:0, PC 39:6, PC 40:6, LPC 20:5, LPC 22:6 and Cer 36:1;
02 showed higher abundance in all FAOD groups (MCADD, VLCADD,
and LCHADD) compared to CT. However, increased levels of PC 37:1, PC
38:1, and PC 38:2 were only observed in MCADD patients, when
compared to the long-chain FAOD and CT individuals. In contrast, the
VLCADD group showed a decrease in the relative abundance of PC 38:1
compared to MCADD and CT groups. An increase in PC 38:6 was
observed for both long-chain FAOD (LCHADD and VLCADD).

The 50 most discriminant lipid species included 3 CAR lipid species
(CAR 8:0, CAR 16:0; O and CAR 14:1) with specific variation to each
FAOD (Table 1). The 50 most discriminant lipid species from the top 50
of the CAR, glycerophospholipids, and sphingolipids dataset presented
variations according to each disorder, namely 10 lipid species showed
the same trend in all FAOD compared to CT (Table 1). These included
the up-regulation of 4 diacyl-PC (PC 20:0, PC 39:6, PC 40:6 and PC
40:8), 2 lyso-PC species (LPC 16:1, LPC 20:5 and LPC 22:6), 1 plasmenyl
PE (PE P-38:6) and 1 ceramide (Cer 36:1;02), and the down-regulation
of 1 diacyl-PE (PE 36:2) and 1 lyso-PE (LPE 18:2). Specific variations
were noticed for MCADD patients compared with the other individuals
(LCHADD, VLCADD, and CT) (Table 1). These included an up-regulation
of 1 CAR (CAR 8:0), 6 diacyl-PC (PC 37:1, PC 37:2, PC 38:1, PC 38:2, PC
40:3 and PC 40:7), and 2 ether-linked PC (PC 0-38:6/PC P-38:5 and PC
0-40:6/PC P-40:5), and a down-regulation of 4 CAR (CAR 12:1, CAR
14:0, and CAR 18:2), 1 plasmanyl PC (PC 0-33:0), 1 PI (PI 34:2), 1 SM
(SM 41:2;02), 1 Cer (Cer 41:2;02) and 1 HexCer (HexCer 41:1;02).
Some lipid species (10 of the top 50) showed the same variation trend in
long-chain FAOD (LCHADD and VLCADD). Of these, a down-regulation
of 1 diacyl-PC (PC 36:2), together with an up-regulation of 1 CAR (CAR
14:1), 5 diacyl-PC (PC 31:0, PC 33:0, PC 35:4, PC 37:4 and PC 38:6), 1
ether-linked lyso-PC (LPC O-17:1/LPC P-17:0), and 2 SM (SM 37:1;02
and SM 40:3;02) was observed in long-chain FAOD, when compared to
MCADD and CT individuals. The LCHADD patients exhibited a specific
up-regulation in CAR 16:0;0 and Cer 41:2;02 compared to the MCADD,
VLCADD, and CT individuals. For VLCADD, a specific increase in CAR
12:1, CAR 14:0, and PI 36:2 and a decrease in PC 38:1 was observed
compared to CT, LCHADD, and MCADD individuals.
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Fig. 2. Two-dimensional hierarchical clustering heatmap of the 50 most discriminative (g-values <0.001) acylcarnitines, glycerophospholipids, and sphingolipids
lipid species among the CT, MCADD, LCHADD, and VLCADD groups. The relative abundance levels are shown on the red-yellow-blue scale, with numbers repre-
senting the fold difference from the overall mean. The red colour indicates high abundance, while blue indicates low abundance. Yellow represents null values. The
clustering of the control and disease groups is represented by the dendrogram at the top, while the clustering of individual lipid species is represented by the
dendrogram on the left. The lipid species are labelled as follows: AAAA xx:i (AAAA = lipid class abbreviation; xx = number of carbon atoms in FA; i = number of
double bonds). The prefix ‘O-’ is used for plasmanyl species to indicate the presence of an alkyl ether substituent, whereas the prefix ‘P-’ is used for plasmenyl species
to indicate the alk-1-enyl ether substituent. The abbreviations of lipid classes are as follows: CAR, acylcarnitines; Cer, ceramide; HexCer, hexosylceramide; LPC,
lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; and SM, sphingo-
myelin; The fatty acyl chain compositions can be found in Supplementary Table S2.

3.3. Comparison of glycerolipids and sterol lipid profile of MCADD,
VLCADD, LCHADD, and control (CT) individuals

The neutral lipidome, including TG, DG, and CE, was also compared
between the four groups by multivariate analysis. A total variance of
70.4 % was described in the PCA score plot (Fig. 4), including the Dim1
with 41.6 % and the Dim2 with 28.8 %. The PCA score plot revealed a
separation between CT, medium-chain (MCADD), and long-chain FAOD
(VLCADD and LCHADD) groups. The CT group was scattered in the left
region of the plot (negative values of Dim1), while FAOD (MCADD,
VLCADD, and LCHADD) were scattered in the right region of the plot.
The different disorders discriminate clearly from the CT group, but the
95 % confidence ellipse for the VLCADD and LCHADD groups over-
lapped. However, the MCADD was well separated from the long-chain
FAOD (VLCADD and LCHADD) groups.

The univariate analysis revealed that 87 out of 99 neutral lipid
species were significantly different between the four groups (q < 0.05)

(Supplementary Table S4). The results of the ANOVA test were used to
select the top 50 neutral lipid species with the lowest g-values (g <
0.001) to create a two-dimensional hierarchical clustering heatmap
(Fig. 5)). In the first level of the dendrogram at the top of the heatmap
(Fig. 5), the CT (green) and MCADD (purple) groups were separated
from the LCHADD (orange) and VLCADD (pink) groups. Regarding the
variations in the neutral lipid species, the first cluster in the first level of
the dendrogram included 12 TG species (mostly esterified with FA 16:0,
FA 18:0, and FA 18:1) and 2 DG (most containing FA 16:0 and FA 18:1 in
their composition) (Supplementary Table S2). All these 14 neutral lipid
species were down-regulated in long-chain FAOD (LCHADD and
VLCADD) individuals. The second cluster presented a total of 36 TG lipid
species. Of these 36 TG lipid species (in the second level of the
dendrogram), 18 TG lipid species esterified with saturated and mono-
saturated FA (such as FA 15:0, FA 16:0, FA 17:0, FA 18:0, FA 16:1, FA
17:1 and FA 18:1) were up-regulated in VLCADD group. The other 18 TG
lipid species were separated in the third level of the dendrogram, of
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Fig. 3. Boxplots of the 16 most significant acylcarnitines, glycerophospholipids, and sphingolipids lipid species identified through univariate analysis between
control (CT), long-chain hydroxy acyl-CoA dehydrogenase deficiency (LCHADD), medium-chain acyl-CoA dehydrogenase deficiency (MCADD), and very long-chain
acyl-CoA dehydrogenase deficiency (VLCADD) individuals. Significant differences between the groups are identified by horizontal lines and marked as follows: * g <
0.05, ** ¢ < 0.01, *** g < 0.001 and **** g < 0.0001. The lipid species are labelled as follows: AAAA (xx: i) (AAAA = lipid class abbreviation; xx = the number of
carbon atoms in FA(s); i = the number of double bonds). Abbreviations of the lipid classes: CAR, acylcarnitine; Cer, ceramide, LPC, lysophosphatidylcholine; PC,

phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol.

which 8 TG lipid species were increased in MCADD and 10 TG were
increased in long-chain FAOD.

A boxplot reporting the 16 most significant neutral lipid species with
the lowest g-values (selected from the ANOVA noted by Tukey’s test) is
presented in Fig. 6. Among these 16 neutral lipid species, 9 TG species
(TG 44:1, TG 52:6, TG 54:6_b, TG 54:7, TG 56:6, TG 56:7, TG 58:7, TG
58:8 and TG 58:9) were up-regulated and 1 TG (TG 52:2) was down-
regulated in FAOD patients (MCADD, LCHADD and VLCADD)
compared to CT individuals. In addition, long-chain FAOD (LCHAD and
VLCADD) showed a decrease in the relative abundance of DG 36:2, TG
54:3, TG 56:3, TG 58:2 and TG 60:2, while TG 49:0 was increased in
these two groups.

Among the top 50 of the neutral lipids, an up-regulation of 13 TG
lipid species (TG 44:1, TG 52:5, TG 52:6, TG 54:6_b, TG 54:7, TG 56:6,
TG 56:7, TG 58:7, TG 58:8, TG 58:9, TG 44:2, TG 54:5, and TG 42:1) and
a downregulation of TG 52:2 was observed in all FAOD (MCADD,
LCHADD, and VLCADD) compared to CT individuals (Table 1). For long-
chain FAOD (LCHADD and VLCADD), a down-regulation of DG 36:2 and
7 TG lipid species (TG 54:2, TG 54:3, TG 56:2, TG 58:2, TG 58:3, TG 56:3
and TG 60:2), together with an up-regulation of other 8 TG (TG 46:3, TG
49:0, TG 49:2, TG 50:3, TG 50:4, TG 51:0, TG 51:1 and TG 51:4) was
observed in these patients compared to CT and MCADD individuals.
LCHADD patients exhibited a specific up-regulation in TG 50:0 and a
down-regulation in TG 54:4, compared to CT, MCADD, and VLCADD.
VLCADD patients presented a specific up-regulation of 10 TG species
(TG 43:0, TG 42:0, TG 45:0, TG 45:1, TG 45:2, TG 47:0, TG 47:1, TG
47:2, TG 49:1, and TG 49:3). In addition, MCADD patients showed
increased levels of DG 36:4 and 5 TG lipid species (TG 56:3, TG 56:4, TG
58:3, TG 58:2 and TG 60:2), together with decreased levels of TG 49:0,
TG 49:1 and TG 51:1.

4. Discussion

Mitochondrial fatty acid p-oxidation disorders (FAOD) are inborn
errors of metabolism characterized by defects in specific enzymes/
transporters involved in mitochondrial fatty acid p-oxidation, leading to
accumulation of specific CAR and their FA precursors [19,28,29,32].
Thus, a panel of CAR is well established in newborn screening diagnosis
and clinical routine follow-up based on using dried blood spots (DBS)
and mass spectrometry analysis (Table 2) [3]. The newborn screening
allows an early therapeutic approach to manage these disorders. FAOD
patients need to avoid long fasting periods with frequent feeding and
require careful management during acute illness [57,58]. In long-chain
FAOD (LCHADD and VLCADD), a lipid-restricted diet is also needed,
with limited consumption of dietary lipids (containing long-chain fatty
acids) and supplementation with MCT containing medium-chain FA
[58]. Despite dietary therapy, few studies have reported that alterations
in the lipidome can occur in FAOD and may be linked to the develop-
ment of associated comorbidities (Table 2) [3,19]. However, the
changes in the FAOD lipidome are underexplored, and further clarifi-
cation of their long-term impacts is necessary, as changes in the lipidome
have been associated with various diseases, including cardiovascular
disease (CVD) [41,42]. Therefore, in our work, we used a lipidomic
approach to profile the whole blood collected in DBS from FAOD
(MCADD, LCHADD, and VLCADD) and control (CT) individuals. The
lipidomic data were analyzed using multivariate and univariate anal-
ysis. The profile in complex lipids was separated into two datasets: 1)
CAR, glycerophospholipids, and sphingolipids, and 2) neutral lipids,
including glycerolipids (triacylglycerols and diacylglycerols) and sterol
lipids.

The PCA and clustering analysis of the top 50 of the most discrimi-
native lipid species from CAR, glycerophospholipids, and sphingolipids
dataset revealed that the three FAOD groups differed from the CT group
(Figs. 1 and 4). However, long-chain FAOD (LCHADD and VLCADD)



LM.S. Guerra et al.

Table 1

Significant variations, considering the 50 most discriminant lipid species (g-
values <0.001) within each dataset, that were identified as common for FAOD
and observed in MCADD, LCHADD, and VLCADD. Lipid species with the same
variation trend (increase or decrease) in long-chain FAOD (LCHADD and
VLCADD) are highlighted in bold. The acylcarnitines (CAR) lipid species used as
biomarkers in newborn screening are underlined.

Lipid “Common to Observed in ‘Observed in dObserved in
class FAOD MCADD LCHADD VLCADD
(MCADD,
LCHADD, and
VLCADD)
Variations considering acylcarnitines, glycerophospholipids, and sphingolipids
dataset
CAR 1 CAR 8:0 1 (CAR 16:0;0 1 (CAR 12:1,
and CAR 14:1) CAR 14:0 and
| (CAR 12:1, CAR 14:1)
CAR 14:0 and
CAR 18:2)

PC 1 (PC 20:0, PC 1 (PC 37:1, PC 1 (PC 31:0, PC 1 (PC 31:0, PC
39:6, PC 40:6 37:2, PC 38:1, 33:0, PC 35:4, 33:0, PC 35:4,
and PC 40:8) PC 38:2, PC PC 37:4 and PC37:4and PC

40:3, PC 40:7, PC 38:6) 38:6)
PC 0-38:6/ PC
P-38:5 and PC 1 PC 36:2 | PC 36:2
0-40:6/PC P-

40:5)
1 (PC 0-33:0)

LPC t (LPC 16:1, 1 LPC 0-17:1/ t LPC O-17:1/

LPC 20:5 and LPCP-17:0 LPCP-17:0
LPC 22:6)
PE 1 (PE P-38:6)
| (PE 36:2)

LPE | LPE 18:2

PI | PI 34:2

SM | SM 41:2;02 1 (SM 37:1;02 1 (SM 37:1;02

and SM 40:3; and SM 40:3;
02) 02)
Cer Cer 36:1;02 | Cer 41:2;02 1 Cer 41:2;02
HexCer | HexCer 41:1;
02

Variations considering diacylglycerols, triacylglycerols, and cholesterol esters dataset

DG 1 DG 36:4 1 DG 36:2 1 DG 36:2
TG 1 (TG 44:1, TG 1 (TG 56:3, TG 1 (TG 46:3, TG 1 (TG 42:0, TG
52:5, TG 52:6, 56:4, TG 58:2, 49:0, TG 49:2 43:0, TG 45:0,
TG 54:6_b, TG TG 58:3 and TG TG 50:0, TG TG 45:1, TG
54:7, TG 56:6, 60:2) 50:3, TG 50:4, 45:2, TG 46:3,
TG 56:7, TG TG 51:0, TG TG 47:0, TG
58:7, TG 58:8, 1 TG 49:0, TG 51:1 and TG 47:1, TG 47:2,
TG 58:9, TG 49:1 and TG 51:4) TG 49:1, TG
44:2, TG 54:5 51:1 49:0, TG 49:2
and TG 42:1) | (TG 54:2, TG TG 49:3, TG
54:3, TG 54:4, 50:3, TG 50:4,
1 TG 52:2 TG 56:2, TG TG 51:0, TG
58:2, TG 58:3, 51:1 and
TG 56:3 and TG 51:4)
TG 60:2)
| (TG 54:2, TG
54:3, TG 56:2,
TG 58:2, TG
58:3, TG 56:3
and TG 60:2)

Lipid class abbreviations: CAR, acylcarnitine; Cer, ceramide; HexCer, hex-
osylceramide; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanol-
amine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; SM, sphingomyelin; DG, diacylglycerol; TG,
triacylglycerol.

# Comparation of FAOD vs CT.

b Comparation of MCADD vs CT, VLCADD, and LCHADD.

¢ Comparation of LCHADD vs CT, MCADD, and VLCADD.

d Comparation of VLCADD vs CT, MCADD, and LCHADD.
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cluster more close compared with MCADD or CT groups (Fig. 1). The 50
most discriminant lipid species included 3 CAR lipid species (CAR 8:0,
CAR 16:0;0 and CAR 14:1) with specific variation to each FAOD
(Table 1), in line with the already known as FAOD biomarkers (Table 2).
MCADD patients exhibited a specific increase in CAR 8:0 (Table 1),
which is used as a biomarker for MCADD diagnosis in newborn
screening (Table 2) [3]. The observed up-regulation of CAR 16:0;0, used
in LCHADD diagnosis (Table 2), was consistent with previous studies
[6-13]. CAR 14:1 was specifically up-regulated in long-chain FAOD
(LCHADD and VLCADD). An increased level in the CAR 14:1 was pre-
viously reported for LCHADD and VLCADD patients [20,32]. Our data
also revealed a significantly higher up-regulation of CAR 14:1 in
VLCADD patients compared to LCHADD, which is in agreement with the
fact that CAR 14:1 is used as a diagnostic biomarker for VLCADD, but not
for LCHADD (Table 2) [20,59,60]. Overall, the CAR lipid species from
the clinical panel for FAOD diagnosis were detected in our work,
demonstrating that DBS combined with lipidomic analysis identifies the
characteristics CAR profile used for FAOD diagnosis and could be used
fordisease surveillance.

The complex lipids from the top 50 of the CAR, glycer-
ophospholipids, and sphingolipids dataset also included 10 lipid species
that showed the same trend in all FAOD compared to CT. Of these, an up-
regulation of PE P-38:6 was observed. Plasmenyl PE have been reported
as endogenous antioxidants [61,62], and their increase levels may be
beneficial for FAOD patients because plasmalogens can decrease
oxidative stress [63] which was previously reported in FAOD patients
[64-66]. A down-regulation in PE 36:2 was observed in the FAOD in-
dividuals, but its biological role is still unrevealed. The decrease in PE
lipid class may be related to the increase in PC class, since several PC
species were up-regulated in FAOD, as PE can be converted into PC lipids
through the action of PE N-methytransferase (PEMT) in the Kennedy
pathway [67]. The increase in PC/PE ratio was previously observed in
long-chain FAOD (LCHADD and VLCADD) [28,29]. In all FAOD patients,
an up-regulation of the LPC 16:1 compared to CT individuals was
observed. In fact, a lower degree of unsaturation in LPC has been asso-
ciated with atrial fibrillation [68], and increased LPC class has been also
observed in hypertrophy cardiomyopathy (HCM) [69]. An increase in
PC 40:6 and PC 40:8 was also observed in this study and common to all
FAOD patients. Previously, increased PC 40:6 and PC 40:8 have been
associated with a lower CVD events, such as atrial fibrillation,
myocardial infraction and death [70]. The manifestation of CVD has
been considered more prevalent in long-chain FAOD patients [7,71],
wherefore the relevance of these lipid variations observed across all
FAOD (MCADD, LCHADD, and VLCADD) warrants further investigation.
The increase in LPC 22:6 may also be beneficial for patients with FAOD,
as this LPC is known to have anti-inflammatory properties, as evaluated
using RAW 264.7 cells [72].

Regarding the variations observed for MCADD patients, there was a
decrease in SM 41:2;02, in line with what was previously reported in the
plasma of MCADD children [19], but it was not associated with any
possible effect/comorbidity. Furthermore, MCADD patients showed
higher levels of PC 38:2 (PC 16:0_22:2), esterified with FA 16:0, and the
increase in FA 16:0 was previously reported in the plasma of MCADD
patients [19]. Additionally, MCADD exhibited an up-regulation in ether-
linked PC, specifically in PC O-38:6/PC P-38:5 and PC 0-40:6/PC P-
40:5, compared to the CT and long-chain FAOD individuals. As plas-
menyl PC are known as endogenous antioxidants [61,62,73,74], the
possible increase in plasmenyl PC lipid species may be a response to the
increased oxidative stress, which has already been reported in MCADD
[64,75-78].

Long-chain FAOD revealed a common trend in the variation of some
lipid species. The up-regulation of the SM 37:1;02 and SM 40:3;02 was
observed for long-chain FAOD when compared with MCADD and CT,
and may be related with CVD risk, as increased levels of SM were
observed in HCM [69]. Furthermore, long-chain FAOD (LCHADD and
VLCADD) patients exhibited a down-regulation of PC 36:2 (PC
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Fig. 4. Principal component analysis (PCA) score plot of total lipid extracts from DBS samples of medium-chain acyl-CoA dehydrogenase deficiency (MCADD), long-
chain hydroxy acyl-CoA dehydrogenase deficiency (LCHADD), very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) and controls (CT) individuals. The
lipid dataset of neutral lipid species obtained using a high-resolution C18 LC-MS and MS/MS analysis was used as variables.

18:0_18:2), containing essential linoleic acid (FA 18:2 n-6). Decreased
levels of FA 18:2 n-6 were previously reported in the plasma and red
blood cells of LCHADD patients [35], and also in VLCAD /™ mice sup-
plemented with MCT [30]. As mentioned by Lund et al. [35], it is not
clear why FA 18:2 n-6 was decreased and possible adverse effects. The
decrease in the lipid content FA 18:2 n-6 esterified to phospholipids can
be related to the low-fat diet intake, as long-chain FAOD are typically
managed with a low-fat diet. As low-fat diets are associated with
reduced levels of FA 18:2 n-6 [79], it is plausible that this dietary
approach could lower the abundance of this FA in the lipidome. How-
ever, it is important to highlight that FA 18:2 n-6 is an essential FA only
obtained through dietary intake [80]. The decrease in FA 18:2 n-6 can
have noteworthy implications, particularly for maintaining cell mem-
brane structure, as this essential FA is also esterified into cell membrane
phospholipids and thus can modulate membrane properties and cell/
organ function [80,81]. Beyond its role on membrane integrity, FA 18:2
n-6 also plays a protective role against cardiovascular disease [82] and
in LDL cholesterol levels [83]. Therefore, its deficiency may negatively
impact health. Also, in this study, it was observed an up-regulation of the
PC 33:0 (PC 15:0.18:0), PC 35:4 (PC 15:0_20:4) and PC 37:4 (PC
17:0_20:4) in long-chain FAOD patients (LCHADD and VLCADD). Both
PC were esterified with odd-chain FA, such as pentadecanoic acid (FA
15:0) and heptadecanoic acid (FA 17:0). Increased levels of these odd-
chain FA have been linked to dairy fat intake [84], including from
low-fat dairy products [85]. A possible explanation for the increase in
odd-chain PC is the patients dietary approach, which is based on a low-
fat diet with frequent feeding. This frequent feeding could have led to a
higher intake of dairy fat, resulting in the increased levels of odd-chain
PC, which were previously identified in milk lipids [86]. However, there
is still a lack of studies with FAOD patients that confirm this explanation
for the increase in odd-chain lipid species. Also, an increase in PC 37:4
(PC 17:0_20:4) was previously observed in plasma samples from patients
with VLCADD supplemented with MCT(either MCT-C8 or MCT-C7)
[31]. Thus, elevated levels of odd-chain PC observed in long-chain pa-
tients, may be related either to intake of low-fat dairy products or to
MCT supplementation prescribed to these patients.

Although the biological role of the up-regulation of Cer 41:2;02 lipid
species in LCHADD is still not fully known, ceramides have been iden-
tified as a key mediator of inflammation and death of neural and retinal

pigment epithelium cells [87-89]. An increase in Cer lipid species has
been also reported in neurodegenerative diseases [90]. Thus, the in-
crease in Cer 41:2;02 may be a risk factor for neurological and
ophthalmic comorbidities in LCHADD patients (Table 2).

Regarding the clustering analysis of the top 50 of the most discrim-
inant lipid species from the neutral lipids (glycerolipids and sterol lipids)
(Fig. 5), LCHADD and VLCADD groups revealed a more similar variation
in neutral lipids between FAOD groups under study, as observed in PCA
(Fig. 4). Among the variations considering the top 50 of the neutral
lipids (Table 1), increased levels of TG 42:1, TG 44:1, TG 44:2, TG 52:6,
and TG 58:9 were previously observed in plasma of patients with
MCADD [19], with the same FA composition identified in this work
(Supplementary Table S1). Additionally, an up-regulation of TG 44:1,
TG 52:6, and TG 58:9 was also reported in the plasma of LCHADD pa-
tients [26], but without determination of FA composition. The increase
in these 3 TG lipid species in LCHADD patients was previously associ-
ated with the elongation of long-chain FA, which could be further
incorporated into TG lipid species [26].

Considering the TG species with the same variation trend in long-
chain FAOD (Table 2), only TG 46:3 has been previously reported to
be increased in the plasma of LCHADD patients, but not related to a
specific FA composition [26]. In this work, 3 distinct FA compositions
were found for TG 46:3, as follows: TG 12:0.16:1.18:2, TG
14:0_.14:1_18:2, and TG 14:1_14:1_18:1. The increase of FA 14:1 and FA
16:1 was previously observed for both long-chain FAOD [22,25]. Of
note, 4 TG species (TG 49:0, TG 49:2, TG 51:0, TG 51:1 and TG 51:4)
were esterified with odd-chain FA, such as FA 15:0 and FA 17:0. The
increase in odd-chain TG, bearing these FA, could be related to the di-
etary intake specially of diary fat. as the dietary treatment followed by
these patients based on frequent feeding [84]. The increase in TG 50:3
and TG 50:4 may have a cardioprotective effect in these patients, as
these lipid species were associated with a decreased risk of cardiovas-
cular disease [70,91] and long-chain FAOD could present cardiomyop-
athy (Table 2) [7,71]. Also, VLCADD patients exhibited an up-regulation
of TG lipid species (TG 43:0, TG 45:0, TG 45:1, TG 45:2, TG 47:0, TG
47:1, TG 47:2, TG 49:1and TG 49:3) containing odd-chain FA (FA 15:0,
FA 17:0 and FA 17:1), possibly due to dairy intake [84]. In addition, the
increase in DG 36:4 (DG 16:0_20:4), observed in MCADD, is in line with
the accumulation of FA 16:0 and FA 20:4 n-6, previously reported for
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Fig. 5. Two-dimensional hierarchical clustering heatmap of the 50 most discriminative (¢ < 0.001) neutral lipid species among the CT, MCADD, LCHADD, and
VLCADD groups. The relative abundance levels are shown on the red-yellow-blue scale, with numbers representing the fold difference from the overall mean. The red
colour indicates high abundance, while blue indicates low abundance. Yellow represents null values. The clustering of the control and disease groups is represented
by the dendrogram at the top, while the clustering of individual lipid species is represented by the dendrogram on the left. The lipid species are labelled as follows:
AAAA xx:i (AAAA = lipid class abbreviation; xx = number of carbon atoms in FA; i = number of double bonds). The suffix “a” or “b” is used to differentiate isomers
with distinct elution times. The abbreviations of lipid classes are as follows: DG, diacylglycerol; TG, triacylglycerol.

this disorder [19].

Our results with DBS samples highlighted specific alterations in lipid
metabolites, such as glycerophospholipids, and glycerolipids, which
may hold potential as biomarkers for FAOD prognosis. However, further
longitudinal studies are needed to assess whether these lipid species are
associated clinical outcomes, while accounting for age, treatment
response, disease severity, and phenotypic variability. The possible as-
sociation of the changes at the level of lipid species and the development
of comorbidities, such as cardiomyopathy in long-chain FAOD, add
further support to the importance of lipidomics studies in FAOD.

5. Conclusion

Our results revealed that FAOD (MCADD, LCHADD, and VLCADD)
can significantly alter lipid metabolism, leading to specific changes in
the whole blood lipid profile. Statistically significant alterations were
observed in CAR, PC, LPC, PE, LPE, PI, SM, Cer, HexCer, TG, and DG
lipid species. Particularly, increase levels of PC and LPC lipid species,
together with decrease levels of PE and ether-linked PE lipid species
were observed as common to all FAOD patients, making them potential
biomarkers for FAOD prognosis. Additionally, lipid variations were

identified as specific to each FAOD, and other lipid species revealed the
same trend variation for long-chain FAOD (LCHADD and VLCADD). In
MCADD patients it was observed a decreased in plasmenyl PC, which
can be a possible contribution for reducing the oxidative stress already
reported for MCADD. Also, the increase in Cer observed in LCHADD can
play a role in neurodegenerative symptoms reported in this disorder.
The increase in odd-chain TG observed for long-chain FAOD patients can
be related to the MCT supplementation.

This work demonstrated that DBS samples are suitable for studying
the lipidome plasticity in MCADD, LCHADD, and VLCADD. DBS
revealed unique lipidomic profiles for FAOD, indicating changes in lipid
metabolism and underscoring the possibility of lipidomics for disease
surveillance.
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Fig. 6. Boxplots of the 16 most significant neutral lipid species identified through univariate analysis between control (CT), long-chain hydroxy acyl-CoA dehy-
drogenase deficiency (LCHADD), medium-chain acyl-CoA dehydrogenase deficiency (MCADD), and very long-chain acyl-CoA dehydrogenase deficiency (VLCADD)
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0.0001. The lipid species are labelled as follows: AAAA (xx:i) (AAAA = lipid class abbreviation; xx = the number of carbon atoms in FA(s); i = the number of double
bonds). Abbreviations of the lipid classes: DG, diacylglycerol; TG, triacylglycerol.

Table 2

Mitochondrial fatty acid p-oxidation disorders (FAOD) under study and their
acylcarnitine (CAR) markers, and clinical presentations/comorbidities. Adapted
from Guerra et al. [3]. CAR lipid species highlighted in bold showed significant
variations in this work.

Deficiency

Acylcarnitine markers

Clinical presentations/
comorbidities

Medium-chain acyl-CoA
dehydrogenase

CAR 8:0, CAR8:0/
CAR10:0 and CAR8:0/

Hypoketotic hypoglycemia,
liver dysfunction, and

deficiency (MCADD) CAR2:0 encephalopathy
Very long-chain acyl- CAR 14:1, CAR 14:2, Hypoketotic hypoglycemia,
CoA dehydrogenase CAR 14:1/CAR 2:0 and rhabdomyolysis,

deficiency (VLCADD)

CAR 14:1/CAR 12:1

cardiomyopathy, skeletal
myopathy, and liver

dysfunction
Long-chain 3-hydrox- CAR 16:0;0, CAR Hypoketotic hypoglycemia,
yacyl-CoA 18:1;0 and CAR 18:0; rhabdomyolysis,
dehydrogenase o cardiomyopathy, skeletal
deficiency (LCHADD) myopathy, liver dysfunction,

peripherical neuropathy and
retinopathy

Lipid class abbreviations: CAR, acylcarnitine. The lipid species are labelled as
follows: AAAA xx:i (AAAA = lipid class abbreviation; xx = number of carbon
atoms in FA; i = number of double bonds). The suffix ‘O’ indicates that the CAR
lipid species is hydroxylated.
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