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Mitochondrial dysfunction characterizes many rare and common age-associated diseases.

The biochemical consequences, underlying clinical manifestations, and potential therapeutic
targets, remain to be better understood. We tested the hypothesis that lipid dyshomeostasis in
mitochondrial disorders goes beyond mitochondrial fatty acid p-oxidation, particularly in liver. This
was achieved using comprehensive untargeted and targeted lipidomics in a case-control cohort of
patients with Leigh syndrome French-Canadian variant (LSFC), a mitochondrial disease caused by
mutations in LRPPRC, and in mice harboring liver-specific inactivation of Lrpprc (H-Lrpprc’-). We
discovered a plasma lipid signature discriminating LSFC patients from controls encompassing lower
levels of plasmalogens and conjugated bile acids, which suggest perturbations in peroxisomal lipid
metabolism. This premise was reinforced in H-Lrpprc’- mice, which compared with littermates
recapitulated a similar, albeit stronger peroxisomal metabolic signature in plasma and liver
including elevated levels of very-long-chain acylcarnitines. These mice also presented higher
transcript levels for hepatic markers of peroxisome proliferation in addition to lipid remodeling
reminiscent of nonalcoholic fatty liver diseases. Our study underscores the value of lipidomics

to unveil unexpected mechanisms underlying lipid dyshomeostasis ensuing from mitochondrial
dysfunction herein implying peroxisomes and liver, which likely contribute to the pathophysiology
of LSFC, but also other rare and common mitochondrial diseases.

Introduction

Mitochondrial dysfunction is an increasingly recognized hallmark of rare and common age-related diseas-
es. Inherited mitochondrial diseases, which have a prevalence of 1:5,000, are associated with a wide spec-
trum of clinical manifestations and a high mortality rate, mostly in childhood (1, 2). They predominantly
affect the oxidative phosphorylation (OXPHOS) machinery (1, 2) and originate from mutations in the
mitochondrial genome, or in nuclear genes encoding mitochondria-targeted proteins (2). Among the latter
is the leucine-rich pentatricopeptide repeat—containing protein (LRPPRC; OMIM*607544), shown to be
predominantly localized in mitochondria (3, 4).

Mutations in the LRPPRC gene have been identified as the root cause of a distinct monogenic form of
Leigh syndrome in the French-Canadian population of the northeastern region of Quebec (Leigh syndrome
French-Canadian variant; LSFC; OMIM#220111; ~1 in 2,000 births; carrier rate 1 out of 23) (5), and recent-
ly in unrelated families in Europe and China (6, 7). LSFC patients exhibit many hallmarks of inherited mito-
chondrial diseases such as Leigh syndrome and necrotizing encephalopathy, as well as the high occurrence
of metabolic and neurological crisis, which is the main cause of mortality in young children (8, 9). LSFC
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patients also show reduced tissue levels of LRPPRC as well as a decrease in mitochondria-DNA-encoded
mRNAs (10, 11). This leads to an impaired tissue-specific assembly of OXPHOS complexes, principally com-
plex IV in brain and liver, and to a lesser extent in fibroblasts and skeletal muscle (10, 11).

Impaired OXPHOS represents a major pathogenic mechanism in many mitochondrial diseas-
es, including LSFC. However, a better understanding of the resulting perturbations in energy nutrient
metabolism, which may underlie some clinical manifestations, is essential for the optimal management
of patients and the design of potential interventions, which have thus far not been clearly established.
LSFC patients display some lipid-handling abnormalities as evidenced from high circulating levels of
long-chain acylcarnitines (LCACs), which are proxies of mitochondrial fatty acid (FA) B-oxidation per-
turbations (12). These patients are also affected by hepatic microvesicular steatosis (8, 13—15). Hepatic
steatosis has also been reported in mice harboring liver-specific inactivation of Lrpprc (H-Lrpprc”'-) (15)
and is rescued by overexpression of Lzpprc in mouse liver (13, 14, 16). Of broader relevance, mitochon-
drial dysfunction is considered an important actor in hepatic steatosis, as it occurs in nonalcoholic fatty
liver disease (NAFLD) and also more common chronic diseases (17).

Although the aforementioned perturbations in lipid metabolism are most commonly ascribed to
mitochondria, the peroxisome is another often neglected organelle also playing a crucial role in the
metabolism of unique classes of lipids with essential biological roles. Highly present in liver, per-
oxisomes are responsible for (i) the oxidation of very-long-chain (VLC) as well as branched and/or
odd-numbered carbon chain FAs (18, 19), which unlike their mitochondrial counterpart are not linked
to ATP formation but generate reactive oxygen species; (ii) the conjugation of primary bile acids
(BAs); (iii) de novo synthesis of plasmalogens; and (iv) the terminal step of docosahexaenoic acid
(DHA) biosynthesis (19). Major perturbations in these metabolic pathways have been documented
in inherited peroxisomal disorders (20, 21). In addition, alterations in peroxisomal B-oxidation have
been reported in animal models of hepatic steatosis (22), the latter also being a clinical manifestation
in both inherited peroxisomal (18) and mitochondrial (17) disorders. Except for their contribution to
LCFA oxidation (23), whether the metabolic function of peroxisomes is globally perturbed in inherited
mitochondrial disorders remains, however, to be ascertained.

The objectives of this study were to test the hypothesis that lipid dyshomeostasis in mitochondrial dis-
orders goes beyond impaired mitochondrial FA B-oxidation, and may involve, among other disturbances,
changes in peroxisomal lipid metabolism. To achieve our goals, we used both untargeted and targeted lipid-
omics based on liquid chromatography—mass spectrometry (LC-MS) (15, 24, 25). These analyses were con-
ducted first in our homogeneous cohort of genetically defined LSFC patients and their prospectively matched
healthy controls (12). Then, we used H-Lrpprc’~ mice to evaluate the specific role of the liver (15). Our study
identifies major lipid dyshomeostasis in LSFC patients and its related murine model, especially lower circu-
lating plasmalogens as potentially novel biomarkers of LRPPRC-induced mitochondrial dysfunction. In addi-
tion, our lipidomic results are consistent with changes in peroxisomal metabolism as well as a role of the liver.

Results

Untargeted lipidomic analyses in LSFC patients versus matched healthy controls unveil major plasma lipid dyshomeo-
stasis including lower plasmalogens. In a previous study, we used targeted metabolic profiling of energy-related
metabolites in plasma samples from fasted individuals from our prospective case-control cohort and uncov-
ered a robust signature of disrupted mitochondrial f-oxidation in LSFC patients through the accumulation
of LCACs (12). The coverage of lipid metabolites beyond mitochondrial B-oxidation was, however, limited.
Thus, in the present study, we applied an untargeted lipidomic workflow using high-resolution LC-quadru-
pole time-of-flight (LC-QTOF), which has been previously validated and shown to detect more than 1,000
reproducible MS signals or features (defined by a mass-to-charge ratio [m/z], retention time, and signal
intensity) in human plasma samples and cover 16 lipid subclasses (25).

We analyzed plasma samples collected in the same case-control cohort under fasting conditions and
after a nutrient-intake challenge. Figure 1A shows a volcano plot of all 2,052 MS features of the data set,
obtained under the fasted state. Using a subjective corrected P-value threshold of 0.2 (corresponding to an
uncorrected P value of 0.0034) and a fold-change (FC) >1.35 or <0.74, 29 features discriminated LSFC
patients from controls, of which 14 lipids were subsequently identified by MS/MS (Supplemental Table 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.123231DS1).
The following lipid (sub)classes showed statistically significant changes (Figure 1B) — (i) increased: 2
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Figure 1. Untargeted and targeted lipidomics unveil major plasma lipid dyshomeostasis, including lower circulating plasmalogen levels in LSFC patients.
(A) Volcano plot from LC-QTOF-based untargeted lipidomics of plasma from fasted LSFC and control subjects (n = 9/group) depicting the 2,052 features
obtained following MS data processing. The x axis corresponds to fold changes (FCs) of MS signal intensity values for all these features in LSFC patients vs.
control (log2) and the y axis to P values (-log10). Using a corrected P value (P-corr) threshold of 0.2 (corresponding to an uncorrected P value of 0.0034; hori-
zontal red dotted line) and an FC >1.35 or <0.74 (vertical red dotted lines), 29 features significantly discriminated LSFC patients from controls, of which 19 were
increased (red dots) and 10 decreased (green dots). See also Supplemental Table 1 for the list of lipids identified by MS/MS with FCs and P values (unpaired
Student’s t test followed by Benjamini-Hochberg correction). (B) Dot plot of 13 selected lipids significantly discriminating LSFC patients from controls and
identified by MS/MS using LC-QTOF. Each dot represents a log2-transformed patient/matched control signal intensity ratio (n = 9) for the indicated lipid (sub)

classes with their acyl side chain(s) —

(i) 2 acylcarnitines (ACs): AC16:1and AC18:1, (ii) 7 glycerolipids: triacylglycerol (TG) and diacylglycerol (DG), (iii) 1 cholesteryl

ester (CE), (iv) 4 plasmalogens: lysophosphatidylcholine (LPC) plasmalogens (LPC-0) and phosphatidylcholine plasmalogens (PC-0). The underscore symbol
“_" beside the acyl side chain for TGs refers to acyl chains for which the sn position remains to be ascertained. (C) Box plots of LC-QQQ-based lipidomic
analysis of plasmalogens, 21 of which were detected in plasma from LSFC patients (gray; n = 9) and controls (white; n = 9): 2 LPC-0, 15 PC-0, and 4 phosphati-
dylethanolamine (PE) plasmalogens (PE-0). Statistics using paired Student's t test: *P < 0.05, **P < 0.01 before and *P-corr < 0.05 after Benjamini-Hochberg
correction. See also Supplemental Figure 1, A-C, for corresponding plots of results obtained in the nutrient-uptake challenge condition.

insight.jci.org

LCACs (1.6- and 6-fold, respectively), 7 glycerolipids (1.8- to 3.3-fold), and 1 cholesteryl ester (1.7-fold);
(ii) decreased: 4 phosphatidylcholine-plasmalogens (PC-plasmalogens; ~0.6-fold). It is noteworthy that all
ether lipids are referred to as “plasmalogens,” although MS/MS could not always distinguish plasmanyl
(O-alkyl) from plasmenyl (P-alkyl) glycerophospholipids. Similar results were obtained using samples col-
lected after the nutrient-intake challenge (Supplemental Figure 1, A and B).

Targeted lipidomics in LSFC patients ascertains the presence of perturbations in peroxisomal lipid and FA metabolism
secondary to their mitochondrial dysfunction. Among all aforementioned lipids discriminating LSFC patients from
controls, we focused on plasmalogens given that they are recognized hallmarks of primary peroxisomal defects
(i.e., Zellweger and rhizomelic chondroplasia punctata syndromes; refs. 25, 26). To further support our hypothe-
sis of a contribution of peroxisomes to lipid dyshomeostasis in LSFC patients, additional targeted analyses were
performed using LC—triple quadrupole (LC-QQQ). First, we expanded the coverage of plasmalogens. Second,
we sought to assess changes in other lipid species relevant to peroxisomal metabolism, namely (i) FA species
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with a very-long-chain (VLCFAs; >20 C), which cannot be oxidized by mitochondria, or with an odd chain,
generated from dietary phytanic acid metabolism (18), and (ii) C24 BAs conjugated with glycine (glyco-BA) or
taurine (tauro-BA) (19, 26). In parallel, plasma samples were also analyzed by a certified laboratory for estab-
lished biomarkers in inherited peroxisomal disorders, specifically C26:0-lysophosphatidylcholine (LPC 26:0)
(27, 28) and the BA intermediates di- and trihydroxycholestanoic (DHCA and THCA) (29).

First, analyses of plasmalogens using LC-QQQ not only confirmed, but also expanded those using
untargeted lipidomics; out of the 21 PC- and phosphatidylethanolamine-plasmalogens (PE-plasmalo-
gens) detected in plasma, 10 (3 of which were identified in the untargeted analysis) showed significantly
lower levels in LSFC patients versus controls (between 0.5- and 0.7-fold) in the fasted state (Figure 1C)
as well as following the nutrient-intake challenge (Supplemental Figure 1C), of which 6 remained signif-
icant after Benjamini-Hochberg correction.

Second, we conducted the profiling of 91 ACs, which are considered circulating proxies of alter-
ations in cellular FA metabolism in mitochondria and beyond (24). In both conditions tested, nearly 25%
of all measured ACs were increased (1.5- to 5-fold) in LSFC patients (significance threshold P < 0.05)
after nutrient challenge (Figure 2A) and fasting (Supplemental Figure 2A). These included, among the
most discriminant (corrected P < 0.05), various AC species with saturated and unsaturated, hydroxylat-
ed even-numbered carbon chains, which reflect perturbations in mitochondrial LCFA B-oxidation (Fig-
ure 2B and Supplemental Figure 2B). As for proxies of peroxisomal metabolism, changes encompassed
odd-numbered carbon chain ACs (Figure 2B and Supplemental Figure 2B), albeit VLCAC (>20 C) did
not reach significance after Benjamini-Hochberg correction. Quantitative analyses for established bio-
markers in inherited peroxisomal diseases, AC26:0 and LPC 26:0, revealed also no significance changes
between LFSC patients and controls (Figure 2C and Supplemental Figure 2C).

Regarding plasma BA species, while LSFC patients had levels of unconjugated BAs similar to con-
trol subjects under both conditions tested (Figure 2D and Supplemental Figure 2D), those of glyco-BAs
— glycochenodeoxycholic acid (GCDCA), glycocholic acid (GCA), glycodeoxycholic acid (GDCA), and
taurocholic acid (TCA) (Figure 2E) — were all reduced by approximately 50% (P < 0.05), albeit only in
the fasting condition (Figure 2, E and F, and Supplemental Figure 2, E and F). Lastly, levels of THCA and
DHCA were undetectable under all conditions (data not shown).

Collectively, our findings of lower plasma levels of plasmalogens and conjugated BAs in LSFC
patients support a contribution of peroxisomes to lipid dyshomeostasis in these patients. This contri-
bution appears, however, more subtle than that reported in primary peroxisomal disorders, as suggested
by the absence of changes in their established biomarkers. Hence, to better understand the plasma lipid
dyshomeostasis observed in LSFC patients and the role of peroxisomes, we extended our lipidomic
investigation to the H-Lrpprc’~ mouse.

Lipidomics and molecular analyses in the H-Lrpprc”’'~ mouse corroborate the plasma lipid dyshomeostasis of LSFC
patients, including lower plasmalogens, and unveil a role of the liver. The H-Lrpprc”’~ mouse model, which harbors
a liver-specific loss of function of Lrpprc, was previously investigated and shown to display at 5 weeks major
mitochondrial bioenergetic defects in the liver, which are characteristic of LSFC patients (>90% and 80%
lower protein levels for LRPPRC and COX subunit COX1, respectively), and to recapitulate histopathological
changes characteristic of microvesicular steatohepatitis (15, 16). In the present study, we used H-Lrpprc’~ mice
that had reached 14 weeks of age, and confirmed lower protein levels in liver for LRPPRC and COX subunit
MTCOL1 (60% and 30%, respectively; Supplemental Figure 3), although the observed changes were less pro-
nounced than at 5 weeks. This difference can likely be ascribed to the occurrence of liver regeneration with
age in albumin-CRE mouse models (30). Nevertheless, as shown below, at 14 weeks, H-Lrpprc”~ mice display
major metabolic alterations both in plasma and liver compared with their littermate counterparts.

Lipidomics in plasma samples. In these same mice, we performed untargeted lipidomics of plasma sam-
ples and resolved 1,295 MS features (Figure 3A). Using a subjective corrected P-value threshold of 0.05
(corresponding to an uncorrected P value of 0.01) and an FC >2 or <0.5, a total of 98 features discrim-
inated H-Lrpprc’~ mice from controls, of which 35 unique compounds were identified by MS/MS (Sup-
plemental Table 2). The observed changes were similar to LSFC patients and encompassed the following
lipid (sub)classes — (i) increased: glycerolipids (11 species; Figure 3B) and AC (1 LCAC with 18 carbons;
Figure 3B); and (i) decreased: glycerolipids (4 species; Figure 3B) and PE-plasmalogens (2 species; Figure
3D), the latter findings being consistent with a peroxisomal metabolic signature. Our finding of decreased
plasmalogens in plasma of H-Lrpprc’~ mice was further ascertained by manually aligning our mouse data
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Figure 2. Targeted profiling of acylcarnitines (ACs) and lysophosphatidylcholine (LPC) 26:0 and unconjugated/conjugated bile acids (BAs) reveals
additional lipid perturbations in plasma from LSFC patients. (A and B) LC-QQQ-based profiling of 91 ACs in plasma from LSFC patients (gray; n = 9) and
controls (white; n = 9) after a nutrient-uptake challenge. (A) Dot plot of P values obtained using paired Student’s t test analysis for the various AC species:
short-chain (SCAC, black), medium-chain (MCAC, red), long-chain (LCAC, orange), hydroxylated short/medium-chain (5/MCAC-0H, green), hydroxylated
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which the structure remains to be ascertained (e.g., AC#1, AC#2, etc.). (C) Box plots of quantitative values for VLCAC (AC26:0) and LPC 26:0. (D and E) Box
plots from LC-QQQ-based profiling of plasma from fasted LSFC patients (gray; n = 4-9) and controls (white; n = 6-9) for (D) unconjugated BA, (E) glyco-
and tauro-conjugated BAs. Unequal distribution is ascribed to values below the limit of detection. Statistics using 2-tailed unpaired Student’s t test: *P <
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insight.jci.org

https://doi.org/10.1172/jci.insight.123231

set with previously acquired human and mouse reference data sets for which the various plasmalogens had
been previously identified by MS/MS. This approach allowed the identification of 12 additional PE- and
PC-plasmalogens; 11 were significantly decreased in H-Lrpprc’~ samples, of which 3 remained significantly
lower after Benjamini-Hochberg correction (~0.6-fold; Figure 3E).
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Figure 3. Untargeted lipidomics in plasma from H-Lrpprc-/~- mice identifies multiple lipid changes including lower levels of plasmalogens and docosa-
hexaenoic acid (DHA). (A) Volcano plot of LC-QTOF-based untargeted lipidomics from plasma of fed H-Lrpprc/- mice (n = 13) and their littermate controls
(n = 8) depicting the 1,295 features obtained following MS data processing. Using a P-corr threshold of 0.05 (corresponding to an uncorrected P value of
0.07; horizontal red dotted line) and a FC >2 or <0.5 (vertical red dotted lines), 98 features significantly discriminated H-Lrpprc’- mice vs. controls, of
which 32 were increased (red dots) and 66 were decreased (green dots). See also Supplemental Table 2 for the list of lipids identified by MS/MS with FCs
and P values (2-tailed unpaired Student’s t test and with Benjamini-Hochberg correction). (B-D) Dot plots of selected lipids significantly discriminating
H-Lrpprc”’- mice from controls and identified by MS/MS using LC-QTOF. Each dot represents a log2-transformed signal intensity ratio for the indicated lipid
(sub)classes with their acyl side chain(s): (B) 1 AC: AC18:0 and 15 glycerolipids (TGs); (C) 6 CEs; (D) 9 glycerophospholipids: 2 LPC, 5 PC, and 2 PE-plasmalo-
gens (PE-0). The underscore symbol “_" beside the acyl side chain for TGs and glycerophospholipids refers to acyl chains for which the sn position remains
to be ascertained. (E and F) Box plots of (E) plasmalogens and (F) DHA identified through manual alignment of this mouse plasma data set with human
and mouse reference data sets for which the various plasmalogens had been previously identified by MS/MS. Statistics using 2-tailed unpaired Student’s t

test: *P < 0.05; **P < 0.01, ***P < 0.001 before and *P < 0.

05, **P < 0.01 after Benjamini-Hochberg correction.

There were also additional changes that reached statistical significance in H-Lrpprc/~ mice but that
were not observed in LSFC patients. These included 13 lipid species that were (i) increased, namely 3
PCs containing 22:5 FA (Figure 3D); or (ii) decreased, namely 4 PCs containing DHA (Figure 3D);
and 6 cholesteryl esters including 1 containing DHA (Figure 3C). Furthermore, consistent with these
changes in lipid-containing DHA, plasma levels of free DHA were also significantly decreased (—45%, P
< 0.01) in H-Lrpprc’~ mice versus controls (Figure 3F). These findings further support the contribution
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of peroxisomes, given that the last step of DHA (22:6) synthesis occurs only in these organelles (19).
Similar to LSFC patients, there were, however, no significant changes in plasma levels of VLCACs (>20
C) and LPC 26:0 (Supplemental Figure 4).

In summary, results from our untargeted lipidomic analysis demonstrate that our mouse model of
liver-specific LRPPRC-dependent mitochondrial dysfunction recapitulates most of the plasma lipid pertur-
bations observed in LSFC patients, including changes supporting a contribution of peroxisomes.

Lipidomics in liver samples. To further assess the role of liver in the lipid perturbations observed in plas-
ma, we performed untargeted analyses of hepatic samples and resolved 1,386 MS features (Figure 4A).
Using a subjective corrected P-value threshold of 0.05 (corresponding to an uncorrected P value of 0.015)
and an FC >2.5 or <0.4, a total of 92 features discriminated H-Lrpprc’~ mice from controls, corresponding
to 41 unique lipids (Supplemental Table 3) that encompass the following (sub)classes: (i) 15 glycerolipids
(9 increased 2.8- to 5.0-fold, 6 decreased 0.16- to 0.35-fold; Figure 4B); (ii) glycerophospholipids, 9 PCs (6
increased 2.9- to 7.4-fold, 3 decreased ~0.3- to 0.4-fold; Figure 4C) and 9 PEs (increased 2.6- to 5.9-fold;
Figure 4C); as well as (iii) ACs, mostly LCACs (4 increased 3- to 3.6-fold; Figure 4D), the latter being
consistent with defective mitochondrial B-oxidation. Collectively, the hepatic lipid signature of H-Lrpprc'~
mice revealed by untargeted lipidomics is reminiscent of that observed in NAFLD (31, 32). Although this
signature did not include any lipid species specifically reflecting peroxisomal metabolism, this does not
preclude the presence of such changes since they may not have made the arbitrarily chosen strict cutoff of
a corrected P value of 0.05 and FC >2.5 or <0.4 that was selected for discriminating the 2 mouse groups
with this data set. In fact, additional analyses for plasmalogens, through manual alignment of data sets as
performed above for plasma, enabled identification of 9 plasmalogens (Figure 5A) that differed significant-
ly in H-Lrpprc”’~ versus control mice, of which 7 remained significant after Benjamini-Hochberg correction.

Furthermore, targeted analyses of ACs and BAs in liver of H-Lrpprc”~ and control mice also identified
significant changes (corrected P < 0.05, corresponding to P < 0.035) in these lipid (sub)classes. Specifically,
changes included higher levels for 28 ACs comprising several even-carbon, hydroxylated or nonhydroxylat-
ed ACs with <20 C as well as VLCACs and odd-numbered carbon chain ACs (Figure 5B). Our finding of
higher levels of VLCACs was further investigated using targeted LC-QQQ profiling of 6 VLCACs (>20 C)
and 1 VL-LPC; significantly higher values were found (after Benjamini-Hochberg correction) for 3 VLCAC
species including AC26:0, albeit not for LPC 26:0 (Figure 5C). As for BA species, the ratio of conjugated
versus unconjugated derivatives was significantly decreased in liver from H-Lrpprc”~ mice (Figure 5D).

Collectively, the observed changes in plasmalogens, odd-numbered carbon chain and VLC-ACs, as
well as in the ratio of conjugated versus unconjugated BAs in livers of H-Lrpprc”~ mice provide additional
support for a contribution of peroxisomes to lipid dyshomeostasis in this study model.

Transcriptional analyses in liver samples. To provide additional insight into the metabolic changes occurring
in the liver of H-Lrpprc’~ mice, we measured transcript levels of selected markers of mitochondrial and per-
oxisomal lipid metabolism as well as of biogenesis and transport. Concurring with previously reported mito-
chondrial abnormalities in this Lrppre-deficient mouse model, there were significant changes in expression for
some genes involved in B-oxidation (Supplemental Figure 6A), especially CptIl and Mcad (up 1.6-fold, P <
0.05 and P < 0.01, respectively), whereas those for genes involved in mitochondrial biogenesis did not reach
significance (Supplemental Figure 6B), namely Pgc-/a (up 2-fold, P = 0.1), Prc (up 1.5-fold, P= 0.08), N#fI (up
1.4-fold, P = 0.05), and Tfam (1.2-fold, P = 0.1). Regarding peroxisomal gene transcripts, statistically signifi-
cant changes were observed for enzymes catalyzing f3-oxidation (Figure 6A) of VLCFAs (Ehhadh: up 1.4-fold,
P < 0.01 and AcoxI, down 40%; P < 0.05); for several markers of peroxisomal biogenesis and transport pro-
cesses (Figure 6, B and C), especially Pex11f (1.5-fold, P < 0.001), Pexi4 (1.6-fold, P < 0.01), Pex19 (1.4-fold, P
< 0.05), PexI (1.4-fold, P < 0.05), and Pex10 (1.5-fold, P < 0.05); as well as for a direct marker of peroxisome
content, namely catalase (up 1.3-fold, P < 0.01; Figure 6D). Finally, further supporting our finding in this
study of changes in plasmalogens in this mouse model, there was a strong and significant increase in the gene
expression for Farl (1.5-fold, P < 0.01; Figure 6E), a sensor of their intracellular levels (33, 34), as well as for
Agps (1.7-fold, P < 0.01; Figure 6E), an enzyme involved in the initial steps of their biosynthesis (35).

Collectively, results from lipidomic and molecular analyses in livers of H-Lrpprc~ mice provide further
evidence for the presence of major lipid dyshomeostasis subsequent to LRPPRC-induced mitochondrial
dysfunction, as well as for a contribution of peroxisomes based on the observed changes in levels of plas-
malogens, conjugated BAs, and VLCACs (>20 C). These results also identify the liver as a major player.
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Figure 4. Untargeted lipidomics reveals major lipid perturbations in livers from H-Lrpprc/- mice characteristic of nonalcoholic fatty liver disease. (A-D)
LC-QTOF-based untargeted lipidomics from livers of fed H-Lrpprc- mice (n = 13) and their littermate controls (n = 8). (A) Volcano plot depicting the 1,386
features obtained following MS data processing. Using a P-corr threshold of 0.05 (corresponding to an uncorrected P value of 0.015; horizontal red dotted
line) and an FC >2.5 or <0.4 (vertical red dotted lines), 92 features significantly discriminated H-Lrpprc™/- mice vs. controls, of which 60 were increased (red
dots) and 32 decreased (green dots). See also Supplemental Table 3 for the list of lipids identified by MS/MS with FCs and P values (unpaired Student'’s t
test and with Benjamini-Hochberg correction). (B-D) Dot plots of selected lipids significantly discriminating H-Lrpprc’- mice from controls and identified
by MS/MS. Each dot represents a log2-transformed signal intensity ratio for the indicated lipid (sub)classes with their acyl side chain(s): (B) 15 glycerolipids
(TGs); (€) 22 glycerophospholipids: 9 PC, 9 PE, 2 phosphatidylglycerol (PG) and 2 phosphatidylserine (PS); and (D) 4 ACs.

Discussion
In this study, we applied an untargeted comprehensive lipidomic approach in human and mouse carrying
LRPPRC-dependent mitochondrial dysfunction and unveiled a major lipid dyshomeostasis. The observed
perturbations in lipid metabolism go beyond the mitochondria and suggest involvement of its close meta-
bolic partner, the peroxisome. This is supported by our findings of changes in plasma and/or hepatic levels
of plasmalogens, VLCACs, and BA conjugates, which were documented under different nutritional con-
ditions, namely in the fasted and/or absorptive state for LSFC patients, and fed state for mice. Additional
data in H-Lrpprc”’~ mouse livers further substantiate these changes using molecular markers of peroxisomal
remodeling, and reveal a lipidomic signature that is reminiscent of NAFLD.

Loss of LRPPRC disrupts mitochondrial FA f-oxidation. Results from this study concur with our previous
findings in LSFC patients (plasma) of perturbations in FA metabolism in mitochondria (12). This is revealed
by higher circulating levels of various ACs, especially saturated and unsaturated LCACs, which are recog-
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nized proxies of mitochondrial FA B-oxidation. Our results also extend these previous findings by identifying
changes in the levels of hydroxylated ACs, which were also elevated. This was not only observed in plasma
samples from LSFC patients (for both long- and short-chain ACs), but also in the liver of H-Lrpprc’~ mice (for
short-chain ACs). The accumulation of these specific lipids points to a defect at the third step of the B-oxida-
tion cycle (36). This step is catalyzed by 3-hydroxyacyl-CoA dehydrogenase, which is favored in the presence
of NAD* (37). In LSFC patients, we have previously reported higher plasma B-hydroxybutyrate levels and
B-hydroxybutyrate to acetoacetate ratio, a surrogate of mitochondrial NADH to NAD" ratio (12, 38). This
suggests lower NAD* bioavailability, which would be unfavorable for the 3-hydroxyacyl-CoA-dehydrogenase
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Figure 6. Livers from H-Lrpprc’- mice display changes in molecular markers of biogenesis, fatty acid oxidation, and plasmalogen synthesis in peroxi-
somes. Levels of transcripts and protein were assessed in whole-liver extracts from H-Lrpprc/- mice (gray, n = 13) and controls (white, n = 8). (A-D) Box
plots depicting levels of mMRNA, normalized to Thp, are shown for markers of (A) fatty acid oxidation (Acox1, Acox2, Ehhadh, Pthio, Mfp2), (B) peroxisomal
biogenesis (Pex11a, Pex11f3, Pex1ly, Pex14, Pex3, Pex16, Pex19), and (C) transport (Pex1, Pex6, Pex10, Pex12, Pex26, PXMP4, ABCD1, Pex7). (D) Representative
image and quantitation (histogram) of catalase and B-actin protein expression. (E) Markers of plasmalogen synthesis (Far1, Gnpat, Agps). *P < 0.05, ** P <
0.01, ***P < 0.001 using 2-tailed unpaired Student’s t test.
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activity. The importance of the liver in eliciting the observed plasma metabolite changes, including hydroxyl-
ated ACs, is supported by our findings in H-Lrpprc’~ mice, and previous studies documenting impaired LCFA
oxidation in liver mitochondria (14-16). Conversely, overexpression of Lrpprc in mouse liver improved LCFA
oxidation and was accompanied by increased hepatic OXPHOS and tissue NAD* levels (16).

LRPPRC-dependent mitochondrial dysfunction is associated with changes in peroxisomal lipids, especially plas-
malogens. Beyond the aforementioned changes in levels of various ACs ascribed to an altered mitochondrial
FA B-oxidation in LSFC patients and H-Lrpprc”/~ mice, our lipidomic results also identify other major lipid
perturbations that go beyond mitochondria. A remodeling of peroxisomal lipid metabolism is supported by
our combined findings in LSFC patients and (plasma) and H-Lrpprc”~ mice (plasma and liver) of changes
in plasmalogens, conjugated BA, VLCACs, and DHA. While many of these observed changes are reminis-
cent of those reported in primary peroxisomal disorders, they are, however, generally more subtle, which
would be expected given that they are secondary to a primary mitochondrial dysfunction.

First, the observed changes in H-Lrpprc’~ mice, albeit not in LSFC patients, in VLCACs (AC26:0)
(higher in liver), DHA (lower in plasma), and Acox] gene expression (lower in liver) support a defect in
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peroxisomal FA B-oxidation. In addition, the levels of odd-numbered carbon chain ACs (higher in LSFC
patients and H-Lrpprc’~ mice) may suggest impaired oxidation of phytanic acid (18). Such changes and
oxidation defects are hallmarks of primary inherited peroxisomal disorders (i.e., X-linked adrenoleukodys-
trophy; ref. 39) and ACOX1 deficiency (40). In the latter conditions, there are, however, additional major
metabolic changes, which were not observed in H-Lrpprc’~ mice or in LSFC patients, which include higher
circulating levels of LPC 26:0, which is considered a more sensitive marker than AC26:0 of primary per-
oxisomal disorders (27, 28). Second, regarding BA metabolism, although levels of commonly used per-
oxisomal markers THCA and DHCA were undetectable, changes in C24-conjugated BAs (lower in LSFC
patients and H-Lrpprc’~ mice) suggest a lower rate of conjugation of BAs (41, 42). Finally, changes in
plasmalogen levels (lower in plasma of LSFC patients and H-Lrpprc’~ mice, higher in livers of H-Lrpprc”/~
mice) point to alterations in their synthesis and/or secretion. The exact molecular mechanism underlying
these changes, particularly the differential response of plasma versus liver in H-Lrpprc’/~ mice, remains,
however, to be further investigated. Nevertheless, it is known that in contrast to other tissues such as the
heart and brain, the liver presents under normal conditions very low steady-state levels of plasmalogens.
This is ascribed to their rapid export — as lipoproteins — into circulation for extrahepatic metabolism (35,
43). Therefore, possible explanations include a mismatch between their hepatic export via lipoproteins and
extrahepatic uptake and/or enhanced hepatic synthesis as a compensatory mechanism to normalize their
blood levels. The biosynthesis of plasmalogens is regulated by their intracellular levels through a negative
feedback mechanism involving the enzyme FARI1 (33, 34, 44, 45). This plasmalogen-sensing mechanism
occurs in the inner leaflet of the plasma membrane and the signal is subsequently transferred to peroxi-
somes (33). Our finding of a higher level of transcripts for Farl and of Agps in the liver of H-Lrpprc’~ mice
would be consistent with its activation, which in turn would enhance their peroxisomal biosynthesis, and
result in a higher concentration of plasmalogens when assessed in liver tissue homogenates.

LRPPRC-dependent mitochondrial dysfunction triggers broad changes in the lipidomic landscape reminiscent of
NAFLD. One striking observation made in this study bears broader relevance beyond primary gene defects
in mitochondria or peroxisomes. This pertains to plasma and hepatic lipid perturbations observed in H-Lrp-
prc’~ mice, which are reminiscent of those reported in humans with NAFLD as well as in animal models
of the disease (31, 32, 46—48). These include (i) higher triglycerides, LCACs, and PE to PC ratio in the liver,
and (ii) reduced levels of cholesteryl ester, plasmalogens, and DHA (free and bound to PCs), along with
increased plasma levels of PCs containing a 22:5 FA (a precursor of DHA synthesis). Consistent with these
observations, microvesicular steatosis and cholestasis, 2 key histopathological features of steatosis (49),
have been reported in both H-Lrpprc~~ mice and LSFC patients (8, 15).

Linking mitochondrial dysfunction to peroxisomal metabolic disturbances: potential mechanisms and clinical
implication. Taken together, the results from this study focusing on a monogenic mitochondrial disease, and
from previous ones on primary peroxisomal defects (20, 21, 49), highlight the crucial reciprocal crosstalk
between mitochondria and peroxisomes in order to maintain normal systemic and hepatic lipid metabo-
lism. Figure 7 recapitulates the perturbations of mitochondrial and peroxisomal lipid metabolism observed
in this study following LRPPRC-dependent mitochondrial dysfunction in humans and its transgenic mouse
model. Further investigations will be needed to elucidate the molecular mechanisms linking the primary
defect in mitochondrial function to secondary perturbations of peroxisomal lipid metabolism, particularly
the impaired synthesis of DHA, as well as the conjugation of BAs. The changes in liver VLCACs (up in
H-Lrpprc’~ mice) are, however, likely to result from an enhanced elongation of LCFAs to VLCFAs, which
are substrates for peroxisomal f3-oxidation (50), as well as from a mismatch between the formation of VLC-
FAs and their peroxisomal metabolism. The latter notion is reinforced by changes in transcript levels that
were observed for Acox1 (down) and Ehhadh (up), and/or peroxisomal biogenesis. Regarding plasmalogens,
as mentioned earlier, it appears likely that their higher levels measured in livers of H-Lrpprc”/~ mice reflect
their enhanced peroxisomal synthesis following Farl sensing of lower plasmalogens at the surface of the
peroxisomal membrane, which in turn drives Farl gene expression.

Irrespective of the mechanisms involved, the observed perturbations in peroxisomal lipid metabolism,
which are likely to be predominant in the liver, could also have a negative impact on other tissues, partic-
ularly the brain. Indeed, plasmalogens are highly enriched in polyunsaturated FAs (especially DHA), they
account for approximately 20% of phospholipids in the adult brain (51), and they represent essential com-
ponents of myelin (52). In human peroxisomal disorders (e.g., thizomelic chondroplasia punctata and Zell-
weger spectrum) as well as in their mouse models, low levels of plasmalogens are associated with several
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Figure 7. Mitochondrial and peroxisomal pathway contribution to the lipidomic signature observed in LSFC patients and in H-Lrpprc™’- mice. This sche-
matic depicts the metabolic pathways in mitochondria (in blue) and peroxisomes (in green) that are related to the lipid perturbations reported in this study
(increased or decreased levels, as indicated by upward or downward arrows, respectively) in plasma and/or liver (the green star indicates changes in liver
only). The lightning bolt indicates the proposed sites of pathway perturbations. Beyond OXPHOS deficiency, LRPPRC-dependent mitochondrial dysfunction
results in major perturbations of lipid metabolism. Here we confirm and extend our previous observations of an important dysregulation of mitochondrial
FA B-oxidation (12, 15), as suggested by the accumulation of ACs of various chain length, especially LCACs, MCACs, and hydroxylated ACs. This dysregulation
is likely to result in cytosolic FA overflow, which favors tissue triglyceride (TG) accumulation, but also FA elongation, which in turn promotes the synthesis
of VLCFAs, which are substrates for peroxisomal B-oxidation (shown in green). The accumulation in VLCACs in liver tissues suggests, however, a mismatch
between VLCFA formation and their peroxisomal oxidation, which may be reduced as suggested by decreased Acox7 (downward red arrow) expression in liver.
The presence of additional perturbations in peroxisomal metabolism is also reflected by changes in livers and plasma of (i) odd-numbered carbon chain ACs
(increased), which may result from impaired phytanic acid oxidation, as well as (ii) lower levels of DHA and conjugated bile acids. Lastly, this is also reflected
by the lower circulating levels of plasmalogens, which may exert a positive feedback (red dashed arrow) on Far7 expression (upward red arrow), and thereby
result in enhanced hepatic plasmalogen biosynthesis (suggested by higher Agps expression; upward red arrow) and tissue levels.

brain abnormalities such as hypomyelination, microglia neuroinflammation, defect in neuronal migration,
and abnormal cerebellum formation (52-57). Consequently, our finding of low levels of circulating plas-
malogens opens a potentially novel perspective on the molecular mechanisms underlying the neurological
manifestations in LSFC, and possibly also for other forms of Leigh syndrome.

Using a comprehensive lipidomic approach in human and mouse carrying LRPPRC-dependent mito-
chondrial dysfunction, we unveil a major lipid dyshomeostasis, which beyond involving the mitochondrion,
reflect also metabolic repercussions on other compartments, particularly the peroxisome. These perturbations
encompass plasma and hepatic changes in plasmalogens, BA conjugates, as well as of VLC and odd-num-
bered carbon chain ACs, which are reminiscent of those reported in primary peroxisomal disorders, albeit
more subtle, than those reported in primary peroxisomal disorders, as expected for changes secondary to a pri-
mary mitochondrial dysfunction. Of potential broader relevance, they also include other major lipid changes
evocative of NAFLD; this is consistent with the previously reported microvesicular steatosis and cholestasis
in H-Lrpprc”~ mice and LSFC patients (8, 16). Collectively, these findings highlight the crucial reciprocal
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crosstalk between mitochondria and peroxisomes that takes place in order to maintain normal systemic and
hepatic lipid metabolism. They also underscore the value of lipidomics as applied to both a human cohort
and its study model to unveil complex and unexpected mechanisms underlying lipid dyshomeostasis ensuing
from mitochondrial dysfunction. More studies will, however, be needed in order to further determine whether
the identified lipid perturbations, particularly low plasma plasmalogens, may affect tissues other than the liver,
such as the brain, and thereby account for some of the extrahepatic manifestations observed in patients with
LSFC or other primary mitochondrial diseases, as well as in patients with acquired NAFLD.

Methods

Reagents
All solvents for MS analyses were purchased from Fisher Chemical, except for acetone and ethyl acetate, which
were from JT Baker, ammonium formate from Sigma-Aldrich, and hydrochloric acid from Fisherbrand.

Experimental animals

The generation of liver-specific Lrppre-null mice (H-Lrpprc”-) has been previously described in detail (15).
Animals were housed in a specific pathogen—free facility under a 12-hour light/12-hour dark cycle at constant
temperature and had free access to water and standard chow diet. At 14 weeks of age, animals (50% male,
50% female) were euthanized with chloral hydrate (8%, 6 g/kg) for liver excision and blood collection.

Human cohort

The cohort consisted of 8 LSFC patients that were homozygous for the A354V founder mutation and 1 addi-
tional patient, heterozygous for this mutation, with a premature stop codon (C1277STOP) in the LRPPRC
gene. These patients were prospectively matched to 9 control subjects for gender, age (+2 years for children
<18 years; 5 years for adults >18 years), body mass index (BMI; £10 percentiles of BMI for age for children;
+3 kg/m? for adults), and physical activity level (8 of 9 sedentary, including activities of daily living and
walking less than 30 min/day; 1 of 9 moderately active, including activities of daily living and 30 to 60 min/
day activity of moderate intensity). Carrying A354V and C1277STOP was an exclusion criterion for controls.
Venous blood was collected after an overnight fast of minimum 12 hours, and 90 minutes after consuming
a standardized smoothie (0.55 Kcal/mL) having the following composition for 100 mL: 5.7 g total carbohy-
drate, 0.7 g fiber, 4.0 g sugar, 1.6 g protein, 2.8 g total lipid, 0.2 g saturated fat, 1.6 g monounsaturated fat, 1.1
g polyunsaturated fat, 0.8 g n-6 fatty acids, 0.2 g n-3 fatty acids, 16 mg sodium, and 115 mg potassium.

Sample collection

Humans. Home visits along with a standardized sampling blood protocol were conducted in order to mini-
mize the testing burden for the family and reduce variability related to environmental factors. Venous blood
was collected in EDTA BD Vacutainer tubes, immediately placed on ice, and centrifuged within 30 minutes
of collection at 2,000 g for 15 minutes. Plasma was immediately put on ice, aliquoted into Sarstedt micro-
tubes, frozen on dry ice, and stored at —80°C until analysis. All analyses were performed on frozen aliquots
that had not been previously thawed.

Animals. Blood was collected in EDTA BD Vacutainer tubes from the inferior vena cava and imme-
diately put on ice for at least 30 minutes, prior to centrifugation at 2,000 g for 15 minutes at 4°C. Plasma
samples were aliquoted and stored at —80°C. Prior to tissue harvesting, heart was perfused through the
aorta with cold isotonic NaCl solution (0.9%, 10 mL) and livers were then quickly excised and snap-frozen
(<5 seconds) in liquid nitrogen and stored at —80°C before further experimentations.

Sample processing and analysis by LC-MS

General procedure. Samples were processed for metabolite extraction and analysis by LC-MS following differ-
ent protocols and methods, namely: (i) untargeted lipidomics using high-resolution LC-QTOF (Agilent 6530
and 6550 accurate-mass, Agilent Technologies Inc.), as well as targeted analyses using LC-QQQ (Agilent
6495 or 6460, Agilent Technologies Inc.) for (ii) plasmalogens, (iii) ACs, (iv) VLCACs and LPC, and (v) BAs.
For plasma, a volume of 100 uL was used for all analyses prior to solubilization in the appropriate solvent.
For targeted profiling of ACs or BAs, samples were homogenized (45 seconds, high intensity, Bead Ruptor
homogenizer, Omni International) in the appropriate solvent (indicated below) supplemented with 3 ceramic
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beads (2.8 mm). For tissue, freeze-clamped livers were ground at the temperature of liquid nitrogen. The
resulting tissue powder was weighed (~50 mg, unless otherwise specified) and homogenized in the appropri-
ate solvent (indicated below) supplemented with 6 ceramic beads (2.8 mm; 45 seconds, high intensity, Bead
Ruptor homogenizer), except for ACs for which samples were sonicated (20 seconds, repeated twice, 4°C).

Untargeted lipidomic analyses using LC-QTOF. Untargeted lipidomic analyses were performed using a
previously validated workflow (25), which is herein briefly summarized. Lipids were extracted from plas-
ma or liver after spiking with the following internal standards: LPC 13:0, PC19:0/19:0, PC14:0/14:0,
PS12:0/12:0, PG15:0/15:0, and PE17:0/17:0 (Avanti Polar Lipids Inc). Sample (0.7 pL for positive mode
and 2 pL for negative mode) was injected into a 1290 Infinity HPLC coupled to a 6530 accurate mass
QTOF MS system equipped with a dual electrospray ionization (ESI) source and analyzed in both positive
and negative scan mode. A Zorbax Eclipse plus column (C18, 2.1 mm X 100 mm, particle size 1.8 um,
Agilent Technologies Inc.) was used for lipid elution over 83 minutes at constant temperature of 40°C using
a gradient of solvent A (0.2% formic acid and 10 mM ammonium formate in water) and B (0.2% formic
acid and 5 mM ammonium formate in methanol/acetonitrile/methyl fert-butyl ether [MTBE], 55:35:10
[v/v/v]). MS data processing was achieved using the Mass Hunter Qualitative Analysis software package
(version B.06 for 6530-QTOF, and version B.07 for 6550-QTOF) and a bioinformatic script that we have
developed and encoded in both Perl and R languages to enable optimal MS data alignment. This results
in an updated and ready-to-use data set listing features with their mass, corrected signal intensity, and
retention time. Lipid identification was achieved using MS/MS and the resulting files were aligned with
previously acquired MS files prior to manual interpretation in silico similar to Godzien et al. (58). Brief-
ly, identification of lipid structure, including FA side chains, was performed by (i) searching the m/z of
selected features in METLIN or LIPID MAP databases, and (ii) identifying using the MS/MS spectra the
polar head and acyl chains based on their signature fragment ion. For some ether lipids, it was difficult to
distinguish plasmanyl (O-alkyl) from plasmenyl (P-alkyl) glycerophospholipids since MS/MS identifies
the number of unsaturation on acyl chains, but not their position. Hence, ether lipids were annotated as
“O-alkyl” and referred to as “plasmalogens.” In some instances, identification of plasmalogens in a given
data set was achieved by manual alignment with previously acquired human and mouse data sets for which
the various plasmalogens had been identified by MS/MS.

Plasmalogen analysis on LC-QQQ. One aliquot of samples processed for untargeted lipidomic analysis
was used for semiquantitative analysis of plasmalogens. This was assessed by dynamic multiple reaction
monitoring (MRM) acquisition in negative ionization using a 6460 QQQ equipped with an electrospray
standard source and coupled with a 1290 Infinity HPLC. Chromatographic conditions were identical to
those described above for the untargeted lipidomic analysis using LC-QTOF. A volume of 2 pL (corre-
sponding to 0.6 uL of plasma) was injected into the LC-QQQ. The collisional energy was optimized for
each transition. MRM transitions are reported in Supplemental Table 4 and differed for the various plas-
malogen (sub)classes: 2 transitions were measured for PC species, which included a fragment representative
of the acyl chain sn2 (transition 1) and the loss of methyl formate (mass 60; transition 2), 1 for PE (tran-
sition 1) and LPC (transition 2). Data were processed using Mass Hunter Quantitative Analysis software
(version B.06). MS signal intensity data for all plasmalogens are reported as ratios relative to the MS signal
intensity of the internal standard PC 14:0/14:0.

Global AC analysis using LC-QQQ. Profiling of 91 ACs was performed using a previously described semi-
quantitative method (24, 59) with slight modifications. Briefly, plasma samples or pulverized liver tissues
previously freeze-clamped were homogenized in acetonitrile and spiked with deuterated standards pre-
pared in methanol or 50% methanol/50% H,O ([*H,]carnitine, [*H,]octanoylcarnitine, and [U-"*C]palmi-
toylcarnitine from Sigma-Aldrich; and [’H,]acetylcarnitine, [*H,]propionylcarnitine, [’H,]butyrylcarnitine,
and [*H,]dodecanoyl from CDN Isotopes) before freezing at —20°C for 20 minutes. After centrifugation
(7,500 g, 10 minutes), the supernatants were combined and evaporated to dryness under a stream of nitro-
gen gas before suspension with 50 uLL of methanol and 50 uL. of H,O. Subsequently, 2 uL. was injected into
a 1290 Infinity HPLC equipped with an Atlantis dC18 silica column (50 mm X 4.6 mm, particle size 3 um;
Waters) coupled to a 6460 QQQ MS/MS system by an ESI Jet Stream source. Chromatographic separation
was achieved using a gradient of solvent A (100% water/0.2% formic acid/10 mM ammonium formate)
and solvent B (95% acetone/5% MTBE/0.2% formic acid) as follows: (i) 100% solvent A for 4.5 minutes,
(i1) a linear gradient of solvent B that reached 50% at 33 minutes and (iii) then increased to 100% from 33
minutes to 54 minutes, and (iv) 100% solvent A for 5 minutes to re-equilibrate the column. The flow rate
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was maintained at 0.5 mL/min throughout the run time. Data were monitored in positive ionization and
dynamic MRM mode for product ions m/z 85 and m/z 60 on which the last one was used as qualifier, as
previously reported (24, 54). Data were processed by Mass Hunter QQQ Quantitative Analysis software
(version B.07). MS signal intensity data for all ACs are reported as ratios relative to the MS signal intensity
of their corresponding internal standard (the closest in terms of chain length). This method enables a global
analysis of ACs, albeit it was found not to be ideally suited for VLCAC analysis. Hence, we developed a
specific semiquantitative method for VLCACs, which also includes LPC 26:0, given the reported correla-
tion between AC26:0 and LPC 26:0 in peroxisomal disorders (27, 28).

VLCAC and LPC 26:0 analysis using LC-QQQ. The procedure for sample preparation was essentially
that described for our untargeted lipidomics (25) with slight modifications. Briefly, plasma (100 pL) or
liver (40 mg) was spiked with the following internal labeled standards: [*H,Jhexacosanoylcarnitine and
[U-13C]26:0-lysophosphatidylcholine (Millipore Sigma). Samples were injected (4 and 3 uL respectively
for plasma and liver) into a 1290 Infinity HPLC equipped with an Hypersil GOLD column (C8, 150 x
2.1 mm, particle size 3 um; Thermo Fisher Scientific). Chromatographic separation was achieved using a
gradient of solvent A (100% water/5 mM ammonium formate/5 mM ammonium acetate) and solvent B
(55% methanol/35% acetonitrile/10% MTBE/5 mM ammonium formate/0.2% formic acid) as follows:
(1) 100% solvent A for 4.5 minutes; (ii) a linear gradient of solvent B that reached 99.5% at 30 minutes,
which was maintained from 30 minutes to 50 minutes; and (iv) 100% solvent A for 5 minutes to re-equil-
ibrate the column. The flow rate was maintained at 0.2 mL/min throughout the run time. MS analyses
were performed with a 6495 QQQ equipped with an AJS ESI source operating in positive mode. Analytes
were monitored by MRM; mass transitions, collision energy and CV are reported in Supplemental Table 5.
Blanks were inserted after 4 runs to prevent carryover. MS signal intensity data for VLCACs and LPC 26:0
are reported as ratios relative to the MS signal intensity of internal standard.

BA analysis using LC-QQQ. Procedures for BA extraction and semiquantitative analysis were based on
previously described methods with slight modifications (60, 61). Briefly, plasma samples or pulverized liver
tissues previously freeze-clamped (20 mg) were homogenized in methanol/water (80:20, v/v) spiked with
deuterated standards ([*H,]lithocholic acid, d,-LCA; [*H ]cholic acid, d,-CA; [*H,]chenodeoxycholic acid,
d,-CDCA,; [°*H ]deoxycholic-2,2,4,4-d, acid, d,-DCA); [*H,]glycodeoxycholic acid, d -GDCA,; [*H ]glycoche-
nodeoxycholic acid, d-GCDCA; and [*H, Jglycocholic acid, d,-GCA) (CDN Isotopes) and then acidified with
HCI (1 mM) before homogenization and centrifugation. The supernatants were extracted again with meth-
anol/water (80:20, v/v). After centrifugation, the newly collected supernatant was concentrated to a final
volume of 100 pL under a stream of nitrogen before sonication and transfer to glass vials as three aliquots for
storage at —80°C. For LC-MS analysis, 10 uL (plasma) or 4 uL (liver) was injected into a 1290 Infinity HPLC
equipped with a Synergi Fusion-RP column set at 40°C (polar embedded C18, 100 mm X 2 mm, particle
size 2.5 um; Phenomenex) coupled to a 6495 QQQ mass spectrometer by a Jet Stream Electrospray source.
Chromatographic separation was achieved using a gradient of solvent A (100% water/10 mM ammonium
formate/0.02% formic acid) and solvent B (55% methanol/35% acetonitrile/ 10% MTBE/0.02% formic acid)
as follows: (1) 100% solvent A for 6 minutes, (ii) a linear gradient of solvent B that reached 100% at 50 min-
utes and (iil) maintained from 50 to 67 minutes, and (iv) 100% solvent A for 10 minutes to re-equilibrate the
column. The flow rate was set at 0.4 mL/min until 60.5 minutes and increased at 0.5 mL/min from 60.5 to
67.5 minutes. Data were monitored in negative ion and MRM mode and processed by Mass Hunter QQQ
Quantitative Analysis software (version B.07). MS signal intensity data for all measured BAs are reported as
ratios relative to the MS signal intensity of their corresponding internal standard. Supplemental Table 6 lists
all BAs and their respective internal standards, along with their MRM mass transition. Supplemental Table 7
reports intraday (5 independent sample preparations) as well as interday (3 independent days) coefficient of
variation values for the entire workflow for each BA spiked in plasma samples as well as their LC-MS signal
reproducibility (3 independent injections of the same sample).

Quantitative LC-MS analysis of specific markers of peroxisomal disorders. Plasma samples from LSFC
patients were sent to a diagnostic laboratory specialized in peroxisomal disorders (Laboratory Genetic
Metabolic Diseases, Amsterdam, The Netherland; https://www.amc.nl/web/laboratory-genetic-metabol-
ic-diseases-lgmd.htm) for the combined analysis of LPC 26:0 and AC26:0, as previously described (27) as
well as of BA intermediates, particularly the precursors di- and trihydroxycholestanoic acid (DHCA and
THCA), which were measured according to a previous study (62).
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Molecular analyses
Quantitative RT-PCR. Gene transcript levels from frozen liver tissue were assessed as previously described for
heart (59) using an RNeasy kit (QIAGEN) and reverse transcribed with the High-Capacity cDNA RT kit
(Thermo Fisher Scientific) according to the manufacturer’s recommendations. Quantification was achieved
by MxPro software (Agilent Technologies Inc.) and reported using the standard curve method, then validated
with the AACT method, the efficiency of the quantitative PCR reaction was set acceptable at 100% * 10%.
Gene transcript levels were normalized to the polymerase (RNA) IT (DNA directed) polypeptide A (Polr2a)
gene, selected among 7 housekeeping genes (list in Supplemental Table 8) for its stable relative quantity in
H-Lrpprc”’~ mice compared to their littermates. The list of primers used is reported in Supplemental Table 7.
Immunoblot. Protein levels from frozen liver tissue were assessed as previously described for heart (59).
Primary antibodies against LRPPRC (1:10,000; catalog PA5-22034) and pan-cadherin (1:10,000; catalog
71-7100) were purchased from Thermo Fisher Scientific, catalase (1:50,000; catalog ab16731) and OXPHOS
(1:2,000; catalog ab110413) from Abcam, and secondary antibodies, HRP-conjugated anti-rabbit (cata-
log 7074) or anti-mouse IgG (catalog 7076), were purchased from Cell Signaling Technology. Except for
OXPHOS, for which pan-cadherin served as loading control, an HRP-conjugated B-actin—specific antibody
(1:30,000; catalog sc-47778) was used to visualize 3-actin for normalization (Santa Cruz Biotechnology).

Statistics

For lipidomic analysis, the output text file containing the processed data was imported into Mass Professional
Pro (MPP: version 12.6.1; Agilent Technologies Inc.) for statistical analyses. Independent testing of each fea-
ture was achieved using paired (human) or 2-tailed unpaired (animals) Student’s ¢ test with Benjamini-Hoch-
berg correction. We applied a threshold of corrected P values (P-corr) as an estimation of false discovery rate
(FDR) of 20% (human) and 5% (animals) (untargeted lipidomics) and we report P values before and after
Benjamini-Hochberg correction. For the molecular analyses, data were tested for significance using paired
(patients) or 2-tailed unpaired (animals) Student’s ¢ test (GraphPad Prism software; version 5) and a thresh-
old of P value of <0.05 was considered to be statistically significant. Data are depicted as volcano plots, dot
plots, or box plots, where the midline represents the median; the box represents the interquartile range (IQR)
between the first and third quartile, and whiskers represent the lowest or highest values.

Study approval and subject details
Humans. Studies followed protocols approved by the Human Ethics and Research Committee of the Centre
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