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Abstract: LHON is a common blinding inherited optic neuropathy caused by mutations in mitochon-
drial genes. In this study, by using skin fibroblasts derived from LHON patients with the most com-
mon m.G11778A mutation and healthy objects, we performed proteomic analysis to document
changes in molecular proteins, signaling pathways and cellular activities. Furthermore, the results
were confirmed by functional studies. A total of 860 differential expression proteins were identified,
containing 624 upregulated and 236 downregulated proteins. Bioinformatics analysis revealed in-
creased glycolysis in LHON fibroblasts. A glycolysis stress test showed that ECAR (extra-cellular acid-
ification rate) values increased, indicating an enhanced level of glycolysis in LHON fibroblasts. Down-
regulated proteins were mainly enriched in oxidoreductase activity. Cellular experiments verified
high levels of ROS in LHON fibroblasts, indicating the presence of oxidative damage. KEGG analysis
also showed the metabolic disturbance of fatty acid in LHON cells. This study provided a proteomic
profile of skin fibroblasts derived from LHON patients bearing m.G11778A. Increased levels of gly-
colysis, decreased oxidoreductase activity and fatty acid metabolism could represent the in-depth
mechanisms of mitochondrial dysfunction mediated by the mutation. The results provided further
evidence that LHON fibroblast could be an alternative model for investigating the devastating disease.
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1. Introduction

With an incidence of about 1/31,000-1/54,000, LHON (Leber Hereditary Optic Neu-
ropathy) is the most common hereditary optic neuropathy [1]. The average onset for pa-
tients is around 20 years old, with subacute vision loss in both eyes, which may lead to
blindness and bring a heavy burden to individuals and their families [2-4]. Nevertheless,
the detailed mechanism underlying the diseases is far beyond understanding.

About 30 mitochondrial gene variants contribute to the occurrence of LHON, among
them, three mutations, including m.11778G>A (MT-ND4) [5], m.14484T>C (MT-ND#6) [6],
and m.3460G>A (MT-ND1) [7], are the most frequent. The proteins encoded by these
genes are subunits of complex I of the respiratory chain. The mutated proteins directly
cause mitochondrial respiratory dysfunction, ultimately resulting in LHON. Therefore,
these mutations are regarded as primary mutations [8]. Although mtDNA mutations are
currently known to be a major cause of LHON, not all individuals with pathogenic vari-
ants present the phenotype. In addition, multiple mitochondrial gene variants increase
penetrance synergistically [9-12]. Some nuclear gene mutations combined with mtDNA
variants also aggravate the phenotype of LHON [13,14]. The phenomenon that different
mutation types and numbers contributed to different phenotypes reflects the heterogene-
ity and complexity of LHON.
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Fibroblasts have been used recently as an alternative cell model for genetic disease
research. Although fibroblasts are not the primary affected tissues, their pathology
changes may represent those in the sensitive cells, especially the mitochondrial function
[15]. Our previous study also showed that LHON patient-derived skin fibroblasts
(m.G11778A) presented mitochondrial dysfunction and could be used as a succedaneous
cell model [16].

Proteomics is an effective approach for exploring the underlying molecular changes.
Tun A. et al. performed mitochondrial proteomic analysis using skin fibroblasts from
LHON patients with the m.G11778A mutation and found that bioenergetic derangements
and poor protein quality control systems lead to different penetrance [17]. The mitochon-
drion is an important organelle that regulates various cellular activities [18-20]. Mitochon-
drial dysfunction caused by genetic variation may lead to a variety of function disorders
and even changes in protein expression profile, which may also contribute to heterogene-
ity. Although it may not reveal the pathogenesis of LHON comprehensively from the per-
spective of mitochondrial damage, it provides a robust technique to explore the diversity
of protein profile and the changes in molecular activities of LHON.

In the current study, we performed proteomic profiling on skin fibroblasts derived
from LHON patients bearing m.G11778A to find the affected cellular activities. These
changes may be the consequences of mitochondrial dysfunction or may act as secondary
factors driving disease progression. The results were beneficial for revealing the patho-
genesis and helpful for finding new therapeutic targets.

2. Materials and Methods
2.1. Subjects and Fibroblasts Construction

This study was conducted on the basis of the Declaration of Helsinki. Subjects in-
cluded in this study were recruited from Henan Provincial People’s Hospital, Henan Eye
Hospital. All participants were informed benefits and risks and signed the content forms.
This study was approved by the Ethics Committee of Henan Eye Hospital (ethic number:
HNEECKY-2019(12)).

Men participants came from 4 families. Two controls were around 20 years old. Oph-
thalmological examinations showed the binocular visual acuity in both eyes was 1.0 or
above, and no abnormality was found in a visual field examination. The patients LHON-
1 and LHON-2 were 28 and 32 years old. The ophthalmic examinations showed patholog-
ical optic discs with incomplete boundaries, and the optic nerve has atrophy of varying
degrees. Gene sequencing reported they both suffered mutation m.G11778A. Finally, they
were diagnosed as LHON bearing m.G11778A. Detailed information can be found in a
previous article [16].

A volume of 2 mm?3 of skin tissue was excised from the participant’s arm and soaked
in 75% alcohol for 2 min. Tissues were incubated with a complete medium (Lab050-NP,
Kuisai, Shanghai, China) at 37 °C for 30-60 min after being shredded into pieces. The
pieces were dispersed into flasks respectively and cultured with 2 ml complete medium
for 2 h. Change the medium every 3 days until the scattered cells growing fuse into a sheet.
Cells were trypsinized and re-cultured in a new flask. Follow-up experiments were per-
formed after the cells had grown to a sufficient number.

2.2. Sample Preparation

Fibroblasts were used for proteomic analysis, and each group contained 3 replications.
Cells were lysed in urea lysis buffer (8 M urea, 50 mM NHsHCOs, 1X protease inhibitor
cocktail) at 25 °C for 5 min. Samples were fragmented by ultrasonic sonication and centri-
fuged (14,000x g) for 10 min at 20 °C. Supernatants were collected and quantified using BCA
(Solarbio, Beijing, China). A total of 100 pg proteins of each sample was reduced by 10 mM
DTT (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 °C and alkylated by 40 mM IAA
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h at RT temperature. Samples were loaded in pre-
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equilibrated ultrafiltration tubes (10 kDa) and centrifuged (14,000x g) twice for 15 min at 15
°C. Tubes were then washed 3 times with 50 mM NHsHCO:s by 14,000 g for 15 min. Samples
were loaded in new tubes and incubated with 3 ug tyrisin for 13-16 h at 37 °C. Peptides
were washed twice using H20: and centrifuged at 14,000 g for 20 min, 4 °C. A volume ratio
of 1% formic acid was added to the collection tube to terminate the enzyme digestion and
vacuum drying at 60 °C. Digested peptides were qualified using Nanodrop 2000 spectro-
photometer (Thermo Scientific, Waltham, MA, USA) after resuspending in 0.1% formic acid.

2.3. LC-MS and MS Analysis

The liquid chromatography model used in this study was ekspert nanoLC 415 (AB
SCIEX, Framingham, MA, USA), and the mass spectrometer was Triple TOF 6600 (AB
SCIEX). The digested peptides (1.5 pug) were loaded into the Trap column of AB SCIEX
(10 mm x 0.3 mm, C18 packing size was 5 um, 120 A) with phase A (0.1% formic acid, 2%
ACN, 97.9% water), and the flow rate was 10 pl/min. Different gradients of phase B (97.9%
acetonitrile, 2% water, 0.1% formic acid, v/v/v) were used to elute the Trap column for 91
min at a flow rate of 400 nL/min. Then, peptides were separated on an analytical column
(150 mm x 0.3 mm; C18: 3 um, 120A) to form a charged spray followed by MS detection.

In MS analysis, protein identification and quantification were performed using a
spectra library by DIA. The DDA spectrum parameters were as follows: TOF MS accumu-
lation time was 0.25 s; mass scan range was 300-1500 m/z; ion charges were +2 to +5; ion
exclusion time was 15 s; candidate ions per cycle was 60 and mass tolerance was 50 ppm.
For DIA analysis, a variable window assay calculator (AB Sciex, version 1.1, Framingham,
MA, USA) was used to optimize the 100 scanning windows. The accumulation time for
MS1 was 50 ms, and 40 ms for MS2. The ion spray floating voltage was 2300 V.

2.4. Data Processing

The raw data collected by DDA was searched in the database using Spectronaut soft-
ware (version 15). The UniProt Swiss human database (UniProt release 2020_11) was used
as a library database. The DIA data processing was referenced previous study [21].

2.5. Bioinformatic Analysis

The original quantitative values were converted to log2 to satisfy the normal distri-
bution, and the data were normalized using an R package (PreprocessCore/normalize.me-
dian). Protein intensities were normalized according to the total intensity of each sample.
p values between samples were obtained using a f-test. PCA analysis was generated in
Bioladder (https://www.bioladder.cn/, accessed on 20 August 2022). Volcano plots and
heatmaps were drawn in Bioinformatics (http://www.bioinformatics.com.cn/ accessed on
20 August 2022). GO and KEGG enrichment was conducted using Metascape
(https://metascape.org/, accessed on 18 December 2021) and Kobas databases (http://ko-
bas.cbi.pku.edu.cn/ accessed on 20 August 2022).

2.6. Data Availability

The mass spectrometry raw data and the corresponding txt files have been deposited
in the ProteomeXchange consortium (http://proteomecentral. proteomexchange.org, ac-
cessed on 14 October 2022) via the iProX partner repository [22] with a dataset identifier
of IPX0003437002 [23].

2.7. ROS Detection

Cells were seeded in a 6-well plate and cultured overnight. DCFH-DA (50033S, Be-
yotime, Shanghai, China) was diluted using DMEM medium without serum at the ratio
of 1:1000. Cells were incubated with the diluent of DCFH-DA for 40 min at 37 °C followed
by being washed 3 times using a DMEM medium. Fluorescence images were captured to
evaluate ROS level.
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2.8. Determination of Extra-Cellular Acidification Rate

The glycolysis level was reflected by the extra-cellular acidification rate. Cells were
cultured in a seahorse plate (102601-100, Agilent Seahorse Technologies, Palo Alto, CA,
USA) overnight with a density of 12,000 cells per well. The medium was a substitute for
XF base medium (103334-100, Agilent Seahorse Technologies) supplement with 2 mM glu-
tamine, 1 mM pyruvate and 10 mM glucose and then the plate was incubated for 1 h at 37
°C without CO2. XFe cell glycolysis stress test kit (103020-100, Agilent Seahorse Technol-
ogies) was used for ECAR detection. Results were analyzed using the software Wave 2.6.3
(Toronto, ON, Canada).

3. Results
3.1. Identification of Different Expression Proteins (DEPs)

Two LHON patients bearing m.G11778A and two healthy control subjects were in-
cluded in the study. The skin tissues of 2 mm3 were excised from participants to obtain
dispersed fibroblasts. We divided the samples into four groups (NC1, NC2, LHON1 and
LHON?2, each set consisted of three replicates) and performed a proteomic profile. The
procedure is shown in Figure 1A. Firstly, to evaluate the reliability of the data, total pro-
tein differences between groups were assessed by principal component analysis (PCA).
The results showed that samples were well separated by NC vs. LHON (PC1, 31.5%), in-
dicating the feasibility of the data (Figure 1B). The expression of gross proteins was visu-
alized on a heatmap plot using normalized log: intensity values. As a result, a total of 2240
proteins were identified, and 860 proteins were significantly changed compared with the
control cells. Of these differential expression proteins, 624 proteins were upregulated
(Fold change > 1.2, p <0.05), and 236 proteins were downregulated (Fold change<1.2, p <
0.05) (FigurelC), revealing favorable distinctiveness.
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Figure 1. Proteome overview of LHON fibroblasts (m.G11778A). (A) The strategy of this study. Scat-
tered fibroblasts were isolated from skin tissue obtained from LHON patients bearing m.G11778A
and control subjects. Peptides were extracted after cell lysis, and then proteomic and bioinformatics
analyses were performed. (B) PCA of total proteins between fibroblasts of LHON and control. (C)
Heatmap plot showing DEPs (differential expression proteins) between fibroblasts of LHON and
control. A total of 860 DEPs were identified, including 624 upregulated proteins (FC > 1.2, p < 0.05)
and 236 downregulated proteins (FC < 1.2, p <0.05).

3.2. Annotation and Classification of Upregulated Proteins

To investigate the function of upregulated proteins of DEPs, GO (gene ontology) anno-
tation was performed using the Metascape database (https://metascape.org/gp/in-
dex.Html#/main/stepl, accessed on 13 July 2022) [24]. DEPs were classified into three cate-
gories, including biological process, cellular component and molecular function. The results
demonstrated that among the 18 GO items (enrichment ranking), ribonucleoprotein com-
plex biogenesis (BP), ribonucleoprotein complex (CC) and cadherin binding (MF) showed
the highest enrichment of the three categories, with counts of 65, 120 and 66 (Figure 2A). In
addition, we performed a KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis in
the KOBAS database (http://kobas.cbi.pku.edu.cn/genelist/, accessed on 13 July 2022) to ex-
plore differential signaling pathways. Firstly, in order to observe the types of cell activities
affected by differential pathways intuitively, we drew a KEGG overview according to the
classification in the KEGG PATHWAY Database (https://www .kegg jp/kegg/pathway html,
accessed on 18 July 2022). Among the six categories of KEGG types, most of the differential
pathways were classified to human diseases, followed by metabolic and organizational sys-
tems, and finally genetic information processing (Figure 2B). Notably, the metabolic path-
way in the metabolism type revealed the highest enrichment, indicating that metabolism
dysfunction may occur in LHON fibroblasts (m.G11778A). Specifically, the top 24 KEGG
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affected in LHON fibroblasts (m.G11778A).
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Figure 2. GO and KEGG analysis of upregulated proteins. (A) GO enrichment of the upregulated
DEPs using Metascape database, including BP (biological process), CC (cellular component) and
MF (molecular function). The plot listed top items based on —log 10(FDR) rank. (B) Voronoi tree
map showed attributions of differential pathways according to KEGG database. Each padding rep-
resents a differential pathway, and filled areas represent enrichment count. (C) KEGG enrichment
of DEPs using kobas database showed top items ranked by count.

3.3. Glycolysis Was Upregulated in LHON Fibroblasts (m.G11778A)

Aerobic respiration and anaerobic glycolysis are two major metabolic pathways that
provide energy in cells [25]. In LHON fibroblasts, aerobic respiratory dysfunction caused
by mtDNA mutations may affect anaerobic glycolysis. KEGG analysis showed that 13
DEPs enriched in the glycolysis or gluconeogenesis pathway, specifically PKM, ENO1,
TPI1, LDHA, GAPDH, PGK1, PFKP, LDHB, PGAM1, GPI, PFKM and ENO2. The expres-
sion increased in LHON fibroblasts (m.G11778A) (Figure 3A). Further analysis indicated
that the differential proteins above were positioned in the key catalytic locations, suggest-
ing increased glycolysis (Figure 3B). Glycolysis is the process by which glucose metabo-
lized to pyruvate under anaerobic conditions, during which H+ is produced and excreted
into the extracellular medium, resulting in the acidification of the medium. Therefore, the
ECAR (extra-cellular acidification rate) detection by seahorse reflected the level of glycol-
ysis [26,27]. To elucidate changes in glycolysis at the cellular level, control and LHON
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fibroblasts were subjected to a seahorse glycolysis stress assay (Figure 3C). When cells
were treated with glucose after incubating in the solution without glucose and sodium
pyruvate, pyruvate was produced through the glycolysis pathway, and H+ was released
at the same time. ECAR value at the time reflected the level of glycolysis under basal con-
ditions (Figure 3D). Subsequently, the addition of oligomycin inhibited ATP synthase, and
the energy production pathway switched to glycolysis. At the time, the ECAR value re-
flected the maximum glycolytic capacity of the cells (Figure 3E). Comprehensively, both
basal and maximal ECAR values of LHON fibroblasts (m.G11778A) were higher than the
control cells, indicating an enhanced level of glycolysis.

In addition to participating in aerobic glycolysis, the 13 proteins are also involved in
the cori cycle, gluconeogenesis, HIF-1 signaling pathway, carbon metabolism, etc. (Figure
3F). Together, these changes may lead to abnormalities in the metabolic network in LHON
fibroblasts (m.G11778A).
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Figure 3. Increased glycolysis level in LHON fibroblasts (m.G11778A). (A) Clustered heatmap dis-
playing expression of DEPs participated in glycolysis. (B) Flowchart showing glycolysis process.
DEPs are emphasized in bold, and the color scale indicates the expression level. (C) ECAR (extra-
cellular acidification rate) of fibroblasts was measured using XFe96 seahorse analysis. The basal (D)
and max (E) ECAR values were calculated. ** p <0.05, *** p <0.01. (F) GO chord plot showed different
pathways involved in glycolysis DEPs.

3.4. Pathway Interaction Network Analysis of Upregulated Proteins

In order to better reveal the relationship between pathways involved in upregulated
proteins, we drew an interaction network with the Metascape database. A total of 110
proteins (p-value ranks) were included. As shown in Figure 4, glycolysis and gluconeo-
genesis had a high enrichment. All pathways were closely connected with each other and
enriched in adaptive immune system, cysteine and methionine metabolism, TP53 regu-
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lates metabolic genes, positive regulation of mRNA process, etc. The physiological inter-
actions between these activities may contribute to metabolic disorders and apoptosis of
optic nerve cells in LHON patients (m.G11778A).

/O

glycolysis and
gluconeogenesis

SARS-CoV infection

Figure 4. Network of enriched items of the upregulated DEPs. Terms are colored by cluster ID.

3.5. Oxidoreductase Activity Was Downregulated in LHON Fibroblasts (m.G11778A)

Next, we performed GO annotations on the downregulated DEPs. The results
showed that the lytic vacuole (CC, n = 37), intracellular protein transport (BP, n = 28) and
oxidoreductase activity (MF, n = 27) had high enrichments (Figure 5A). In addition to en-
ergy metabolism regulation, mitochondrion also participated in redox reactions [25,28].
Thus, mitochondria dysfunction in LHON fibroblasts may lead to reduced oxidoreduc-
tase activity. The proteins enriched in oxidoreductase activity were listed in Figure 5B,
and the expression was all significantly downregulated. As ROS is a product of dysregu-
lated redox reactions, we detected the ROS level to clarify the changes in redox reactions.
The results showed higher ROS in LHON fibroblasts compared to the control cells, indi-
cating dysregulation of redox reactions (Figure 5C). The results were consistent with pre-
vious studies [29-31] and manifested the reliability of the data further.
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Figure 5. Downregulated oxidoreductase activity in LHON fibroblasts (m.G11778A). (A) Metascape
enrichment of the downregulated DEPs was plotted. BP: biological process, CC: cellular component,
MF: molecular function. Items were ranked by —log 10(FDR). (B) Heatmap showed downregulated
differential proteins participated in oxidoreductase activity. (C) ROS level was detected in LHON
and control fibroblasts. Scale bars represent 200 pum.

3.6. Fatty Acid Metabolism Was Dysfunction in LHON Fibroblasts (m.G11778A)

To investigate the signal pathways affected by the downregulated DEPs, we created
a KEGG overview map to investigate the affected cellular activities. The results indicated
that more pathways were assigned to human diseases, followed by organic systems and
metabolism (Figure 6A). Interestingly, the metabolic pathway was still the most enriched
item among differential pathways (Figure 6A,B). The expression of enriched DEPs is pre-
sented in Figure 6C. Subsequently, we analyzed the specific metabolic activities involved
in the DEPs and found that they mainly affected fatty acid metabolism, fatty acid degra-
dation, tryptophan metabolism, thermogenesis, and oxidative phosphorylation (Figure
6D). These data demonstrated that fatty acid degradation was aberrant in LHON fibro-
blasts, which may lead to the accumulation of fatty acids. Although it is unclear whether
superfluous fatty acids had an effect on RGC cells, accumulated fatty acids might cause
lipotoxicity and inhibit cell survival.



Biomolecules 2022, 12, 1568 10 of 16

A B

metabolic pathway

phagosome ® -log 10(FDR)
metabolic pathway [ s

focal adhesion
proteoglycans in cancer
protein processing in endoplasmic reticulum
spliceosome
ECM-receptor interaction .

tuberculosis °

protein export L]

complement and coagulation cascades L count
lysosome ° ¢
fatty acid metabolism L] o
DNA replication e @

regulation of actin cytoskeleton °
fatty acid degradation .

endocytosis | @
fluid shear stress and atherosclerosis 1 @
huntington disease 1 @
fatty acid elongation 1 «
human immunodeficiency virus 1 infection ; ®

]

information
processing

3 a 5 6 7 8
Protein Count

i Esm, Group fatty acid metabolism -log 10{FDR)
MGST1 2 [ LHon °
34 1 HNC fatty acid degradation - 8
CAT tryptophan metabolism - 5
DLST - :

1
ACADVL | )
H
RMOX1, oxidative phosphorylation

oot ! 0 2 4 6
SNCER Protein Count

Pl
HSD17B12
NDgFVZ

DUT

Figure 6. Fatty acid metabolism dysfunction in LHON fibroblasts (m.G11778A). (A) Voronoi tree
map of differential pathways enriched by downregulated DEPs. (B) Kobas KEGG enrichment of
downregulated DEPs. The top 20 items ranked by —log 10(FDR) are listed. (C) Downregulated DEPs
involved in metabolic pathways were plotted as a heatmap. (D) Detailed KEGG enrichment of the
downregulated DEPs participated in metabolic pathways. Items were ranked by —log 10(FDR).

3.7. Pathway Interaction Network Analysis of Downregulated Proteins

We mapped the interaction network for the downregulated proteins in Figure 7. The
results showed that DEPs were strongly enriched in the glycosyl compound metabolic
process, fatty acid metabolic process, hydrogen peroxide catabolic process etc., and these
pathways were closely related to each other.
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4. Discussion

Leber’s hereditary optic neuropathy is the most common and blindness-causing ge-
netic eye disease for which there is still no effective treatment. Mitochondrial dysfunction
caused by mtDNA mutations is a leading cause of the disease. Concurrently, mitochon-
drial damage also result in a variety of changes of cellular activities such as apoptosis
[32,33], autophagy [34], metabolism [35,36], senescence [37,38], ion regulation [39,40] and
signal transduction [41,42], which seriously affect cell survival. These mitochondrial dam-
age-derived changes may serve as important secondary incidents that aggravate pheno-
types or accelerate progression. Therefore, the study of molecular changes by proteomics
is valuable to mining the affected primary and secondary incidents in LHON and is also
conducive to a profound understanding of pathological changes.

Because of their consistent genotype and easy access, skin fibroblasts derived from pa-
tients have been used recently as cell models in genetic diseases research, although they may
not be the specific diseased tissues [43,44]. Multiple studies indicated the derived fibroblasts
as a valuable strategy for studying mitochondrial damage in neurological disorders, such
as AD (Alzheimer’s Disease) [45,46], PD (Parkinson’s disease) [47,48], HD (Huntington’s
disease) [49,50] and ALS (amyotrophic laternal sclerosis) [51,52]. Our previous studies also
found mitochondrial dysfunction, respiration disorder and decreased cell viability in pa-
tients’ fibroblasts with m.G11778A [16]. Thus, to some extent, fibroblasts can stimulate the
pathological process and can be used as an alternative model to explore molecular changes.
In the current study, we performed proteomic profiling of two LHON fibroblasts with
m.G11778A and control cells. A total of 860 differential expression proteins were identified,
including 624 upregulated proteins and 236 downregulated proteins. In addition, bioinfor-
matics analysis and molecular biology verification were conducted.

Firstly, a KEGG analysis of the upregulated proteins was performed. We showed that
the metabolic pathway obtained the highest enrichment, indicating metabolism dysfunc-
tion in LHON fibroblasts. Among differential metabolic pathways, the glycolysis or glu-
coneogenesis pathway drew our attention. Aerobic respiration and anaerobic glycolysis
are crucial pathways that provide energy to cells [53]. Under normal circumstances, cells
obtain a large amount of ATP through aerobic respiration with glycolysis inhibition. But
the mutation of mtDNA reduces the level of respiration, and cells may produce ATP as
much as possible by enhancing glycolysis to provide sufficient energy for signaling. A
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recent study found that neurons activated rapid and maximized aerobic glycolysis in as-
trocytes for energy to prevent shortages in ATP production during information pro-
cessing, which suggested that metabolic reprogramming presented in the nervous system
under pathological conditions and might also occur in RGCs [54]. We did detect elevated
glycolysis in LHON fibroblasts. The expression of catalytic enzymes guarded at pivotal
locations was upregulated, suggesting an increase in glycolysis level. However, this met-
abolic plasticity, especially the conversion of aerobic respiration to glycolysis, might lead
to an increased level of cellular acidification while maximizing energy supply, which in
turn accelerates apoptosis. Unfortunately, RGC cells might not have strategies to amelio-
rate this adverse environment like the tumor cells. Therefore, an increased energy supply
combined with inhibition of glycolysis might contribute to delaying disease progression.
The upregulated proteins in LHON fibroblasts not only led to metabolism dysfunction
but also participated in the regulation of the adaptive immune system, axon guidance,
TP53 regulates metabolic genes and other processes. These changes are closely associated
with and organized the intricate network of cellular activities.

Next, we performed a bioinformatic analysis of the downregulated proteins. GO re-
sults revealed a high enrichment in oxidoreductase activity. This was plausible because
the respiratory chain damage caused by mtDNA mutations resulted in the dysregulation
of electron balance, decreased membrane potential and the inhibition of oxidoreductase
activity, which placed the cells under a condition of further stress. As a result, ROS accu-
mulation and protein oxidation aggravated mitochondrial damage [55]. Our results also
showed elevated ROS levels in LHON fibroblasts. Besides, previous studies also found
that ROS has increased in LHON heterozygous cells [56] and the retina of mt-Nd6 mutant
mice [30], which were consistent with our omics results. Interestingly, KEGG analysis of
the downregulated DEPs showed that the metabolic pathway still had the highest enrich-
ment. Subsequent analysis indicated that these proteins were mainly involved in fatty acid
metabolism, fatty acid degradation and oxidative phosphorylation, suggesting the accu-
mulation of fatty acids. Activation, transfer and [3-oxidation are the three stages of fatty
acid degradation. -oxidation occurs in the mitochondrial matrix, and mitochondria dis-
order caused by mtDNA variation may inhibit the -oxidation process, which in turn
leads to metabolism dysregulation of fatty acid. An early study found that respiratory
chain complex I inhibitor altered fatty acid biosynthesis and (3-oxidation in neuroblastoma
cells [57]. Additionally, Leong et al. also reported that 3-oxidation was inhibited in the
presence of respiratory chain complex I mutations [58]. Morvan and Demidem found
complex I mutation increased intracellular fatty acids level using NMR metabolomics [44].
These studies were consistent with our results and indicated fatty acid degradation was
presented in LHON fibroblasts. Although fatty acids act as “energy vectors”, excess fatty
acids may aggravate mitochondrial damage, such as an increase in ROS and mitochon-
drial proton conductance (uncoupling). The lipotoxicity may further accelerate the apop-
tosis of RGCs [59,60].

In conclusion, we made a proteomic profile of skin-derived fibroblasts of LHON pa-
tients (m.G11778A) and found increased glycolysis, decreased oxidoreductase activity,
and dysregulation of fatty acid metabolism (Figure 8). These changes might represent the
concurrent incidents in the cells during the LHON progression, and strategies targeting
these pathways might be helpful for developing novel treatments.
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Figure 8. Graphical summary of metabolism changes in LHON fibroblasts bearing m.G11778A.

Author Contributions: Conceptualization, S.Y. and B.L.; methodology, S.Y., X.J,, M.Y. and Y.L.; soft-
ware, S.Y. and X.J.; validation, S.Y. and L.Y.; formal analysis, S.Y. and ].X,; investigation, S.Y. and B.L.;
resources, X.Z., M.Y. and Y.L.; writing—original draft preparation, S.Y.; writing —review and editing,
X.J.and B.L,; visualization, S.Y.; supervision, B.L.; project administration, S.Y. and B.L.; funding acqui-
sition, S.Y., X.J. and B.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of
China (N0.82004001, funder: X.J.; No0.82071008, funder: B.L.). Natural Science Foundation of Henan
Province (N0.222300420195, funder: S.Y.).

Institutional Review Board Statement: All animals procedures used in this study were in accord-
ance with the statement of the Association for Research in Vision and Ophthalmology (ARVO) and
were also approved by the Ethical Committee of Henan Eye Hospital and the Henan Eye Institute.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The mass spectrometry raw data and the corresponding txt files have
been deposited in the ProteomeXchange consortium (http://proteomecentral.proteomexchange.org,
accessed on 14 October 2022) via the iProX partner repository with a dataset identifier of
IPX0003437002.

Acknowledgments: We thank Tianjin Key Laboratory of Retinal Functions and Diseases of the Tian-
jin Medical University Eye Hospital for technical support in proteomics.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu-Wai-Man, P.; Griffiths, P.G.; Howell, N.; Turnbull, D.M.; Chinnery, P.F. The Epidemiology of Leber Hereditary Optic Neu-
ropathy in the North East of England. Am. ]. Hum. Genet. 2016, 98, 1271. https://doi.org/10.1016/j.ajhg.2016.05.015.

2.  Hage, R, Vignal-Clermont, C. Leber Hereditary Optic Neuropathy: Review of Treatment and Management. Front. Neurol. 2021,
12, 651639. https://doi.org/10.3389/fneur.2021.651639.

3.  Sundaramurthy, S.; SelvaKumar, A.; Ching, J.; Dharani, V.; Sarangapani, S.; Yu-Wai-Man, P. Leber hereditary optic neuropathy-
new insights and old challenges. Graefe’s Arch. Clin. Exp. Ophthalmol. 2021, 259, 2461-2472. https://doi.org/10.1007/s00417-020-
04993-1.

4. Yu-Wai-Man, P.; Chinnery, P.F. Leber Hereditary Optic Neuropathy. In GeneReviews((R)); Adam, M.P., Mirzaa, G.M., Pagon,
R.A., Wallace, S.E., Bean, L.].H., Gripp, KW., Amemiya, A., Eds.; University of Washington, Seattle, WA, USA, 1993.

5. Wallace, D.C;; Singh, G.; Lott, M.T.; Hodge, J.A.; Schurr, T.G.; Lezza, A.M.; Elsas, L.J., 2nd; Nikoskelainen, E.K. Mitochondrial

DNA mutation associated with Leber’s hereditary optic neuropathy. Science 1988, 242, 1427-1430. https://doi.org/10.1126/sci-
ence.3201231.



Biomolecules 2022, 12, 1568 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Johns, D.R.; Neufeld, M.].; Park, R.D. An ND-6 mitochondrial DNA mutation associated with Leber hereditary optic neuropathy.
Biochem. Biophys. Res. Commun. 1992, 187, 1551-1557. https://doi.org/10.1016/0006-291x(92)90479-5.

Huoponen, K.; Vilkki, J.; Aula, P.; Nikoskelainen, E.K.; Savontaus, M.L. A new mtDNA mutation associated with Leber hered-
itary optic neuroretinopathy. Am. J. Hum. Genet. 1991, 48, 1147-1153.

Ma, Y.X,; Zhou, Y.G,; Zhang, ].P.; Zhang, Q.B.; Liu, W.L.; Ren, C.F,; Li, X.Y. Study on three common mitochondrial DNA mutations in
Leber’s hereditary optic neuropathy. Chin. J. Med. Genet. 2012, 29, 519-523. https://doi.org/10.3760/cma.j.issn.1003-9406.2012.05.004.

Ji, Y; Zhang, J.; Yu, J.; Wang, Y.; Ly, Y.; Liang, M.; Li, Q.; Jin, X.; Wei, Y.; Meng, F.; et al. Contribution of mitochondrial ND1
3394T>C mutation to the phenotypic manifestation of Leber’s hereditary optic neuropathy. Hum. Mol. Genet. 2019, 28, 1515
1529. https://doi.org/10.1093/hmg/ddy450.

Ji, Y.; Zhang, ].; Lu, Y.; Yi, Q.; Chen, M,; Xie, S.; Mao, X.; Xiao, Y.; Meng, F.; Zhang, M.; et al. Complex I mutations synergize to
worsen the phenotypic expression of Leber’s hereditary optic neuropathy. J. Biol. Chem. 2020, 295, 13224-13238.
https://doi.org/10.1074/jbc.RA120.014603.

Xie, S.; Zhang, J.; Sun, J.; Zhang, M.; Zhao, F.; Wei, Q.P.; Tong, Y.; Liu, X.; Zhou, X.; Jiang, P.; et al. Mitochondrial haplogroup
D4;j specific variant m.11696G > a(MT-ND4) may increase the penetrance and expressivity of the LHON-associated m.11778G >
a mutation in Chinese pedigrees. Mitochondrial DNA. Part A DNA Mapp. Seq. Anal. 2017, 28, 434-441.
https://doi.org/10.3109/19401736.2015.1136304.

Zhang, J.;Ji, Y,; Lu, Y,; Fu, R,; Xu, M,; Liu, X.; Guan, M.X. Leber’s hereditary optic neuropathy (LHON)-associated ND5 12338T >
C mutation altered the assembly and function of complex I, apoptosis and mitophagy. Hum. Mol. Genet. 2018, 27, 1999-2011.
https://doi.org/10.1093/hmg/ddy107.

Jin, X;; Zhang, J.; Yi, Q.; Meng, F.; Yu, J.; Ji, Y.; Mo, J.Q.; Tong, Y.; Jiang, P.; Guan, M.X. Leber’s Hereditary Optic Neuropathy
Arising from the Synergy Between ND1 3635G>A Mutation and Mitochondrial YARS2 Mutations. Investig. Ophthalmol. Vis. Sci.
2021, 62, 22. https://doi.org/10.1167/i0vs.62.7.22.

Yu, J; Liang, X; Ji, Y.; Ai, C; Liu, J.; Zhu, L.; Nie, Z,; Jin, X.; Wang, C.; Zhang, J.; et al. PRICKLE3 linked to ATPase biogenesis
manifested Leber’s hereditary optic neuropathy. J. Clin. Investig. 2020, 130, 4935-4946. https://doi.org/10.1172/JCI134965.
Olesen, M.A.; Villavicencio-Tejo, F.; Quintanilla, R.A. The use of fibroblasts as a valuable strategy for studying mitochondrial
impairment in neurological disorders. Transl. Neurodegener. 2022, 11, 36. https://doi.org/10.1186/s40035-022-00308-y.

Yao, S.; Zhou, Q.; Yang, M.; Li, Y.; Jin, X,; Guo, Q.; Yang, L.; Qin, F.; Lei, B. Multi-mtDNA Variants May Be a Factor Contributing
to Mitochondprial Function Variety in the Skin-Derived Fibroblasts of Leber’s Hereditary Optic Neuropathy Patients. Front. Mol.
Neurosci. 2022, 15, 920221. https://doi.org/10.3389/fnmol.2022.920221.

Tun, A.W.; Chaiyarit, S.; Kaewsutthi, S.; Katanyoo, W.; Chuenkongkaew, W.; Kuwano, M.; Tomonaga, T.; Peerapittayamongkol,
C.; Thongboonkerd, V.; Lertrit, P. Profiling the mitochondrial proteome of Leber’s Hereditary Optic Neuropathy (LHON) in
Thailand: Down-regulation of bioenergetics and mitochondrial protein quality control pathways in fibroblasts with the
11778G>A mutation. PLoS ONE 2014, 9, €106779. https://doi.org/10.1371/journal.pone.0106779.

Bertholet, A.M.; Delerue, T.; Millet, A.M.; Moulis, M.F.; David, C.; Daloyau, M.; Arnaune-Pelloquin, L.; Davezac, N.; Mils, V.;
Miquel, M.C.; et al. Mitochondrial fusion/fission dynamics in neurodegeneration and neuronal plasticity. Neurobiol. Dis. 2016,
90, 3-19. https://doi.org/10.1016/j.nbd.2015.10.011.

Mary, A.; Eysert, F.; Checler, F.; Chami, M. Mitophagy in Alzheimer’s disease: Molecular defects and therapeutic approaches.
Mol. Psychiatry 2022, 1-15. https://doi.org/10.1038/s41380-022-01631-6.

Wang, D.K.; Zheng, H.L.; Zhou, W.S.; Duan, ZW.; Jiang, S.D.; Li, B.; Zheng, X.F.; Jiang, L.S. Mitochondrial Dysfunction in
Oxidative Stress-Mediated Intervertebral Disc Degeneration. Orthop. Surg. 2022, 14, 1569-1582. https://doi.org/10.1111/0s.13302.
Jin, X.; Zhang, X; Liu, J.; Wang, W.; Liu, M.; Yang, L,; Liu, G.; Qiu, R.; Yang, M.; Yao, S.; et al. Retinal Proteomic Alterations and
Combined Transcriptomic-Proteomic Analysis in the Early Stages of Progression of a Mouse Model of X-Linked Retinoschisis.
Cells 2022, 11, 2150. https://doi.org/10.3390/cells11142150.

Ma, J.; Chen, T.; Wu, S.; Yang, C.; Bai, M.; Shu, K,; Li, K,; Zhang, G.; Jin, Z.; He, F.; et al. iProX: An integrated proteome resource.
Nucleic Acids Res. 2019, 47, D1211-D1217. https://doi.org/10.1093/nar/gky869.

Jin, X,; Liu, J.; Wang, W.; Li, J.; Liu, G.; Qiu, R.; Yang, M.; Liu, M.; Yang, L.; Du, X.; et al. Identification of age-associated proteins
and functional alterations in human retinal pigment epithelium. Genom. Proteom. Bioinform. 2022, online ahead of print.
https://doi.org/10.1016/j.gpb.2022.06.001.

Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019, 10, 1523.
https://doi.org/10.1038/s41467-019-09234-6.

Rigoulet, M.; Bouchez, C.L.; Paumard, P.; Ransac, S.; Cuvellier, S.; Duvezin-Caubet, S.; Mazat, J.P.; Devin, A. Cell energy me-
tabolism: An update. Biochim. Et Biophys. Acta. Bioenerg. 2020, 1861, 148276. https://doi.org/10.1016/j.bbabio.2020.148276.

de Moura, M.B.; Van Houten, B. Bioenergetic analysis of intact mammalian cells using the Seahorse XF24 Extracellular Flux
analyzer and a luciferase ATP assay. Methods Mol. Biol. 2014, 1105, 589-602. https://doi.org/10.1007/978-1-62703-739-6_40.

Ho, J.; de Moura, M.B.; Lin, Y.; Vincent, G.; Thorne, S.; Duncan, L.M.; Hui-Min, L.; Kirkwood, J.M.; Becker, D.; Van Houten, B.;
et al. Importance of glycolysis and oxidative phosphorylation in advanced melanoma. Mol. Cancer 2012, 11, 76.
https://doi.org/10.1186/1476-4598-11-76.

Geldon, S.; Fernandez-Vizarra, E.; Tokatlidis, K. Redox-Mediated Regulation of Mitochondrial Biogenesis, Dynamics, and Respiratory
Chain Assembly in Yeast and Human Cells. Front. Cell Dev. Biol. 2021, 9, 720656. https://doi.org/10.3389/fcell.2021.720656.



Biomolecules 2022, 12, 1568 15 of 16

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Wang, Y.; Hu, L.F,; Cui, P.F; Qi, LY,; Xing, L.; Jiang, H.L. Pathologically Responsive Mitochondrial Gene Therapy in an Allo-
topic Expression-Independent Manner Cures Leber’s Hereditary Optic Neuropathy. Adv. Mater. 2021, 33, e2103307.
https://doi.org/10.1002/adma.202103307.

Lin, C.S,; Sharpley, M.S.; Fan, W.; Waymire, K.G.; Sadun, A.A.; Carelli, V.; Ross-Cisneros, F.N.; Baciu, P.; Sung, E.; McManus,
M.].; et al. Mouse mtDNA mutant model of Leber hereditary optic neuropathy. Proc. Natl. Acad. Sci. USA 2012, 109, 20065-20070.
https://doi.org/10.1073/pnas.1217113109.

Hayashi, G.; Cortopassi, G. Oxidative stress in inherited mitochondrial diseases. Free Radic. Biol. Med. 2015, 88, 10-17.
https://doi.org/10.1016/j.freeradbiomed.2015.05.039.

Li, M.X.; Dewson, G. Mitochondria and apoptosis: Emerging concepts. F1000Prime Rep. 2015, 7, 42. https://doi.org/10.12703/P7-42.
Martinou, J.C.; Youle, R.J. Mitochondria in apoptosis: Bcl-2 family members and mitochondrial dynamics. Dev. Cell 2011, 21, 92—
101. https://doi.org/10.1016/j.devcel.2011.06.017.

Jiao, L.; Du, X,; Li, Y,; Jiao, Q.; Jiang, H. Role of Mitophagy in neurodegenerative Diseases and potential tagarts for Therapy.
Mol. Biol. Rep. 2022, online ahead of print. https://doi.org/10.1007/s11033-022-07738-x.

Galloway, C.A.; Yoon, Y. Mitochondrial morphology in metabolic diseases. Antioxid. Redox Signal. 2013, 19, 415-430.
https://doi.org/10.1089/ars.2012.4779.

Vujic, A.; Koo, AN.M.; Prag, H.A,; Krieg, T. Mitochondrial redox and TCA cycle metabolite signaling in the heart. Free Radic.
Biol. Med. 2021, 166, 287-296. https://doi.org/10.1016/j.freeradbiomed.2021.02.041.

Miwa, S.; Kashyap, S.; Chini, E.; von Zglinicki, T. Mitochondrial dysfunction in cell senescence and aging. J. Clin. Investig. 2022,
132, e158447. https://doi.org/10.1172/JCI158447.

Hill, S.; Van Remmen, H. Mitochondrial stress signaling in longevity: A new role for mitochondrial function in aging. Redox Biol.
2014, 2, 936-944. https://doi.org/10.1016/j.redox.2014.07.005.

Wang, X,; An, P.; Gu, Z.; Luo, Y.; Luo, ]. Mitochondrial Metal Ion Transport in Cell Metabolism and Disease. Int. ]. Mol. Sci. 2021,
22, 7525. https://doi.org/10.3390/ijms22147525.

Pathak, T.; Trebak, M. Mitochondrial Ca(2+) signaling. Pharmacol. Ther. 2018, 192, 112-123.
https://doi.org/10.1016/j.pharmthera.2018.07.001.

Xue, C; Dong, N.; Shan, A. Putative role of STING-mitochondria associated membrane crosstalk in immunity. Trends Immunol.
2022, 43, 513-522. https://doi.org/10.1016/;.it.2022.04.011.

Peng, J.; Ghosh, D.; Pang, J.; Zhang, L.; Yin, S; Jiang, Y. Intertwined Relation between the Endoplasmic Reticulum and Mito-
chondria in Ischemic Stroke. Oxidative Med. Cell. Longev. 2022, 2022, 3335887. https://doi.org/10.1155/2022/3335887.

Kishita, Y.; Ishikawa, K.; Nakada, K.; Hayashi, J.I.; Fushimi, T.; Shimura, M.; Kohda, M.; Ohtake, A.; Murayama, K.; Okazaki, Y.
A high mutation load of m.14597A>G in MT-ND6 causes Leigh syndrome. Sci. Rep. 2021, 11, 11123.
https://doi.org/10.1038/s41598-021-90196-5.

Morvan, D.; Demidem, A. NMR metabolomics of fibroblasts with inherited mitochondrial Complex I mutation reveals treat-
ment-reversible lipid and amino acid metabolism alterations. Metab.: Off. ]. Metab. Soc. 2018, 14, 55.
https://doi.org/10.1007/s11306-018-1345-9.

Magini, A.; Urbanelli, L.; Ciccarone, V.; Tancini, B.; Polidoro, M.; Timperio, A.M.; Zolla, L.; Tedde, A.; Sorbi, S.; Emiliani, C.
Fibroblasts from PS1 mutated pre-symptomatic subjects and Alzheimer’s disease patients share a unique protein levels profile.
J. Alzheimer’s Dis.: JAD 2010, 21, 431-444. https://doi.org/10.3233/JAD-2010-091522.

Drabik, K.; Malinska, D.; Piecyk, K.; Debska-Vielhaber, G.; Vielhaber, S.; Duszynski, J.; Szczepanowska, J. Effect of Chronic
Stress Present in Fibroblasts Derived from Patients with a Sporadic Form of AD on Mitochondrial Function and Mitochondrial
Turnover. Antioxidants 2021, 10, 938. https://doi.org/10.3390/antiox10060938.

Teves, ] M.Y.; Bhargava, V.; Kirwan, K.R.; Corenblum, M.].; Justiniano, R.; Wondrak, G.T.; Anandhan, A.; Flores, A.].; Schipper,
D.A.; Khalpey, Z.; et al. Parkinson’s Disease Skin Fibroblasts Display Signature Alterations in Growth, Redox Homeostasis,
Mitochondrial Function, and Autophagy. Front. Neurosci. 2017, 11, 737. https://doi.org/10.3389/fnins.2017.00737.

Yakhine-Diop, S.M.S.; Niso-Santano, M.; Rodriguez-Arribas, M.; Gomez-Sanchez, R.; Martinez-Chacon, G.; Uribe-Carretero, E.;
Navarro-Garcia, J.A.; Ruiz-Hurtado, G.; Aiastui, A.; Cooper, ].M.; et al. Impaired Mitophagy and Protein Acetylation Levels in
Fibroblasts from Parkinson’s Disease Patients. Mol. Neurobiol. 2019, 56, 2466-2481. https://doi.org/10.1007/s12035-018-1206-6.
Jedrak, P.; Mozolewski, P.; Wegrzyn, G.; Wieckowski, M.R. Mitochondrial alterations accompanied by oxidative stress conditions in
skin fibroblasts of Huntington’s disease patients. Metab. Brain Dis. 2018, 33, 2005-2017. https://doi.org/10.1007/s11011-018-0308-1.

del Hoyo, P.; Garcia-Redondo, A.; de Bustos, F.; Molina, J.A.; Sayed, Y.; Alonso-Navarro, H.; Caballero, L.; Arenas, ].; Jimenez-
Jimenez, F.]. Oxidative stress in skin fibroblasts cultures of patients with Huntington’s disease. Neurochem. Res. 2006, 31, 1103—
1109. https://doi.org/10.1007/s11064-006-9110-2.

Onesto, E.; Colombrita, C.; Gumina, V.; Borghi, M.O.; Dusi, S.; Doretti, A.; Fagiolari, G.; Invernizzi, F.; Moggio, M.; Tiranti, V.;
et al. Gene-specific mitochondria dysfunctions in human TARDBP and C9ORF?72 fibroblasts. Acta Neuropathol. Commun. 2016,
4, 47. https://doi.org/10.1186/s40478-016-0316-5.

Rizzardini, M.; Mangolini, A.; Lupi, M.; Ubezio, P.; Bendotti, C.; Cantoni, L. Low levels of ALS-linked Cu/Zn superoxide dis-
mutase increase the production of reactive oxygen species and cause mitochondrial damage and death in motor neuron-like
cells. J. Neurol. Sci. 2005, 232, 95-103. https://doi.org/10.1016/j.jns.2005.02.004.

Diaz-Ruiz, R.; Rigoulet, M.; Devin, A. The Warburg and Crabtree effects: On the origin of cancer cell energy metabolism and of
yeast glucose repression. Biochim. Et Biophys. Acta 2011, 1807, 568-576. https://doi.org/10.1016/j.bbabio.2010.08.010.



Biomolecules 2022, 12, 1568 16 of 16

54.

55.

56.

57.

58.

59.

60.

Fernandez-Moncada, I.; Ruminot, I.; Robles-Maldonado, D.; Alegria, K.; Deitmer, J.W.; Barros, L.F. Neuronal control of astro-
cytic respiration through a variant of the Crabtree effect. Proc. Natl. Acad. Sci. USA 2018, 115, 1623-1628.
https://doi.org/10.1073/pnas.1716469115.

Denzel, M.S.; Storm, N.J.; Gutschmidt, A.; Baddi, R.; Hinze, Y.; Jarosch, E.; Sommer, T.; Hoppe, T.; Antebi, A. Hexosamine
pathway metabolites enhance protein quality control and prolong life. Cell 2014, 156, 1167-1178.
https://doi.org/10.1016/j.cell.2014.01.061.

Wong, A.; Cavelier, L.; Collins-Schramm, H.E.; Seldin, M.F.; McGrogan, M.; Savontaus, M.L.; Cortopassi, G.A. Differentiation-
specific effects of LHON mutations introduced into neuronal NT2 cells. Hum. Mol. Genet. 2002, 11, 431-438.
https://doi.org/10.1093/hmg/11.4.431.

Worth, A],; Basu, S.S.; Snyder, N.-W.; Mesaros, C.; Blair, I.A. Inhibition of neuronal cell mitochondrial complex I with rotenone
increases lipid beta-oxidation, supporting acetyl-coenzyme A levels. ]. Biol. Chem. 2014, 289, 26895-26903.
https://doi.org/10.1074/jbc.M114.591354.

Leong, D.W.; Komen, J.C.; Hewitt, C.A.; Arnaud, E.; McKenzie, M.; Phipson, B.; Bahlo, M.; Laskowski, A.; Kinkel, S.A.; Davey,
G.M.; et al. Proteomic and metabolomic analyses of mitochondrial complex I-deficient mouse model generated by spontaneous
B2 short interspersed nuclear element (SINE) insertion into NADH dehydrogenase (ubiquinone) Fe-S protein 4 (Ndufs4) gene.
J. Biol. Chem. 2012, 287, 20652-20663. https://doi.org/10.1074/jbc.M111.327601.

Schonfeld, P.; Wojtczak, L. Fatty acids as modulators of the cellular production of reactive oxygen species. Free Radic. Biol. Med.
2008, 45, 231-241. https://doi.org/10.1016/j.freeradbiomed.2008.04.029.

Rial, E.; Rodriguez-Sanchez, L.; Gallardo-Vara, E.; Zaragoza, P.; Moyano, E.; Gonzalez-Barroso, M.M. Lipotoxicity, fatty acid
uncoupling and  mitochondrial carrier function.  Biochim.  Et  Biophys. Acta 2010, 1797,  800-806.
https://doi.org/10.1016/j.bbabio.2010.04.001.



