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A B S T R A C T   

Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency is the most common inborn long-chain fatty acid 
oxidation (FAO) disorder. VLCAD deficiency is characterized by distinct phenotypes. The severe phenotypes are 
potentially life-threatening and affect the heart or liver, with a comparatively milder phenotype characterized by 
myopathic symptoms. There is an unmet clinical need for effective treatment options for the myopathic 
phenotype. The molecular mechanisms driving the gradual decrease in mitochondrial function and associated 
alterations of muscle fibers are unclear. 

The peroxisome proliferator-activated receptor (PPAR) pan-agonist bezafibrate is a potent modulator of FAO 
and multiple other mitochondrial functions and has been proposed as a potential medication for myopathic cases 
of long-chain FAO disorders. In vitro experiments have demonstrated the ability of bezafibrate to increase 
VLCAD expression and activity. However, the outcome of small-scale clinical trials has been controversial. 

We found VLCAD deficient patient fibroblasts to have an increased oxidative stress burden and deranged 
mitochondrial bioenergetic capacity, compared to controls. Applying heat stress under fasting conditions to 
bezafibrate pretreated patient cells, caused a marked further increase of mitochondrial superoxide levels. Patient 
cells failed to maintain levels of the essential thiol peptide antioxidant glutathione and experienced a decrease in 
cellular viability. Our findings indicate that chronic PPAR activation is a plausible initiator of long-term path-
ogenesis in VLCAD deficiency. Our findings further implicate disruption of redox homeostasis as a key patho-
genic mechanism in VLCAD deficiency and support the notion that a deranged thiol metabolism might be an 
important pathogenic factor in VLCAD deficiency.   

1. Introduction 

Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency was 
first described in 1993 [1]. As the most common of the inborn long-chain 
fatty acid oxidation (FAO) disorders, VLCAD deficiency is clinically 
well-described and is part of neonatal screening programs in many 
countries [2]. The enzymatic function of VLCAD is to catalyze the initial 
step of mitochondrial β-oxidation. VLCAD can process long-chain fatty 
acids with chain lengths from 12 to 22 carbons, with each β-oxidation 
cycle removing two carbons [3]. FAO is a major contributor to the en-
ergy (ATP) requirements of several tissues, especially so for the heart 

and liver [4,5]. The most severe phenotypes do indeed involve the heart 
or liver respectively and are associated with episodes of hypoketotic 
hypoglycemia, risk of multi-organ failure, and sudden death [6–8]. A 
comparatively milder skeletal muscle phenotype is associated with 
myalgia, hypotonia, and rhabdomyolysis [6–8]. The most severe 
phenotype is typically associated with biallelic loss-of-function varia-
tions, resulting in very low residual enzymatic capacity. For the 
missense variations, associated with milder myopathic phenotypes, 
there is less predictability with regard to genotype-phenotype relation-
ships [7,9]. 

In general, patients are intolerant of physical stress, such as extended 

* Corresponding author at: Research Unit for Molecular Medicine, Aarhus University Hospital, Palle Juul-Jensens Boulevard 99, 8200 Aarhus, Denmark. 
E-mail address: rikke.olsen@clin.au.dk (R.K.J. Olsen).  

Contents lists available at ScienceDirect 

BBA - Molecular Basis of Disease 

journal homepage: www.elsevier.com/locate/bbadis 

https://doi.org/10.1016/j.bbadis.2021.166100 
Received 4 September 2020; Received in revised form 11 January 2021; Accepted 1 February 2021   

mailto:rikke.olsen@clin.au.dk
www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2021.166100
https://doi.org/10.1016/j.bbadis.2021.166100
https://doi.org/10.1016/j.bbadis.2021.166100
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2021.166100&domain=pdf
http://creativecommons.org/licenses/by/4.0/


BBA - Molecular Basis of Disease 1867 (2021) 166100

2

fasting or exercise, fever, and temperature extremes [6]. During such 
events, there is a metabolic shift towards a dependency upon FAO in 
some tissues and a consequent inability to maintain ATP levels, due to 
inborn reduced FAO capacity. In addition, external thermal stress or 
increased internal heat production associated with increased mito-
chondrial activity can disrupt protein complexes that associate with 
mutated or absent VLCAD protein, such as the respiratory chain super-
complexes, and thereby potentially further decreasing FAO capacity 
[10,11]. While the acute symptoms during physical stress are well 
explained by failure to maintain ATP levels in affected tissues, several 
aspects of disease progression over time are not well understood. 

The milder myopathic form has characteristics of being an acquired 
rather than solely an inborn disorder, inasmuch as it can take decades 
for sufficient cellular dysfunction to develop and give rise to symptoms 
[2,6,12]. Dysfunctional cellular traits include reduced mitochondrial 
quality, e.g. development of secondary respiratory chain deficiency, 
impaired amino acid metabolism and bioenergetic shifts towards a more 
glycolytic phenotype in muscle that can increase the risk of rhabdo-
myolysis during submaximal exercise [10,13–16]. Apart from direct 
bioenergetic failure due to VLCAD deficiency that results in reduced 
mitochondrial FAO flux, VLCAD deficiency derived pathogenic factors 
that could lead to reduced mitochondrial quality and cellular dysfunc-
tion include substrate and metabolite accumulation (“lipotoxicity”), co- 
factor sequestration and cellular stress imposed by misfolded or absent 
protein, but their relative importance is not known [17]. Biochemical 
findings in VLCAD deficient patients include accumulation of charac-
teristic acyl-carnitines [15,18], as well as non-specific indicators of 
mitochondrial stress, such as increased levels of reactive oxygen species 
(ROS) [16,17,19–21]. Some of these pathogenic factors are functionally 
connected, for instance, coenzyme A (CoA) attachment via a thioester 
bond is required for transport and oxidation of long-chain fatty acids, 
and insufficient long-chain FAO rates can thus lead to sequestration of 
the essential cofactor CoA [22]. 

Currently, therapy is based on dietary intervention and supplemen-
tation, leaving an unmet need for effective pharmacological therapies 
[17]. Over the past decade, bezafibrate has emerged as a possible 
pharmacological therapy candidate for treating biochemically mild 
cases of long-chain FAO disorders; including VLCAD deficiency [23] and 
carnitine palmitoyltransferase 2 (CPT2) deficiency [24]. Bezafibrate 
increases long-chain FAO capacity in mild cases and protects against 
accumulation of toxic levels of lipids [23–26]. 

Interpreting the results of small-scale clinical trials of treatment with 
bezafibrate has proven controversial, but it is safe to conclude that 
bezafibrate has not been globally adopted as an effective treatment 
option [27–32]. The fibrate family is well-known as agonists of the 
different peroxisome proliferator-activated receptors (PPAR) isoforms. 
Two of these isoforms (PPARα and PPARδ) are central regulators of 
cellular lipid metabolism. Bezafibrate acts as both a PPARα and PPARδ 
agonist with similar potency [33]. Activation of these isoforms leads to 
an increased fatty acid transport into the mitochondria and increased 
mitochondrial capacity for β-oxidation [33]. Since the basic theoretical 
foundation of bezafibrate treatment and in vitro results are impeccable, 
it is important to investigate the possible mechanisms that have resulted 
in the lack of clear clinical success, so that these can be surmounted in 
the future. 

The PPARs and their activation of the signaling protein PPAR-γ 
coactivator 1α (PGC-1α) together induce overall biogenesis and activity 
of mitochondria and other cellular systems. This includes increased 
expression of mitochondrial oxidative phosphorylation (OXPHOS) pro-
teins and increased expression of the inducible antioxidants, such as 
Superoxide Dismutase 1 & 2 (SOD1, & SOD2), catalase and glutathione 
(GSH) [34–37]. While this potentially could be beneficial in mitochon-
drial disorders, the outcome of this increased biogenesis depends on the 
overall quality of the mitochondria produced [38,39]. Indeed, part of 
the bezafibrate controversy is that chronic PPAR(α) overactivation in 
long-chain FAO disorders has been proposed as an important long-term 

pathogenic mechanism [40,41]. Forced PPAR(α) induced biogenesis of 
dysfunctional mitochondria might constitute a pathway for reducing 
mitochondrial quality over time, by exceeding the capacity of the 
mitophagy system to remove damaged mitochondria. 

Bezafibrate does not increase VLCAD expression in biochemically 
severe VLCAD deficient cells [15,42]. However, surviving patients with 
the more severe phenotypes eventually also develop mitochondrial 
dysfunction and myopathic complaints. This phenotype is the most 
common amongst symptomatic patients and its pathological mecha-
nisms are not known [15,43–45]. 

We therefore included both mild and severe phenotype patients in 
the present study, because we were interested in general disease 
mechanisms that over time can drive the alteration in mitochondrial 
function observed in patients. More specifically, we were interested in 
investigating whether PPAR activation via bezafibrate treatment would 
affect not only the mitochondrial FAO system but also the redox balance 
and mitochondrial bioenergetic capacity in VLCAD deficient cells and 
thereby alter their tolerance to energy requiring metabolic stress over 
time. 

2. Materials and methods 

2.1. Patient and control dermal fibroblasts 

Dermal fibroblast cells derived from six patients, diagnosed with 
VLCAD deficiency based on clinical presentation, abnormal acyl- 
carnitines, and biallelic pathogenic VLCAD variations were included in 
the study. VLCAD deficient dermal fibroblast cell lines were anonymized 
as per the instructions of the Danish National Committee on Health 
Research Ethics. The anonymized VLCAD deficient cell lines were sub-
sequently assigned abbreviations, as seen in Table 1. Commercial con-
trol dermal fibroblast cell lines (Control 1–Control 6) was abbreviated as 
C1–C6. Control dermal fibroblast vendor information is listed in Sup-
plementary data. 

2.2. Cell culturing & metabolic model 

The human dermal fibroblast cell lines were cultured in Minimum 
Essential Media (MEM) (Lonza) supplemented with 5 mM L-glutamine 
(Sigma), 10%v/v fetal bovine serum (Invitrogen), and 0.1%v/v peni-
cillin & streptomycin (Sigma) under standard conditions in a CO2 
incubator. MEM has glucose concentrations equivalent to serum glucose 
after overnight fasting (1 g/l). Fibroblasts used for assays were kept 
below 14 passages and were routinely checked for mycoplasma. 
Bezafibrate-induced increase in expression levels of VLCAD plateaus 
after 48 h treatment with 400 μM bezafibrate in mild VLCAD deficient 
fibroblasts [24]. In order to allow sufficient time for the individual cell- 
lines to adapt to bezafibrate-induced alterations of protein expression 

Table 1 
Patients’ acyl-CoA dehydrogenase very-long chain (ACADVL) genotypes and 
study ID.  

Patient cell lines ID ACADVL genotype 
cDNA protein 

Mild phenotype 
patient 1 

M1 c.[848T>C];[848T>C] p.[Val283Ala]; 
[Val283Ala] 

Mild phenotype 
patient 2 

M2 c.[689C>T]; 
[428_467del40bp] 

p.[Thr230Ile]; 
[Gly143Alafs*61] 

Mild phenotype 
patient 3 

M3 c.[685C>T];[685C>T] p.[Arg229*];[Arg229*] 

Severe phenotype 
patient 1 

S1 c.[799_802del4bp]; 
[799_802del4bp] 

p.[Val267Glnfs*8]; 
[Val267Glnfs*8] 

Severe phenotype 
patient 2 

S2 c.[65C>A];[65C>A] p.[Ser22*];[Ser22*] 

Severe phenotype 
patient 3 

S3 c.[848T>C];[864C>T] p.[Val283Ala]; 
[Phe288=] 

Sequence data are based on NM_000018.3. 
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patterns, baseline measurements of the effect of bezafibrate were per-
formed after 96 h of incubation with either 0 μM or 400 μM bezafibrate 
(Sigma), with media renewal every 24 h [23,24]. 

Bezafibrate was initially solubilized in dimethylsulfoxide DMSO 
(Sigma); final DMSO concentration in media was 0,002%v/v. Cell pel-
lets for polymerase chain reaction, western blotting, and spectropho-
tometry assays were harvested and stored at − 80 ◦C after 96 h of (pre) 
treatment. In vitro investigation of the effects of bezafibrate on cellular 
redox balance was performed before and after the application of meta-
bolic stress in the form of heat and fasting stress, because stress induced 
symptoms is a major part of the clinical presentation. 

For the metabolic stress assay, cells were pretreated in the manner 
described above for 96 h and subsequently subjected to heat stress 
(41 ◦C) for 24, 48, 72, 96 or 120 h, without further renewal of media 
(fasting). For all assays, cells were reseeded after the first 72 h of initial 
treatment, so that all experiments could be performed at approximately 
80–90% culture confluence (Fig. 1). 

2.3. Reverse transcription quantitative polymerase chain reaction 

Reverse transcription quantitative polymerase chain reaction (RT- 
qPCR) procedure was modified from previously published procedures 
[46,47]. Total RNA was isolated from thawed fibroblast pellets using 
TRIzol® Reagent (Ambion, Life Technologies) and isolated RNA was 
treated with DNAse free (Ambion, Life Technologies) to remove any 
remaining DNA contamination. Only RNA samples that showed no 
apparent degradation when subjected to denaturing gel electrophoresis 
and with an A260/A280 ratio above 1.8 were used (Nanodrop 1000, 
Thermo Fischer Scientific). Complementary DNA (cDNA) was synthe-
sized from 1 μg RNA using iScript cDNA synthesis kit (Bio-Rad) with a 
mixture of random hexamer and oligo (dT) primers, in accordance with 
the manufacturer’s instructions. Measurement of mRNA levels was 
performed with TaqMan assays (Invitrogen) specific for ACADVL or 
ACTB (Applied Biosystems; Hs00825606_g1 and 4310881E) in tripli-
cates by quantitative real-time PCR according to the manufacturer’s 
instructions and using the StepOne Plus detection system (Applied 
Biosystems). Relative gene expression was calculated by the “standard 
curve method”, and the expression of ACADVL normalized to the 
expression of the endogenous beta-actin control gene, ACTB. 

2.4. Western blotting 

Western blotting assay was performed in a modified form of previ-
ously published procedures [48]. Thawed fibroblast pellet was lysed via 
probe sonication on ice. Lysis buffer was composed of 1 M Urea with 
200 mM ammonium bicarbonate (Sigma) and supplemented with 
Complete™ mini protease inhibitor cocktail (Roche). Total protein was 
measured by Bradford assay (Bio-Rad). 25 μg protein total cell lysate 
was loaded on Criterion™ TGX Stain-Free™ any kD gels (Bio-Rad) and 
blotted to low fluorescence PVDF membranes (Bio-Rad) on a TransBlot® 
Turbo™ (Bio-Rad) transfer system. Criterion™ TGX Stain-Free™ gels 
contain trihalo compounds that, after activation with UV-light, reacts 
with tryptophan and creates covalently bound fluorophores. The fluo-
rophores are used to quantify whole lane protein and is superior to using 
so-called household proteins for normalization and loading control [49]. 
The membranes were blocked, washed, and probed with primary anti-
body against VLCAD (MitoScience, MC1488) overnight. Subsequently, 
membranes were washed and probed with horseradish peroxidase- 
conjugated goat anti-rabbit secondary antibodies (DAKO), which was 
detected by enhanced chemiluminescence (ECL) Plus detection kit 
(Amersham Biosciences), using the ImageQuant LAS 4000 (GE Health-
care) detection system. 

2.5. Spectrophotometric enzyme assays 

Spectrophotometric measurement of citrate synthase (CS), mito-
chondrial respiratory complex I and mitochondrial respiratory complex 
II/III activity was performed on an Uvikon XS spectrometer following 
previously published procedures [50]. All measurements were carried 
out at 37 ◦C, with sufficient substrate present to saturate the relevant 
enzymatic systems. 

CS catalyzes the condensation of oxaloacetate and acetyl-CoA to 
citrate and CoA-SH. A coupled reaction of CoA-SH with 5,5′-dithiobis-2- 
nitrobenzoic acid leads to the formation of 2-nitro-5-thiobenzoate, 
which is measurable at 412 nm [51]. Complex I activity was deter-
mined by measuring the rate of reduction of NADH at 340 nm in a po-
tassium phosphate buffer, nonspecific activity was removed by 
deducting rotenone insensitive activity from total measured activity 
[52,53]. Mitochondrial respiratory complex II/III activity was deter-
mined by measuring the rate of reduction of cytochrome C at 550 nm in 
a potassium phosphate buffer, nonspecific activity was removed by 

Fig. 1. Experimental setup. 
Experimental procedure for cell culture treatment prior to and during metabolic stress. Cells were pretreated with either 0 μM or 400 μM bezafibrate for a total of 96 
h. At this point, baseline measurements were performed (t = 0 h). Media during pretreatment was replenished every 24 h and cells were reseeded after 72 h of 
bezafibrate treatment. During metabolic stress, the culture media was not replenished. Vertical lines along the assay bars indicate at what time points the different 
assays were performed during metabolic stress. 
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deducting Antimycin A insensitive activity from total measured activity 
[53,54]. The calculated activity was normalized to total protein con-
centration, measured by Lowry assay [55]. All reagents were purchased 
from Sigma. 

2.6. Image cytometry 

The image cytometry utilized here follows procedures described 
previously in Fernandez-Guerra et al. [19]. All image cytometry assays 
were performed using 80–90% confluent fibroblast cultures. When 
seeding cells, total and viable cells were measured by analyzing fibro-
blasts in solution immediately after addition of DAPI for non-viable cell 
concentration and with the addition of lysis buffer for total cell con-
centration. Fibroblasts were harvested by trypsinization and analyzed 
using the assays detailed below in following two sections using 40,60- 
Diamidino-2-phenylindole (DAPI), acridine orange (AO), propidium 
iodide (PI), Hoechst 33342 (Hoechst), VitaBright43 (glutathione/GSH), 
Vitabright48 (reduced total thiols), and cell-counting assay lysis buffer, 
which were purchased from ChemoMetec. Antimycin, trypsin solution, 
phosphate-buffered saline (PBS), bezafibrate, l-buthionine sulphoximine 
(BSO), and dimethylsulfoxide (DMSO) were purchased from Sigma- 
Aldrich. Hanks balanced salt solution (+Ca & Mg) and MitoSOX Red 
mitochondrial superoxide probe (MitoSOX) were purchased from Invi-
trogen. RedDot2 was purchased from Biotium. DAPI fluorescence was 
detected using peak excitation at 365 nm and emission at 470/55. 
Vitabright43 and Vitabrigth48 fluorescence were detected using peak 
excitation at 365 nm and emission at 470/55 nm, respectively. Reddot2 
fluorescence was detected at peak excitation 630 nm and emission at 
740/60 nm. AO fluorescence was measured at peak excitation 475 nm 
and emission at 560/35 nm. PI fluorescence was measured at peak 
excitation of 530 nm and emission at 675/75 nm. The Hoechst fluo-
rescence was detected using peak excitation at 365 nm and emission at 
470/55 nm; MitoSOX at 475 nm and emission at 675/75 nm. Assays 
were performed on a NucleoCounter 3000 using A2-slides (Chemo-
Metec). Data were gated and analyzed using NucleoView™ software 
(ChemoMetec). 

2.6.1. Glutathione and total reduced thiols levels 
Vitabright43 and Vitabright48 are cell permeable dye that reacts 

with intracellular thiol groups forming a fluorescent compound [55,56]. 
Total thiol measurement with trypsinized cells was performed by addi-
tion of Vitabrigth48, PI, and AO (20, 25 and 0.06 mg/mL, respectively). 
PI functions as a dead cell identifier and AO for identification of indi-
vidual nuclei and thus individual cells. Glutathione (GSH) measurement 
with trypsinized cells was performed by addition of Vitabrigth43. Red-
Dot2 was used as a dead cell stain, and the NucleoCounter3000 Dark-
field option was used to identify individual cells. Reddot2 was used at a 
total 1:1000 dilution to detect dead cells and Vitabright43 at 1:200 final 
dilution. As a positive control, we inhibited the rate-limiting step of GSH 
synthesis for 16 h using 0.5 mM l-buthionine sulphoximine (BSO), which 
removed the majority of the GSH probe (Vitabrigt43) signal as previ-
ously described [56]. The chosen GSH probe has the great advantage 
that unlike the conventional GSH probes such as monochlorobimane, 
the Vitabright probes are not enzyme dependent [56]. 

2.6.2. Mitochondrial superoxide level 
Prior to the assay, Hanks balanced salt solution containing 150 mM 

antimycin A was added to a cell culture well containing an untreated 
control fibroblast cell line (C1) and incubated at 37 ◦C for 5 min, as a 
positive control for MitoSOX labeling. Hanks balanced salt solution 
containing 5 mM MitoSOX was added to each assay well and incubated 
for 20 min at 37 ◦C. Fibroblasts were trypsinized, washed and incubated 
with 10 mg/ml Hoechst for 15 min at 37 ◦C in order to identify indi-
vidual cells and subsequently stained with the dead cell stain RedDot2 as 
above, after which samples was immediately loaded and analyzed. 

2.7. Statistical analysis 

The spectrophotometric enzyme data, western blot and RT-qPCR 
data are based on samples prepared from two or more independent 
culture experiments of each cell line. The presented image cytometry 
data are from at least three independent culture experiments of each 
individual cell line. Image cytometry and PCR assays were performed 
with n = 6 control and n = 6 patient dermal fibroblast cell lines. Western 
blotting and spectrophotometric enzyme assays were performed with n 
= 3 control and n = 6 patient dermal fibroblast cell lines. Graph prep-
aration and statistical analysis was performed with the Graphpad Prism 
9 software package. Basal measurements were subjected to two-way 
ANOVA and Fisher’s LSD test. The metabolic stress experiments were 
subjected to three-way ANOVA and Holm-Šídák multiple comparison 
test, P-values < 0.05 were considered significant. Two- and three-way 
ANOVA tables is available in the Supplementary material. 

3. Results 

The present study aimed at investigating the effect of bezafibrate 
treatment on cellular bioenergetic, redox response and viability in 
VLCAD deficient cells before and after external stress. The study design 
is depicted in Fig. 1 in Materials and Methods. A series of baseline 
measurements of mitochondrial function was performed at the equiva-
lent of t = 0 h of metabolic stress, followed by measurements of changes 
in redox associated parameters at 24-hour intervals during metabolic 
stress. For all ANOVA tables see supplementary material. 

3.1. The effect of bezafibrate on VLCAD expression at baseline 

Bezafibrate treatment increases VLCAD gene transcription in the 
VLCAD deficient patient fibroblasts. Two-way ANOVA showed a 
statistically-significant difference in VLCAD/β-actin mRNA levels both 
by genotype (f(3) = 3.946, p = 0.0182) and bezafibrate treatment (f(1) 
= 15.67, p = 0.0005). Fisher’s LSD showed that bezafibrate caused a 
statistically-significant increase of VLCAD/β-actin mRNA levels in fi-
broblasts from controls, mild patient and the pooled patients, but not 
from the severe patients (Fig. 2A). 

Two-way ANOVA found a statistically-significant difference in 
VLCAD antigen/tryptophan fluorescence levels both by genotype (f(3) 
= 8.098, p = 0.0008) and bezafibrate treatment (f(1) = 5.259, p =
0.0318). Fisher’s LSD showed that bezafibrate caused a statistically- 
significant increase of VLCAD only in fibroblasts from mild patients. 
Treatment did not increase VLCAD protein levels in patient fibroblasts 
with the severe clinical phenotype, as they all carry biallelic loss-of- 
function variations (Fig. 2C). 

3.2. The effect of bezafibrate on mitochondrial superoxide levels at 
baseline 

Two-way ANOVA showed a statistically-significant difference in 
mitochondrial superoxide (MitoSOX) levels by genotype (f(3) = 11.64, p 
< 0.0001). 

Comparing control and VLCAD deficient fibroblasts, Fisher’s LSD 
found that all patients had significantly increased levels of mitochon-
drial superoxide compared to untreated controls (Fig. 3). Treatment 
with 400 μM bezafibrate did not significantly alter mitochondrial su-
peroxide levels in either controls or patients compared to 0 μM 
bezafibrate. 

3.3. The effects of bezafibrate on mitochondrial metabolism at baseline 

Mitochondrial bioenergetic pathways are major sources of mito-
chondrial ROS and at the same time power the mitochondrial antioxi-
dant system and are therefore of interest when investigating the effects 
of bezafibrate on redox metabolism [7]. Two-way ANOVA showed a 
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Fig. 2. VLCAD mRNA and protein expression levels. 
Cells were treated with either 400 μM bezafibrate (+) or vehicle (− ) for 96 hours. Controls 1–6 are abbreviated as C1–C6. Mild phenotype patients 1–3 are 
abbreviated as M1–M3. Severe phenotype patients 1–3 are abbreviated as S1–S3. Ratio of VLCAD mRNA to β-actin mRNA is plotted as A) group means ±SEM of 
different cell lines of the same genotype class and (B) individual cell line means ±SD of experimental replicates. 
Qualitative ratio of VLCAD antibody chemiluminescence signal to whole lane tryptophan fluorescence is plotted as (C) group means ±SEM of different cell lines of the 
same genotype class and (D) individual cell line means ±SD of experimental replicates, (E) shows representative VLCAD band (top) and whole lane tryptophan 
fluorescence (bottom). Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are displayed for controls (− ) versus remaining conditions, for 
patients (− ) versus (+) bezafibrate and mild versus severe patients under the same treatment conditions. 
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statistically-significant difference in mitochondrial Complex I activity 
levels as a result of bezafibrate treatment (f(1) = 13.36, p = 0.0014). 
Treatment with bezafibrate led to a near doubling of complex I activity 
in controls. The relative increase in complex I activity in pooled patient 
cells after bezafibrate treatment was smaller compared to that observed 
in controls and reached a lower absolute amount (Fig. 4A). 

Two-way ANOVA of mitochondrial complex II/III activity, found 
neither bezafibrate treatment nor genotype to be significant. Untreated 
fibroblasts from mild phenotype patients had significantly higher ac-
tivity levels than both untreated controls and the severe phenotype. 
Bezafibrate treatment normalized this to controls levels (Fig. 4C). 

Citrate synthase (CS) is the entry point of acetyl-CoA into the Krebs 
cycle and is thus a crucial participant in mitochondrial bioenergetics 
[57]. Two-way ANOVA showed a statistically-significant difference in 
Citrate Synthase activity levels both by phenotype (f(3) = 3.465, p =
0.0336) and bezafibrate treatment (f(1) = 8.820, p = 0.0071). 

CS activity was significantly reduced in untreated severe and pooled 
patient cell lines compared to controls, but the difference between un-
treated controls and mild phenotype did not reach statistical signifi-
cance (Fig. 4E). Following 400 μM bezafibrate treatment, the patients CS 
activity levels were normalized to the equivalent of untreated control 
levels. 

3.4. The effects of bezafibrate on cellular GSH levels at baseline 

The system composed of the thiol-containing tripeptide glutathione 
(GSH) and associated enzymes are ultimately responsible for the 
removal of ROS and oxidative damage, inside and adjacent to mito-
chondria [58]. Two-way ANOVA of a GSH specific probe (VitaBright43), 
showed a statistically-significant difference both for genotype (f(3) =
2.995, p = 0.0475) and bezafibrate (f(1) = 11.29, p = 0.0023), but not 
the interaction. All untreated patient cell lines had higher GSH levels 
than untreated controls, which was normalized to control levels 
following treatment with 400 μM bezafibrate (Fig. 5). 

Two-way ANOVA showed a statistically-significant difference in 
total thiols levels (VitaBright48) by genotype (f(3) = 10.20, p = 0.0001), 
but not bezafibrate treatment or interaction. Total thiol levels were 
higher in all other cell lines, irrespective of bezafibrate treatment. After 
400 μM bezafibrate treatment, there was a slight but not statistically 
significant increase in total reduced thiol levels in controls and patient 

cell lines (Fig. 5C). 

3.5. Bezafibrate pretreatment increases mitochondrial ROS levels during 
metabolic stress 

Manifestation of symptoms as a result of metabolic stress is an 
important aspect of VLCAD deficiency. Having completed the baseline 
measurements, we therefore proceeded to expose the control and patient 
fibroblasts cell lines to metabolic stress in the form of heat stress under 
fasting conditions. See materials and methods for the experimental 
setup. Mitochondrial superoxide levels were measured with the MitoSox 
probe after 24 and 48 h of metabolic stress (Fig. 6). 

Three-way ANOVA showed that metabolic stress duration was 
associated with superoxide levels both when comparing controls to mild 
patients (f(2) = 20.99, p < 0.0001) and severe patients (f(2) = 20.19, p 
< 0.0001). Phenotype was statistically-significant when comparing 
controls to both mild (f(1) = 80.38, p ≤ 0.0001) and severe (f(1) =
141.4, p < 0.0001) patient cell lines. 

Bezafibrate treatment did not cause significant changes when 
comparing controls to mild patients, but the treatment was significant 
for controls versus severe patients (f(1) = 80.38, p < 0.0001) cell lines. 
Three-way ANOVA comparison of mild versus severe patients was not 
significant in any other terms than metabolic stress. 

Compared to controls at basal conditions (t = 0 h), 48 h of metabolic 
stress resulted in significantly higher superoxide levels in mild and se-
vere patients, when treated with bezafibrate, without bezafibrate only 
mild patients had significantly higher superoxide. The increase in su-
peroxide levels was also significant compared to basal conditions for 
both mild and severe patients. 

3.6. Bezafibrate treatment depletes glutathione during metabolic stress 

Baseline measurements indicated that bezafibrate treatment affected 
GSH and mitochondrial metabolism in the VLCAD deficient fibroblasts. 
As shown above, applying metabolic stress to these cells caused a sig-
nificant increase in mitochondrial superoxide levels. To investigate the 
effect of metabolic stress on the ability of bezafibrate treated VLCAD 
deficient cells to maintain GSH levels, we doubled the metabolic stress 
duration to 96 h (Fig. 7). Control cells pretreated with 0 μM or 400 μM 
bezafibrate could maintain GSH levels throughout the 96 h course of 

Fig. 3. MitoSOX probe intensity. 
The graph shows MitoSox probe mean intensity (au) as a measure of mitochondrial superoxide levels in six control or VLCAD deficient dermal fibroblast cell lines. 
Cells were treated with either 400 μM bezafibrate (+) or vehicle (− ) for 96 h. Controls 1–6 are abbreviated as C1–C6. Mild phenotype patients 1–3 are abbreviated as 
M1–M3. Severe phenotype patients 1–3 are abbreviated as S1–S3. Intensity is plotted as (A) group means ±SEM of different cell lines of the same genotype class and 
(B) individual cell line means ±SD of experimental replicates. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are displayed for mean 
intensity values of controls (− ) versus remaining conditions, for patients (− ) versus (+) bezafibrate and mild versus severe patients under the same treat-
ment conditions. 
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metabolic stress, despite the approximate doubling of mitochondrial 
superoxide levels that were measured in control cells after 48-h of 
metabolic stress (Figs. 6 & 7). 

Three-way ANOVA showed that metabolic stress duration was 
associated with GSH (VitaBright43) signal strength both when 
comparing controls to mild patient (f(4) = 7.591, p < 0.0001) and severe 
patient (f(4) = 3.023, p = 0,0233) cell lines, and when comparing mild 

to severe patient cell lines (f(4) = 2.664, p = 0.0463). 
VitaBright43 signal strength was significantly related to bezafibrate 

treatment when comparing controls to mild (f(1) = 15.34, p = 0.0002) 
and severe (f(1) = 6.688, p = 0. 0118) patients and when comparing 
mild and severe patients (f(1) = 9.803, p = 0.0033). 

Bezafibrate treatment let to a significant loss of GSH in both mild and 
severe patients after 96 h metabolic stress compared to controls at basal 
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Fig. 4. Mitochondrial bioenergetic enzyme capacity. 
Graphs show mitochondrial respiratory chain complex I maximum activity (NADH(nmol/min)/mg total protein), (A) group means ±SEM of different cell lines of the 
same genotype class and (B) individual cell line means ±SD of experimental replicates. Respiratory chain complex II/III maximum activity (cytochrome c(nmol/ 
min)/mg total protein), (C) group means ±SEM of different cell lines of the same genotype class and (D) individual cell line means ±SD of experimental replicates. 
Krebs cycle enzyme citrate synthase maximum activity (CoA-SH(nmol/min)/mg protein), (E) group means ±SEM of different cell lines of the same genotype class and 
(F) individual cell line means ±SD of experimental replicates. Cells were treated with either 400 μM bezafibrate (+) or vehicle (− ) for 96 h. Controls 1–3 are 
abbreviated as C1–C3. Mild phenotype patients 1–3 are abbreviated as M1–M3. Severe phenotype patients 1–3 are abbreviated as S1-M3. Fishers LSD significant 
differences (*P < 0.05, **P < 0.01, ***P < 0.001) are displayed for mean intensity values of controls (− ) versus remaining conditions, for patients (− ) versus (+) 
bezafibrate and mild versus severe patients under the same treatment conditions. 
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Fig. 5. Glutathione and total thiol probe intensity. 
Graphs show VitaBright43 and VitaBright48 probe intensity (au) as a measure of intracellular reduced glutathione and total thiols, respectively. Cells were treated 
with either 400 μM bezafibrate (+) or vehicle (− ) for 96 h. Controls 1–6 are abbreviated as C1–C6. Mild phenotype patients 1–3 are abbreviated as M1–M3. Severe 
phenotype patients 1-3 are abbreviated as S1–S3. Glutathione probe intensity is plotted as (A) group means ±SEM of different cell lines of the same genotype class 
and (B) individual cell line means ±SD of experimental replicates. Total thiol probe intensity is plotted as (C) group means ±SEM of different cell lines of the same 
genotype class and (D) individual cell line means ±SD of experimental replicates. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are 
displayed for mean intensity values of controls (− ) versus remaining conditions, for patients (− ) versus (+) bezafibrate and mild versus severe patients under the 
same treatment conditions. 

Fig. 6. MitoSOX probe intensity during metabolic 
stress. 
Graphs show mean mitochondrial superoxide probe 
MitoSOX intensity levels (au) during metabolic stress 
in controls and patients fibroblasts treated with either 
400 μM bezafibrate (+) or vehicle (− ) for 96 h and 
then subjected to metabolic stress for 0, 24 or 48 h. 
Controls are abbreviated as C (n = 6). Mild pheno-
type patients are abbreviated as M (n = 3). Severe 
phenotype patients are abbreviated as S (n = 3). 
Pooled patients are abbreviated as P (n = 6). Error 
bars are SEM. Significant differences for Holm-Šídák 
multiple comparison test of controls (− ) at 0 h versus 
remaining genotypes and treatments are displayed as 
*P < 0.05, **P < 0.01, ****P < 0.0001. Significant 
differences between basal conditions (0 h) versus 
remaining durations of metabolic stress for the same 
genotype class and bezafibrate treatment is displayed 
as ×P < 0.05, ××P < 0.01, ×××P < 0.001, ××××P 
< 0.0001.   
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conditions (Fig. 7). 

3.7. The effects of bezafibrate on total thiols and viability during 
metabolic stress 

To investigate whether there is a global cellular loss of reduced thiols 
or if the depletion is specific to GSH we used the total thiol probe 
(VitaBright48) to measure the total reduced thiol levels over the course 
of 120 h of metabolic stress (Fig. 8A). The additional 24 h were added to 
the experimental setup to evaluate the effects of the observed GSH 
depletion after 96 h of metabolic stress. 

Three-way ANOVA showed that metabolic stress duration was 
associated with total thiols (VitaBright48) levels both when comparing 
controls to mild patients (f(5) = 22.17 p < 0.0001) and severe patients (f 
(5) = 12.00, p < 0.0001), and when comparing mild to severe patient 
cell lines (f(5) = 3.708, p = 0.0064). Total thiol level variation was 
significant when comparing both mild (f(1) = 29.70, p < 0.0001) and 
severe (f(1) = 22.95.4, p < 0.0001) patient cells to controls, but not 
when comparing mild to severe cell lines. VitaBright48 signal strength 
was significantly related to bezafibrate treatment when comparing 
controls to mild patients (f(1) = 4.52, p = 0.0364), but not severe pa-
tients nor when comparing mild and severe patient cell lines. Control 
fibroblasts under both treatment conditions experienced an increase in 
detectable levels of total reduced thiols as a result of metabolic stress 
(Fig. 8A). Untreated patient cells also experienced an increase of total 
reduced thiols as the duration of metabolic stress increased (Fig. 8A). In 
contrast, the patient cells pretreated with 400 μM bezafibrate did not 
experience this increase, which can probably be explained by the severe 
GSH depletion after the 96 h metabolic stress time-point in Fig. 7, as GSH 
represents a large fraction of cellular thiols [56]. Since GSH depletion is 
an early marker of apoptosis [56], we assayed cellular viability over the 
120 h span of metabolic stress (Fig. 8B). 

Three-way ANOVA showed that metabolic stress duration had a 
statistically-significant effect on viability when comparing controls to 
mild patients (f(5) = 7.037, p < 0.0001) and severe patients (f(5) =
18.10, p < 0.0001), and when comparing mild to severe patient cell lines 

(f(5) = 4.340, p = 0.0024). 
Viability variation was significant when comparing both mild (f(1) 

= 11.80, p = 0.0009) and severe (f(1) = 10.70, p < 0.0016) patient cells 
to controls, but not mild compared to severe cell lines. 

Viability was significantly related to bezafibrate treatment when 
comparing controls to mild patients (f(1) = 15.87, p < 0.0001) and se-
vere patients (f(1) = 12.36, p = 0.0007) and also for mild compared to 
severe patient cell lines (f(1) = 5.468, p = 0.0236). Metabolic stress 
resulted in a gradual decrease in viability over time. At the 120 h time 
point, compared to untreated controls at basal conditions there was a 
significant decrease in the percentage of viable cells in mild patient fi-
broblasts treated with bezafibrate and in severe patient fibroblast both 
with and without bezafibrate. 

4. Discussion 

In this work we found bioenergetic and redox metabolism in VLCAD 
deficient cells to be perturbed and sensitive to stress exposure. 
Regardless of mutation type, VLCAD deficient patient fibroblasts 
expressed an increased oxidative stress burden and altered enzymatic 
capacity of mitochondrial respiratory complexes. Pan-PPAR stimulation 
with bezafibrate normalized some bioenergetic parameters but did not 
resolve increased mitochondrial ROS. Applying metabolic stress to PPAR 
stimulated VLCAD deficient cells led to increased redox stress and 
increased cell death. Our findings further implicate disruption of redox 
homeostasis with a deranged thiol metabolism as key factors in the long- 
term pathogenic consequences of chronic PPAR over-activation in 
VLCAD deficiency. 

4.1. Redox homeostasis 

Several works have previously found an increased oxidative stress 
burden in cells and animals with VLCAD deficiency [16,19,20]. The 
cause is probably a combination of increased ROS production and 
decreased capacity for removing ROS and repairing oxidation products. 

VLCAD deficiency can lead to elevated superoxide production as a 

Fig. 7. Glutathione probe intensity during metabolic stress. 
Graphs show mean reduced glutathione Vitabright43 probe intensity levels (a.u.) during metabolic stress in control and patient fibroblasts treated with either 400 μM 
bezafibrate (+) or vehicle (− ) for 96 h and then subjected to metabolic stress for 0, 24, 48, 72 or 96 h. Controls are abbreviated as C (n = 6). Mild phenotype patients 
are abbreviated as M (n = 3). Severe phenotype patients are abbreviated as S (n = 3). Pooled patients are abbreviated as P (n = 6). Error bars are SEM. Significant 
differences for Holm-Šídák multiple comparison test of controls (− ) at 0 h versus remaining genotypes and treatments are displayed as *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Significant differences between basal conditions (0 h) versus remaining durations of metabolic stress for the same genotype class and 
bezafibrate treatment is displayed as ×P < 0.05, ××P < 0.01, ×××P < 0.001, ××××P < 0.0001. 
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result of increased electron leakage from the respiratory complexes in 
multiple ways. VLCAD deficient cells are subject to accumulation of non- 
oxidizable lipid species that disrupt membrane-structures thereby 
potentially increasing mitochondrial respiratory chain superoxide pro-
duction [18,59]. 

VLCAD has a close physical association with the mitochondrial res-
piratory chain. Absent or misfolded VLCAD may decrease respiratory 
chain supercomplex stability due to loss of VLCAD-chaperone function, 
in a similar manner to what has been reported for a structurally similar 
VLCAD isoform (ACAD9). This may increase electron leakage rate and 
superoxide production, which can be compatible with some respiratory 
complexes having higher capacity than controls, the leakage can either 
occur elsewhere in other respiratory complexes or expression of specific 
complexes can be increased sufficiently to allow higher capacity, even 
with the higher leakage rate [60–62]. This increased expression could be 
caused by chronic PPAR overactivation [63]. 

4.2. Peroxisome proliferator-activated receptors 

Long-chain fatty acids and associated acyl-CoAs and acyl-carnitines 
are endogenous PPAR ligands. These lipids accumulate in VLCAD 

deficient cells and there is some evidence that patients with long-chain 
FAO disorders suffer from chronic overactivation of PPAR as a result 
[40,41,63,64]. As shown in the present study, this could lead to 
increased vulnerability to oxidative stress, which requires more NADH 
and NADPH to act as substrates for the various antioxidant systems 
[40,65,66]. This is problematic for VLCAD deficient cells, as they are 
already bioenergetically challenged, including a decreased CS activity 
and consequently an impaired substrate entry to the TCA cycle at the 
level of acetyl-CoA. 

Removal of bezafibrate in the circulation is quite rapid, whereas the 
lack of relevant enzymes in cell culture means that the half-time of 
bezafibrate in culture media in all likelihood is greater [67]. This also 
means that the effects of bezafibrate in this study do not completely 
match the in vivo effects. However, it does support the notion that 
chronic overactivation of PPARs is cytotoxic and especially so in long- 
chain FAO disorders. Indeed the VLCAD deficient fibroblasts, but not 
the control fibroblasts, in this study are vulnerable to bezafibrate and 
external stressors. 

That chronic pan-PPAR activation is toxic is supported by the well- 
described in vivo toxicity profile of the different fibrates. Whereas the 
in vivo mitochondrial and muscle toxicity of rapidly metabolized 

Fig. 8. Total thiols and viability during metabolic stress. 
Graphs show (A) mean reduced total thiols Vitabright48 probe intensity levels (au) (B) mean cellular viability in percentage, during metabolic stress in control and 
patient fibroblasts treated with either 400 μM bezafibrate (+) or vehicle (− ) for 96 h and then subjected to metabolic stress for 0, 24, 48, 72, 96 or 120 h. Controls are 
abbreviated as C (n = 6). Mild phenotype patients are abbreviated as M (n = 3). Severe phenotype patients are abbreviated as S (n = 3). Pooled patients are 
abbreviated as P (n = 6). Error bars are SEM. Significant differences for Holm-Šídák multiple comparison test of controls (− ) at 0 h versus remaining genotypes and 
treatments are displayed as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Significant differences between basal conditions (0 h) versus remaining durations 
of metabolic stress for the same genotype class and bezafibrate treatment is displayed as ×P < 0.05, ××P < 0.01, ×××P < 0.001, ××××P < 0.0001. 
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fibrates like bezafibrate is low, it is much higher for the slowly metab-
olized fibrates or fibrates with active metabolites [68–70]. 

In our experimental setup, the presence of lipids in the culture media 
is very limited. This means that our experimental setup can be thought of 
as providing evidence of the deleterious effects of pan-PPAR activation 
in VLCAD deficiency, relatively isolated from other lipotoxic factors, 
such as membrane distortion. 

4.3. Thiol and coenzyme A metabolism 

Thiols are already known to be implicated in long-chain FAO dis-
orders, due to the requirement for activation of fatty acids by attachment 
of a CoA by a thioester link prior to import to the mitochondria by the 
carnitine shuttle and again for subsequent β-oxidation in the matrix [7]. 
Experimental data and in silico modeling have already indicated that 
intracellular accumulation and excretion of acyl-CoAs can result in a 
sequestration of CoA, which can produce a potent non-length specific 
inhibition of β-oxidation and other essential cellular functions [22,71]. 
When this occurs, the result is a dramatic reduction of overall FAO flux. 
This is clinically relevant as it may explain manifestations of FAO dis-
order that are not easily understandable, such as cases of hypoketotic 
hypoglycemia in well-managed patients and nonresponders to medium- 
chain fatty acid supplementation [22,71,72]. 

Increased oxidative stress burden, coupled with inborn bioenergetic 
defects can as shown in the present study lead to a challenged GSH 
metabolism, which may negatively interact with an already challenged 
CoA metabolism in long-chain FAO disorders. Chronically elevated 
consumption of GSH provides a pathological demand on the cellular 
thiol/cysteine pool, and this demand increases at times of metabolic 
crisis. Free cysteine is cytotoxic and therefore cannot be allowed to 
accumulate as a free amino acid, hence the availability of cysteine at any 
one time is limited [73]. The relative cellular priority given to phos-
phopantothenoylcysteine synthetase (CoA synthesis) and glutamate- 
cysteine ligase (GSH synthesis) during various physiological condi-
tions is not well-described. But as cellular cysteine levels decrease, 
glutamate-cysteine ligase activity is increased by posttranslational 
modification, thus maintaining GSH production. The result is that GSH 
synthesis takes up increasingly larger fractions of the available cysteine 
pool as cysteine levels drop [73]. Since GSH is the most abundant non- 
protein thiol-containing compound, its synthesis probably consumes an 
appreciable part of the cellular cysteine production, especially in cells/ 
tissues with pathologically high levels of oxidative stress as seen in 
VLCAD deficiency. Acute oxidative stress can further increase this 
overconsumption [74]. Maintenance of GSH levels by NADPH depen-
dent recycling and de-novo synthesis is energetically demanding, further 
burdening the already overworked and dysfunctional cellular bio-
energetic system in VLCAD deficient cells [58,75,76]. During episodes of 
increased stress and resultant ROS production, the increased energy 
demand leads to fatty acid recruitment, which in VLCAD deficient cells 
results in sequestration of CoA in the form of acyl-CoA [26]. This means 
that during stress, two strong demands are placed on the cellular thiol/ 
cysteine pool. On the one hand, GSH synthesis can win out, potentially 
leading to decreased CoA levels and deceased FAO flux, which will result 
in lipotoxicity and in the end will affect mitochondrial NADPH levels 
and thus antioxidant function [58]. Alternatively, GSH can become 
depleted, leading to oxidative damage, which will cause a vicious cycle 
of oxidative damage leading to even higher ROS levels, due to an 
inability to repair oxidative damage to cellular structures coordinating 
redox biochemistry and a resulting greater leakage of electrons from 
these [77–80]. This leads to further oxidative damage, which itself can 
harm mitochondrial and cellular function. For instance, severe/acute 
GSH depletion can prevent mitochondrial ATP synthesis by allowing 
oxidative modifications to shut down the inner membrane ATP/ADP 
translocator, likewise cellular bioenergetic function in VLCAD deficient 
cells has be found to be improved by mitochondrial targeted antioxi-
dants [16,81]. PPAR overactivation has previously been related to thiol 

metabolism, for example exposing normal Wistar rats to a pan-PPAR 
agonist (with a high affinity towards PPARα) causes changes in 
plasma and urine levels of cysteine, homocysteine, and B-vitamins 
related to thiol metabolism [82]. 

4.4. Development of mitochondrial dysfunction in VLCAD deficiency 

While the severity of symptoms in VLCAD deficiency seems to 
correlate to the degree that mitochondrial FAO flux is impaired, symp-
tomatic patients all tend to develop dysfunctional mitochondria and the 
myopathic phenotype eventually, this is also the case for patients with 
severe symptoms [15,43–45]. Since the time difference between devel-
opment of severe symptoms and myopathic symptoms is typically 
measured in years, there must be a process related to the decreased 
oxidation of fatty acids, but not the decreased flux in and of itself, which 
drives a relatively slow degradation of mitochondrial quality over time. 
In this study we find that the mild and severe phenotype patient cell 
lines have very similar response to metabolic stress with regard to their 
redox system, supporting the notion that increased ROS and reduced 
antioxidant capacity could be a primary driver of the development of 
mitochondrial dysfunction. 

Above we have proposed that elevated levels of free long-chain lipids 
can cause chronic overactivation of PPAR, which leads to elevated ca-
pacity for ROS production. Concurrently, there is the higher risk of 
cellular metabolic blockage due to decrease FAO flux, CoA sequestration 
and a resultant decreased capacity to protect cells against episodic 
stress. Higher potential for ROS production and lower ROS defense and 
repair capacity could be a primary causative factor for development of 
gradual mitochondrial dysfunction and the relative late onset of 
myopathic symptoms in VLCAD deficient patients. Severe oxidative 
damage has been shown to be the primary etiological factor in some 
inborn early-onset myopathies supporting the notion that skeletal 
muscle under some circumstances may be especially vulnerable to redox 
disturbances [83]. With regard to GSH and development of myopathic 
symptoms, inhibition of GSH synthesis has been shown to be required in 
order to induce rhabdomyolysis in a fibrate and/or statin treated mice 
model, linking PPAR overactivation, acute GSH depletion and rhabdo-
myolysis [84]. Fig. 9 shows a schematic representation of how different 
stressors involved in long-chain FAO deficiency can interact and 
enhance one another in a vicious feed-forward cycle. 

5. Conclusion 

In this work, we found that mitochondrial metabolic capacity and the 
essential peptide GSH is affected by bezafibrate treatment of VLCAD 
deficient fibroblasts, even at basal conditions. Further, we found that 
cellular GSH levels and viability can be reduced following a bezafibrate/ 
PPAR driven increase in mitochondrial ROS levels during exposure to 
metabolic stress. The bezafibrate/PPAR driven depletion of GSH, in 
VLCAD deficient cells, adds a new aspect to the role of thiol metabolism 
in VLCAD deficiency. 
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respiratory chain enzymes after transient focal ischemia in the rat, J. Cereb. Blood 
Flow Metab. 17 (1997) 1166–1169. 

[55] M.E. Skindersoe, M. Rohde, S. Kjaerulff, A novel and rapid apoptosis assay based 
on thiol redox status, Cytom. Part A 81 (2012) 430–436. 

[56] M.E. Skindersoe, S. Kjaerulff, Comparison of three thiol probes for determination of 
apoptosis-related changes in cellular redox status, Cytom. Part A 85 (2014) 
179–187. 

[57] M. Akram, Citric acid cycle and role of its intermediates in metabolism, Cell 
Biochem. Biophys. 68 (2014) 475–478. 

[58] M. Marí, A. Morales, A. Colell, C. García-Ruiz, N. Kaplowitz, J.C. Fernández-Checa, 
Mitochondrial glutathione features, regulation and role in disease, Biochim. 
Biophys. Acta 1830 (2013) 3317–3328. 

[59] S. Cogliati, J.A. Enriquez, L. Scorrano, Mitochondrial cristae: where beauty meets 
functionality, Trends Biochem. Sci. 41 (2016) 261–273. 

[60] Y. Wang, A.-W. Mohsen, S.J. Mihalik, E.S. Goetzman, J. Vockley, Evidence for 
physical association of mitochondrial fatty acid oxidation and oxidative 
phosphorylation complexes, J. Biol. Chem. 285 (2010) 29834–29841. 

M. Lund et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0050
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0050
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0055
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0055
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0055
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0055
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0060
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0060
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0065
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0065
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0065
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0065
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0070
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0070
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0070
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0070
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0075
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0075
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0075
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0075
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0075
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0075
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0080
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0080
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0080
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0080
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0080
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0085
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0085
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0085
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0090
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0090
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0095
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0095
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0095
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0095
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0100
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0100
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0100
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0105
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0105
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0105
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0110
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0110
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0110
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0110
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0110
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0115
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0115
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0115
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0115
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0120
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0120
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0120
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0125
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0125
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0125
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0125
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0125
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0130
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0130
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0130
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0130
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0130
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0135
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0135
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0135
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0140
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0140
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0145
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0145
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0145
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0145
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0150
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0150
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0155
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0155
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0155
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0160
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0160
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0160
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0160
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0160
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0160
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0165
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0165
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0170
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0170
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0170
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0175
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0175
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0175
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0180
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0180
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0180
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0180
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0180
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0180
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0185
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0185
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0190
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0190
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0195
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0195
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0195
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0195
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0200
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0200
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0200
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0205
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0205
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0205
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0210
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0210
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0210
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0215
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0215
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0215
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0215
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0220
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0220
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0220
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0220
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0225
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0225
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0225
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0225
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0225
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0230
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0230
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0230
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0235
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0235
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0240
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0240
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0240
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0245
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0245
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0245
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0245
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0250
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0250
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0250
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0255
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0255
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0260
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0260
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0260
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0260
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0265
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0265
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0265
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0265
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0270
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0270
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0270
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0275
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0275
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0280
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0280
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0280
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0285
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0285
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0290
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0290
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0290
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0295
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0295
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0300
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0300
http://refhub.elsevier.com/S0925-4439(21)00033-8/rf0300


BBA - Molecular Basis of Disease 1867 (2021) 166100

14

[61] J. Nouws, H. te Brinke, L.G. Nijtmans, S.M. Houten, ACAD9, a complex I assembly 
factor with a moonlighting function in fatty acid oxidation deficiencies, Hum. Mol. 
Genet. 23 (2014) 1311–1319. 

[62] M. Schiff, B. Haberberger, C. Xia, A.-W. Mohsen, E.S. Goetzman, Y. Wang, 
R. Uppala, Y. Zhang, A. Karunanidhi, D. Prabhu, H. Alharbi, E.V. Prochownik, 
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