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A B S T R A C T   

Recent trials have reported the ability of triheptanoin to improve clinical outcomes for the severe symptoms 
associated with long-chain fatty acid oxidation disorders, including very long-chain acyl-CoA dehydrogenase 
(VLCAD) deficiency. 

However, the milder myopathic symptoms are still challenging to treat satisfactorily. Myopathic pathogenesis 
is multifactorial, but oxidative stress is an important component. We have previously shown that metabolic stress 
increases the oxidative burden in VLCAD-deficient cell lines and can deplete the antioxidant glutathione (GSH). 

We investigated whether medium-chain fatty acids provide protection against GSH depletion during metabolic 
stress in VLCAD-deficient fibroblasts. To investigate the effect of differences in anaplerotic capacity, we included 
both even-(octanoate) and odd-numbered (heptanoate) medium-chain fatty acids. Overall, we show that mod
ulation of the concentration of medium-chain fatty acids in culture media affects levels of GSH retained during 
metabolic stress in VLCAD-deficient cell lines but not in controls. 

Lowered glutamine concentration in the culture media during metabolic stress led to GSH depletion and 
decreased viability in VLCAD deficient cells, which could be rescued by both heptanoate and octanoate in a dose- 
dependent manner. Unlike GSH levels, the levels of total thiols increased after metabolic stress exposure, the size 
of this increase was not affected by differences in cell culture medium concentrations of glutamine, heptanoate or 
octanoate. 

Addition of a PPAR agonist further exacerbated stress-related GSH-depletion and viability loss, requiring 
higher concentrations of fatty acids to restore GSH levels and cell viability. 

Both odd- and even-numbered medium-chain fatty acids efficiently protect VLCADdeficient cells against 
metabolic stress-induced antioxidant depletion.   

1. Introduction 

Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency was 
first described in 1993 and is currently a relatively well-understood 
disorder, and is part of newborn screening programmes in many coun
tries [1–3]. The enzymatic function of VLCAD is to catalyse the initial 
dehydrogenation step of long-chain fatty acid esters during mitochon
drial fatty acid oxidation (FAO). VLCAD can efficiently process fatty 
acids with chain lengths from 12 to 22 carbons [4]. 

Severe and moderate forms of VLCAD deficiency involve cardiac or 
hepatic phenotypes, with episodes of hypoketotic hypoglycaemia and 

risk of sudden death. A third and comparatively mild phenotype is 
myopathic, presenting with cramps, pain, fatigue, weakness, and rhab
domyolysis [2,5]. Currently, therapy is based on lifestyle intervention, 
especially avoidance of fasting, fat-reduced diets and supplementation 
with medium-chain triglyceride (MCT). Medium-chain fatty acids are 
used as a standard therapeutic approach in the various long-chain FAO 
disorders, because of their ability to bypass the dysfunctional cellular 
machinery associated with the various inborn long-chain FAO disorders 
[2,6]. 

The main cellular factor causing symptoms is the failure to oxidise 
sufficient long-chain fatty acids in the mitochondria for maintenance of 
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energy homeostasis, measurable as decreased long-chain FAO flux [7,8]. 
Other contributors to the phenotype include accumulation of VLCAD 
substrates and related metabolites (“lipotoxicity”), sequestration of co
factors such as coenzyme A (CoA), cataplerotic stress and stress imposed 
by misfolded or absent VLCAD protein [2,6,7,9]. An important patho
logical aspect of VLCAD deficiency is the gradual development of the 
myopathic phenotype and secondary pathological traits, including sec
ondary mitochondrial respiratory chain deficiency, reduced mitochon
drial quality, increased production of reactive oxygen species (ROS), 
disruption of Ca2+ homeostasis and compromised amino acid meta
bolism [2,10–14]. 

However, the pathological driver(s) of these secondarily acquired 
dysfunctions are not well defined [5]. 

In a recent study, we found that treating VLCAD-deficient dermal 
fibroblasts with the PPAR agonist bezafibrate prior to metabolic stress 
exposure led to increased ROS production, depletion of the essential 
antioxidant tripeptide glutathione (GSH) and decreased cellular 
viability [15]. ROS is unusually deleterious in certain metabolic disor
ders, such as VLCAD deficiency, because of a reduced bioenergetic ca
pacity for maintaining sufficient NADPH levels to power a fully 
functional antioxidant system. This has important consequences, such as 
oxidative stress mediated development of secondary metabolic de
ficiencies [5,12,14,16]. 

The mitochondrial antioxidant system is highly dependent on GSH 
and related enzymatic systems, all of which require NADPH to recycle 
oxidized GSH. NADPH production is dependent on the Krebs cycle and 
the inner membrane proton gradient in the mitochondrial matrix 
[17,18]. Mitochondrial FAO is a major electron contributor to the Krebs 
cycle, and the two pathways combined are the primary electron donors 
to the mitochondrial respiratory chain, which means that an intact FAO 
system is essential for maintaining matrix NADPH and GSH levels 
[12,17,18]. 

Apart from contributing electrons to the Krebs cycle, another pri
mary function of FAO is to provide carbon for the Krebs cycle [19,20]. In 
VLCAD deficiency, the rate of carbon flux into the Krebs cycle can be 
reduced due to reduced FAO flux [7,9]. In both animal models and 
humans, VLCAD deficiency and other long-chain FAO disorders have 
been found to suffer from periodic cataplerotic stress [21–23]. This oc
curs despite a supply of acetyl-CoA from a high-carbohydrate and a low- 
fat diet supplemented with MCT. 

Triheptanoin is a triglyceride containing three heptanoate fatty 
acids, a medium-chain fatty acid with a seven‑carbon chain. Clinical 
trials of triheptainoin compared with MCT supplementation have shown 
a significant decrease in severe symptoms. However, a significant frac
tion of the milder myopathic events remained [22,24–27]. Heptanoate 
has an anaplerotic profile superior to even-numbered medium-chain 
fatty acids since oxidation of heptanoate yields both two molecules of 
acetyl-CoA and a molecule of propionyl-CoA. This odd-numbered fatty 
acid ester cannot be further β-oxidized, but it can be converted into 
succinyl-CoA and enter the Krebs cycle as an anaplerotic compound. 
Succinyl-CoA enters the Krebs cycle downstream of isocitrate dehydro
genase 2/3 (IDH2/3). IDH2/3 are rate-limiting Krebs cycle reactions and 
bypassing these explains the high anaplerotic potential of propionyl- 
CoA formed from heptanoate, together with the thermodynamically 
highly favoured formation of succinate from succinyl-CoA [23,28,29]. 
IDH2 is generally considered a central contributor to the mitochondrial 
matrix NADPH pool and hence GSH replenishment [17,18,30]. There
fore, bypassing of IDH2-dependent NADPH production could affect the 
ability of heptanoate to fuel the mitochondrial antioxidant defence 
system and affect the capacity of heptanoate to protect against 
myopathic events in patients with VLCAD deficiency. 

The ability of medium-chain fatty acids to protect against metabolic 
stress-induced GSH depletion in VLCAD-deficient cells has not previ
ously been investigated. In the present study, we modified a previously 
published metabolic stress protocol to test the ability of odd- or even- 
numbered medium-chain fatty acids to protect against GSH depletion 

in VLCAD-deficient patient cells during metabolic stress. 

2. Materials and methods 

2.1. Patient and control dermal fibroblasts 

Dermal fibroblast cell lines derived from patients, diagnosed with 
mild (n = 3) or severe (n = 3) VLCAD deficiency based on clinical pre
sentation, abnormal acyl-carnitines and biallelic pathogenic VLCAD 
variations, were used in this study. VLCAD-deficient dermal fibroblast 
cell lines were anonymised as per the instructions of the Danish National 
Committee on Health Research Ethics. The anonymised VLCAD- 
deficient cell lines were subsequently assigned abbreviations, as seen 
below in Table 1. Commercial healthy control dermal fibroblast cell 
lines were also used (n = 3). Laboratory validation data for patient fi
broblasts have previously been published [15]. 

2.2. Cell culturing and metabolic stress model 

The human dermal fibroblast cell lines were cultured under standard 
conditions in a CO2 incubator. Fibroblast cell lines used for assays were 
kept below 14 passages and were routinely checked for mycoplasma. For 
all experiments, we used Minimum Essential Media (MEM) (Lonza, 
Switzerland), which was supplemented with 10%v/v foetal bovine 
serum (Invitrogen, USA), and 0.1%v/v penicillin & streptomycin 
(Sigma-Aldrich, Germany). 

We wanted to study the effect of various anaplerotic compounds 
during metabolic stress using a previously published stress protocol 
[15,16], modified as described below. To control for the two most 
abundant sources of anaplerotic compounds in complete media, glucose 
and glutamine [30–34], all experiments were performed at the standard 
MEM glucose concentration of 5.6 mM corresponding to normal fasting 
blood glucose levels. L-Glutamine (Gln) final concentration was either 1 
mM or 5 mM. 5 mM Gln is the standard supra-physiological concen
tration used in most cell culture studies [34]. The cultures grown with 1 
mM Gln were further supplemented with 0 μM, 1 μM, 10 μM or 100 μM 
heptanoate (Sigma-Aldrich, Germany) or octanoate (Sigma-Aldrich, 
Germany). For the bezafibrate (Sigma-Aldrich, Germany) pretreated 
cells, bezafibrate was solubilised in dimethyl sulfoxide (Sigma-Aldrich, 
Germany), and a 400 μM final concentration was used [19]. 

During pre-treatment, cells were cultured for 96 h (h) with any of the 
specific media compositions, in order to allow sufficient time for the 
individual cell lines to adapt to substrate-induced alterations of the 
cellular phenotype. During this period, media were replaced every 24 h 
with media of the same composition. All cells were reseeded during this 
pretreatment period so that the cultures were 80 % confluent when 
harvested for assays. 

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

Patient cell lines ID Acyl-CoA Dehydrogenase Very Long-Chain (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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For the metabolic stress assays, cell lines were pretreated as above 
with specific media compositions for 96 h. The specific culture media 
was then replaced one final time (metabolic stress t = 0 h), and the cell 
cultures were transferred to a 41 ◦C incubator for 96 h without further 
media changes (Fig. 1). 

2.3. Spectrophotometric enzyme assays 

Spectrophotometric measurements of mitochondrial respiratory 
complex I, mitochondrial respiratory complex II/III and citrate synthase 
(CS) activity were performed on an Uvikon XS spectrometer, as pub
lished previously [35]. Fibroblasts were cultured in MEM supplemented 
with 5 mM Gln, 1 mM Gln + 100 μM C7 or 1 mM Gln + 100 μM C8 for 96 
h prior to the harvest of assay sample. The results represent data from at 
least two independent culture replicates of individual cell lines, that 
were 80–90 % confluent when harvested. 

Complex I activity was calculated from the rate of reduction of NADH 
at 340 nm. Nonspecific activity was removed by subtracting rotenone 
insensitive activity from total measured activity [36,37]. Mitochondrial 
respiratory complex II/III activity was calculated from the rate of 
reduction of cytochrome C at 550 nm in a potassium phosphate buffer. 
Nonspecific activity was removed by subtracting Antimycin A insensi
tive activity from total measured activity [37,38]. CS catalyses 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. Each calculated activity was normalised to total protein concen
tration, measured by Lowry assay [39]. All spectrophotometric reagents 
were purchased from Sigma-Aldrich, Germany. 

2.4. Image cytometry 

Assays were performed in A2-slides on a NucleoCounter 3000 
(ChemoMetec, Denmark), using trypsinised cells from 80 to 90 % 
confluent dermal fibroblast cultures. Every assay measured at least 5000 
individual cells, allowing robust normalisation of data to mean fluo
rescence intensity. Presented data represent at least three independent 
culture replicates of individual cell lines. When seeding cells, total and 
viable cells were measured by analysing fibroblasts in solution imme
diately after addition of 4′,6-Diamidino-2-phenylindole (DAPI) for non- 
viable cell concentration and with addition of lysis buffer for total cell 
concentration. 

Intracellular glutathione (GSH) and total thiols were measured with 
the cell permeable probes Vitabright43 and Vitabright48, respectively 
(Chemometec, Denmark) [40,41]. For all GSH measurements, the 
NucleoCounter 3000 Darkfield option was used to identify individual 
cells and RedDot2 (Biotium, USA) was used as a dead cell stain. Vita
bright43 was used at 1:200 final dilution and RedDot2 at a 1:1000 final 
dilution. Vitabright43 fluorescence was detected using peak excitation 
at 365 nm and emission at 470 nm. RedDot2 fluorescence was detected 
using peak excitation at 630 nm and emission at 740/60 nm. As a pos
itive control, we inhibited the rate-limiting step of GSH synthesis for 16 

h using 0.5 mM l-buthionine sulphoximine (BSO) (Sigma-Aldrich, Ger
many), which removed the majority of the GSH probe (Vitabright43), 
signal as previously described [41]. 

For all measurements of total thiols, acridine orange (AO) (Chemo
Metec, Denmark) was used to identify individual cells and propidium 
iodide (PI) (ChemoMetec, Denmark) was used as a dead cell stain. Final 
concentrations used were Vitabright48 20 mg/mL, AO 0.06 mg/mL and 
PI 25 mg/mL. Vitabright48 fluorescence was detected using peak exci
tation at 365 nm and emission at 455 nm. AO fluorescence was detected 
using peak excitation at 475 nm and emission at 560/35 nm, and PI 
fluorescence was detected using peak excitation at 530 nm and emission 
at 675/75 nm. 

2.5. Statistical analysis 

The spectrophotometric data were imported into Microsoft Excel to 
calculate enzymatic rates. Image cytometry data were analysed using 
NucleoView™ software (ChemoMetec, Denmark); the procedures have 
been described previously in [16]. Graph preparation was performed 
using the Graphpad Prism 9.1.1 software package (USA), which was also 
used to calculate standard deviation (SD) and standard error of the mean 
(SEM), two-way ANOVA and Fisher's least significant difference (LSD) 
test; P-values <0.05 were considered significant. 

3. Results 

3.1. Effects of medium-chain fatty acids on mitochondrial bioenergetic 
capacity 

Before comparing the ability of odd- and even-numbered medium- 
chain fatty acids to power antioxidant capacity in VLCAD-deficient cells, 
we assayed some basic components of mitochondrial bioenergetics. 
Using two-way ANOVA, we found that VLCAD-deficient patient cells 
have decreased CS activity compared with healthy controls, even when 
glutamine (Gln) was added to culture media as an anaplerotic compound 
at standard culture concentrations (5 mM). Interestingly, partially 
replacing Gln as anaplerotic substrate with 100 μM heptanoate (C7) or 
octanoate (C8) (and lowering Gln to 1 mM) for 96 h increased the mean 
CS capacity in both mild and severe patient cells to control levels 
(Fig. 2B, individual cell line measures in Fig. 2A). 

We next analysed respiratory chain complex activities. When 
compared with the group of healthy control cell lines at standard 5 mM 
Gln conditions, the group of cell lines derived from mild VLCAD- 
deficient patients had higher mean activities of respiratory chain com
plex I and complex II/III, both reaching significant higher levels upon 
treatment with C7 or C8. By contrast, respiratory chain complex I and II/ 
III activities in cell lines derived from patients with severe VLCAD 
deficiency did not differ from those of healthy controls at standard 
conditions and did not increase upon treatment with C7 or C8 (Fig. 2D 
and F, individual cell line measures in Fig. 2C and E). These data suggest 
that medium-chain fatty acids increase the uptake capacity of acetyl- 
CoA into the Krebs cycle, and that a concurrent increase in respiratory 

Fig. 1. Experimental setup. 
Cells were cultivated at 37 ◦C in MEM 
supplemented with various concen
trations of glutamine, heptanoate, or 
octanoate for a period of 96 h (pre
treatment), with a daily renewal of 
culture media with the same compo
sition of glutamine and fatty acids. 
Cells were reseeded after 72 h. Heat 
stress was initiated after 96 h pre

treatment. Media were renewed with preheated media and transferred to a 41 ◦C incubator without further media renewal for 96 h (fasting). Krebs cycle and 
OXPHOS activities were measured by spectrophotometric analysis at the end of the pretreatment period, the image cytometry assays (GSH, thiols, viability) at basal 
5 mM Gln unstressed conditions were also performed at this time point. The remaining image cytometry measurements of GSH, thiols and viability were performed 
after 96-h of heat stress.   
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chain complex activities takes place in mild phenotype cell lines but not 
in severe phenotypes cell lines. 

3.2. Medium-chain fatty acids rescue cataplerotic stress induced GSH 
depletion in VLCAD-deficient cells 

We have recently shown that metabolic stress affects the capacity of 
VLCAD-deficient patient cells to cope with oxidative stress by decreasing 

the GSH antioxidant defence capacity [15,16]. Moreover, increased 
metabolic stress during prolonged exercise aggravated cataplerotic 
stress and decreased Krebs cycle intermediates in the VLCAD-deficient 
mice model [21]. It is not known if even- or odd-numbered medium- 
chain fatty acids can provide protection against antioxidant depletion 
and oxidative damage in VLCAD-deficient cells during metabolic stress. 
In order to test this, we used a cataplerotic, heat stress model, modified 
from our previous work, where cells were pretreated with various media 

Fig. 2. Mitochondrial bioenergetic enzyme capacity. 
The graphs show photospectrometry results from dermal fibroblasts from three control (C1-C3), three mild phenotype (M1-M3) and three severe phenotype (S1-S3) 
donors. Culture conditions are abbreviated as follows: Gln: 5 mM glutamine, 100 C7: 1 mM glutamine + 100 μM heptanoate, 100 C8: 1 mM glutamine + 100 μM 
octanoate. Krebs cycle enzyme citrate synthase (CS) maximum activity (CoA-SH(nmol/min)/mg protein) data are displayed as: (A) CS for individual cell line means 
± SD of 2 experimental replicates and (B) CS for group means ± SEM of 3 different cell lines of the same genotype class. Mitochondrial respiratory chain complex I 
(CI) maximum activity data (NADH(nmol/min)/mg total protein) are displayed as: (C) CI for individual cell line means ± SD of 2 experimental replicates and (D) CI 
for group means ± SEM of 3 different cell lines of the same genotype class. Respiratory chain complex II/III (CII/III) maximum activity data (cytochrome c(nmol/ 
min)/mg total protein) are displayed as: (E) CII/III for individual cell line means ± SD of 2 experimental replicates and (F) CII/III for group means ± SEM of 3 
different cell lines of the same genotype class. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are displayed for individual cell lines as 
control media (Gln) versus remaining conditions (A, C, E), and for group means of the same genotype class as controls (Crtl) versus remaining conditions (B, D, F). 
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types for 96 h and subsequently exposed to 96 h of metabolic heat stress 
before measurements of antioxidant capacity (see Fig. 1 and Materials 
and methods). 

In a previous version of this metabolic stress model, we found that 
standard culture conditions with 5.6 mM glucose and 5 mM Gln enabled 
VLCAD-deficient fibroblast to retain GSH levels. The VLCAD-deficient 
cell lines did however experience an increased oxidative stress burden 
that may act as a form of cataplerotic stress as the different cellular 
compartments have to redirect a larger amount of reducing equivalents 

to the formation of NADPH to power the antioxidant systems [15]. Gln 
acts as a primary anaplerotic substrate under standard cell culture 
conditions, and a significant reduction of Gln decreases anaplerotic ca
pacity or causes cataplerotic stress [31,34,42,43]. 

Two-way ANOVA found that reducing the Gln concentration to 1 mM 
before subjecting VLCAD-deficient fibroblasts to metabolic stress had a 
significant effect on their ability to maintain cellular GSH levels. As 
compared with unstressed conditions, the 1 mM Gln culturing condition 
led to significant decreases in mean GSH levels in the mild and severe 

Fig. 3. Cataplerotic stress effect on thiols. 
The graphs show image cytometry mean fluorescence intensity from dermal fibroblast cell lines from three control (C1-C3), three mild phenotype (M1-M3) and three 
severe phenotype (S1-S3) donor. Cells were pretreated with various media types for 96 h and subsequently exposed to fasting heat stress for 96 h. Culture conditions 
are abbreviated as follows: Ctrl: untreated control fibroblasts without exposure to fasting heat stress, Gln: 5 mM glutamine, Cata: 1 mM glutamine, 1 C7: 1 mM 
glutamine + 1 μM heptanoate, 1 C8: 1 mM glutamine + 1 μM octanoate, 10 C7: 1 mM glutamine + 10 μM heptanoate, 10 C8: 1 mM glutamine + 10 μM octanoate, 
100 C7: 1 mM glutamine + 100 μM heptanoate, 100 C8: 1 mM glutamine + 100 μM octanoate. (A): Glutathione (GSH), (B): Total thiol group means, error bars ±
SEM of 3 different cell lines of the same genotype class. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are shown for each media type 
compared with untreated controls (Ctrl). (C): Individual cell lines levels of GSH and (D): total thiols, error bars ± SD of 3 experimental replicates. Fishers LSD 
significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are shown for each media type, compared with 5 mM glutamine treatment. 
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VLCAD-deficient cell line groups but not in the control group. Addition 
of 1 μM C7 or C8 did not alter this outcome. However, 10 and 100 μM C7 
or C8 increased GSH levels to untreated control levels or above (Fig. 3A, 
individual cell line measures shown in 3C). 

This GSH depletion could potentially be related to ongoing depletion 
of thiols or cell death. To test this, we first measured total thiols. In both 
patient and control cell line groups, metabolic stress led to a near 
doubling of mean thiol intensity levels compared with unstressed con
trol conditions, regardless of media composition (Fig. 3B, individual cell 
line measures shown in 3D). During metabolic stress, both patient 
groups, but not the group of healthy controls, showed a slight but sig
nificant decrease in mean viability when cultured at 1 mM Gln, but not 5 
mM Gln, as compared with unstressed conditions. Treatment with media 
containing 1 mM Gln plus 100 uM C7 or 1 mM Gln plus 100 uM C8 
corrected the decreased viability (Fig. 4B, individual cell line measures 
shown in Fig. 4A). 

3.3. Medium-chain fatty acids protects against the additive effects on GSH 
depletion of PPAR overactivation and cataplerotic stress 

We have previously found that peroxisome proliferator-activated 
receptor (PPAR) overactivation, induced by culturing VLCAD-deficient 
fibroblast with 400 μM bezafibrate prior to metabolic stress, let to 
enhanced GSH depletion and an eventual decrease in cellular viability 

[15]. Chronic overactivation of PPAR in vivo is a concern in VLCAD 
deficiency because the accumulated long-chain fatty acid metabolites 
are potent PPAR agonists [5,15]. To mimic this overactivation, we 
repeated the metabolic stress assays above, but in the presence of the 
PPAR agonist bezafibrate. 400 μM bezafibrate cotreatment resulted in 5 
mM Gln, 1 mM Gln plus 10 μM C7 or 1 mM Gln plus 10 μM C8 being 
insufficient to protect any of the VLCAD-deficient cell line groups from 
GSH depletion. However, 100 μM C7 or C8 was sufficient to preserve or 
increase GSH levels in both patient groups (Fig. 5A, individual cell line 
measures shown in 5C). Under the same stress conditions, both the 
control and patient cell lines increased total thiol levels and were 
capable of maintaining total thiol levels, even in the treatment condition 
with reduced Gln and in the absence of medium-chain fatty acids 
(Fig. 5B, individual cell line measures are shown in 5D). When testing 
the viability of VLCAD-deficient cell lines, we found that both VLCAD- 
deficient cell line groups had a significant decrease in viability when 
cultured with 1 mM Gln or with 1 μM C7 or C8. The 10 μM dosage of 
each medium-chain fatty acids was, however, sufficient to protect 
against the decrease in viability (Fig. 6A, individual cell line measures 
shown in 6B). 

Overall, an additive effect of the stress imposed by PPAR over
activation via bezafibrate and cataplerotic stress with 1 mM Gln was 
observed, with the combined effect resulting in a further >10 % 
decrease in GSH depletion (Figs. 3A and 5A) and viability (Figs. 4B and 

Fig. 4. Cataplerotic stress effect on viability. 
The graphs show image cytometry measured viability in dermal fibroblast cell lines from three control (C1-C3), three mild phenotype (M1-M3) and three severe 
phenotype (S1-S3) donors. Cells were pretreated with various media types for 96 h and subsequently exposed to fasting heat stress for 96 h. Culture conditions are 
abbreviated as follows: Ctrl: untreated control fibroblasts without exposure to fasting heat stress, Gln: 5 mM glutamine, Cata: 1 mM glutamine, 1 C7: 1 mM glu
tamine+1 μM heptanoate, 1 C8: 1 mM glutamine + 1 μM octanoate, 10 C7: 1 mM glutamine + 10 μM heptanoate, 10 C8: 1 mM glutamine + 10 μM octanoate, 100 
C7: 1 mM glutamine + 100 μM heptanoate, 100 C8: 1 mM glutamine + 100 μM octanoate. (A): Individual cell lines' viability (%), error bars ± SD of 3 experimental 
replicates. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are shown for each media type, compared with 5 mM glutamine treatment. (B): 
Percentage viable cells, error bars ± SEM of 3 different cell lines of the same genotype class. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) 
are shown for each media type, compared with untreated controls (Ctrl). 
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6B) compared with the cataplerotic stress alone. 

4. Discussion 

We have previously shown that redox homeostasis and defence 
against oxidative stress are compromised in VLCAD-deficient cells and 
that exposure to external metabolic stress can cause increased ROS 
production and GSH depletion [15,16], supporting the general finding 
that the development of chronic VLCAD deficiency symptoms are 
strongly associated with oxidative stress and antioxidant function 
[5,12,14,44–47]. 

It has previously been shown that inability to oxidise sufficient long- 
chain fatty acids can induce cataplerotic stress and energy shortage and 
negatively affect other essential aspects of mitochondrial metabolism, 

such as the maintenance of the NAD(P)H pool in the mitochondrial 
matrix [12,21]. In this article, we find evidence that medium-chain fatty 
acids can rescue VLCAD-deficient cells from GSH depletion induced by 
cataplerotic stress and from the negative effects induced by the com
bined cataplerotic stress and PPAR overactivation via bezafibrate, in a 
dose dependent-manner. The study is summarized in Fig. 7. 

4.1. Effect of medium-chain fatty acids on bioenergetic capacity 

While medium-chain fatty acids increased CS activity in both patient 
groups compared with that of healthy control levels, the results for 
respiratory chain complex I and II/III activities were more variable. 
Complex I and II/III activities increased after treatment with medium- 
chain fatty acids in both healthy controls and the group of mild 

Fig. 5. Cataplerotic stress and bezafibrate effect on thiols. 
The graphs show image cytometry mean fluorescence intensity from dermal fibroblast cell lines from three control (C1-C3), three mild phenotype (M1-M3) and three 
severe phenotype (S1-S3) donors. Cells were pretreated with 400 μM bezafibrate and various concentrations of glutamine and medium-chain fatty acids for 96 h, 
abbreviated as follows: Ctrl: untreated control fibroblasts without exposure to fasting heat stress, Gln: 5 mM glutamine, Cata: 1 mM glutamine, 1 C7: 1 mM glutamine 
+ 1 μM heptanoate, 1 C8: 1 mM glutamine + 1 μM octanoate, 10 C7: 1 mM glutamine + 10 μM heptanoate, 10 C8: 1 mM glutamine + 10 μM octanoate, 100 C7: 1 mM 
glutamine + 100 μM heptanoate, 100 C8: 1 mM glutamine + 100 μM octanoate. Subsequently cells were exposed to fasting heat stress for 96 h. (A): Glutathione 
(GSH) and (B): total thiols group means ± SEM of 3 different cell lines of the same genotype class. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P <
0.001) are shown for each media type compared with untreated controls (Ctrl). (C): Individual cell lines levels of GSH and (D) total thiols ± SD of 3 experimental 
replicates. Fishers LSD significant differences (*P < 0.05, **P < 0.01, ***P < 0.001) are shown for each media type, compared with 5 mM glutamine treatment. 

M. Lund et al.                                                                                                                                                                                                                                   



BBA - Molecular and Cell Biology of Lipids 1868 (2023) 159248

8

phenotype cell lines but not in the severe phenotype cell lines. The data 
indicate that control and mild phenotype cell lines might have bio
energetically enzymatic systems that are more flexible with regard to 
altering spare capacity than severe phenotype cell lines. 

Supplying substrates that bypass the metabolic block in VLCAD- 
deficient cells could reduce the oxidative burden by supporting matrix 
NADPH production for GSH replenishment, thereby reducing the vicious 
cycle by which persistent mitochondrial oxidative damage leads to 
increased ROS production and impaired bioenergetics capacity. Previ
ously, mitochondrial antioxidants have been shown to improve mito
chondrial bioenergetic capacity in VLCAD-deficient cells [14]. We were 
therefore surprised not to find persistent bioenergetic improvements in 
the VLCAD-deficient cells upon treatment with medium-chain fatty 
acids. This lack of effect could simply be a result of insufficient treatment 
time. Alternatively, it may reflect the limitations of the indirect anti
oxidant effect of medium-chain fatty acids treatment in VLCAD-deficient 
cells as opposed to using actual mitochondrial targeted antioxidants, as 
discussed further below. 

4.2. Effect of medium-chain fatty acids on antioxidant function 

Applying cataplerotic heat stress to control cell lines did not affect 

their ability to retain GSH levels. The ability of control cell lines to retain 
GSH levels can probably be ascribed to the fact that control cell lines 
have a significantly lower oxidative burden than VLCAD-deficient cells 
[15]. In addition, control fibroblasts possess a normal long-chain FAO 
capacity that can be used to oxidise endogenously released long-chain 
fatty acids for ATP and NADPH production [15,16,48,49]. 

We found that cataplerotic stress depleted GSH levels in patient cell 
lines and that depletion of GSH could be rescued by the addition of 
medium-chain fatty acids in a dose-dependent manner. It is important to 
measure whole cell GSH and total thiol levels when evaluating GSH 
depletion, also when this depletion is due to oxidative stress originating 
in the mitochondria. GSH is synthesized only in the cytosol and is 
actively imported into the mitochondria. The mitochondria in turn 
produce most of the cellular ROS. Combined, this means that mito
chondria can function as a GSH sink and that mitochondrial GSH levels 
can remain high, while the cytosol is becoming GSH-depleted, until an 
apoptotic threshold is reached or the mitochondria become dysfunc
tional and oxygen consumption rates drop [15,50,51]. 

In line with our previous study [15], we found that while the signal 
from the probe targeting reduced GSH (Vitabright43) diminished in 
patient cell lines during metabolic stress exposure, the same stress led to 
an increase in the signal from the probe targeting the total pool of 

Fig. 6. Cataplerotic stress and bezafibrate effect on viability. 
The graphs show image cytometry measured viability in dermal fibroblast cell lines from three control (C1-C3), three mild phenotype (M1-M3) and three severe 
phenotype (S1-S3) donors. Cells were pretreated with 400 μM bezafibrate and various concentrations of glutamine and medium-chain fatty acids for 96 h and 
subsequently exposed to fasting heat stress for 96 h. Culture conditions are abbreviated as follows: Ctrl: untreated control fibroblasts without exposure to fasting heat 
stress, Gln: 5 mM glutamine, Cata: 1 mM glutamine, 1 C7: 1 mM glutamine + 1 μM heptanoate, 1 C8: 1 mM glutamine + 1 μM octanoate, 10 C7: 1 mM glutamine +
10 μM heptanoate, 10 C8: 1 mM glutamine + 10 μM octanoate, 100 C7: 1 mM glutamine + 100 μM heptanoate, 100 C8: 1 mM glutamine + 100 μM octanoate. (A): 
Individual cell lines percentage viable cells ± SD of 3 experimental replicates. Fishers LSD significant differences (*P < 0.05, **P < 0.01) is shown for each media 
type, compared with 5 mM glutamine treatment. (B) Mean viability ± SEM of 3 different cell lines of the same genotype class. Fishers LSD significant differences (*P 
< 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001) are shown for each media type, compared with untreated controls (Ctrl). 
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reduced thiols (Vitabright48). This signal increase was of a uniform size 
in control, mild, and severe patient cell lines compared with untreated 
controls. Gln and medium-chain fatty acid concentration did not change 
this outcome, nor did the presence of the PPAR agonist bezafibrate. 
More work is required to explain this finding, but we speculate that the 
increased Vitabright48 signal is due to increased thiol uptake by the cell 
from the media or increased exposure of protein-bound thiol groups. The 
former would be due to an attempt to increase GSH production, as a 
compensatory cellular mechanism for the increased oxidative burden. 
The latter would be due to partial protein denaturing caused by heat 
stress. 

GSH is the most abundant small-molecule thiol in solution, but the 
cellular cysteine pool, intermediates of GSH synthesis and other small- 
molecule thiols, such as cysteamine, constitute quite large fractions of 
the GSH pool [52,53]. The exposed thiol groups on protein surfaces are 
larger than the GSH pool. For instance, the concentration of exposed 
protein thiol groups in healthy liver tissue is approximately 25-fold 
higher than total GSH levels, and approximately 40-fold higher in 
healthy heart tissue [54]. This explains the low sensitivity of the total 
thiol probe Vitabright48 to partial GSH depletion induced by BSO 
treatment and GSH depletion induced by metabolic stress, as previously 
published [15,41]. Partial protein denaturing would seem to be the most 
likely explanation, considering that the pool of protein-bound thiols is 
larger than the pool of small-molecule thiols and that the heat stressed 
controls experience an increased total thiol signal, but no GSH depletion 
and little additional oxidative burden [15]. 

Heptanoate was not superior to octanoate as a fuel for powering the 
antioxidant system, which is somewhat surprising considering that 
clinical studies of VLCAD-deficient patients as well as studies of the 
VLCAD-deficient mouse show that heptanoate, as compared with octa
noate, has an increased capacity to improve clinical outcome, decrease 
cataplerotic stress and increase Krebs cycle intermediates 
[25,26,55–57]. 

One possible explanation is that the cataplerotic stress is too mild or 
the concentrations of other anaplerotic substrates (glucose and gluta
mate) are too high in the culture media, for the propionyl-CoA groups 
from heptanoate to be required. This is, however, unlikely, as the degree 

of GSH depletion is similar across the different concentration ranges of 
heptanoate and octanoate. 

Alternatively, heptanoate, in contrast to octanoate, partially by
passes Krebs cycle IDH2, which is a major contributor to the matrix 
NADPH pool. This could negate the ability of odd-chain fatty acids to 
better fuel the matrix antioxidant system despite a superior anapleortic 
profile compared with even-numbered, medium-chain fatty acids 
[17,18]. Further studies would be required to draw more detailed 
conclusions. 

4.3. Implications for the clinical effect of triheptanoin 

We found that both types of medium-chain fatty acids protect in a 
similar manner against antioxidant depletion, induced by a combination 
of fasting heat stress, PPAR overactivation and cataplerotic stress. 

If this is also true in vivo, this leads to two potential explanations for 
the myopathic symptoms that persist following clinical trials of tri
heptanoin [9,58,59]. One is that oxidative stress is not an important or 
sole pathogenic factor for the myopathic phenotype. Another is that 
insufficient quantities of medium-chain fatty acids are delivered to the 
skeletal muscle. 

As to the first theory, it seems quite reasonable that oxidative stress is 
not the sole pathogenic factor. For example, toxic levels of long-chain 
fatty acids and their metabolites are known to accumulate and could 
be important drivers of the myopathic phenotype, for instance by 
disruption of cellular membrane structures. In addition, treatment with 
odd- or even-numbered medium-chain fatty acids results in accumula
tion of different elongated fatty acids and more complex lipid species. 
The long-term effect of this in VLCAD-deficient patients is essentially 
unknown, but complex lipids with a significant potential to induce 
inflammation have been shown to accumulate in VLCAD-deficient pa
tients, regardless of whether the treatment regime is with odd- or even- 
numbered, medium-chain fatty acids [9,55,57–61]. More research is 
required to draw further conclusions. 

The alternative theory is that bioavailability of the medium-chain 
fatty acids in skeletal muscle is simply too low. In animal models, 
orally administered medium-chain triglycerides and triheptanoin are 

Fig. 7. Summary of results. 
Previous studies have shown that VLCAD deficient patients have a decreased tolerance for metabolic stress, which may result in aggravation of cataplerotic stress 
with energy and antioxidant depletion during prolonged exercise or fasting. (A) Here, we hypothesize that odd- or even-numbered medium-chain fatty acids (C8 or 
C7) can provide protection against antioxidant depletion and increase metabolic stress tolerance in VLCAD deficiency. (B) To test this hypothesis, we mimicked the in 
vivo situation by applying chronic metabolic stress to control and patient cells in culture and tested if even- or odd-numbered medium-chain fatty acids (C7 or C8) 
could provide protection against antioxidant depletion and decreased cellular viability in VLCAD deficient cells. We found that metabolic stress led to antioxidant 
depletion in VLCAD-deficient cell lines (outcome coloured red) and that medium-chain fatty acids could protect against antioxidant depletion during metabolic stress 
(outcome coloured green). 
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mostly cleared by hepatic first pass metabolism [61,62]. This explains 
the abolishment of hypoketotic hypoglycaemic events in clinical trials, 
since the VLCAD-deficient hepatic tissue has access to plenty of ana
plerotic compounds. This improves the flux through the Krebs cycle and 
electron flow into the respiratory chain, thereby improving the VLCAD- 
deficient liver's ability to maintain gluconeogenesis [19,61,62]. An un
fortunate aspect of the large hepatic consumption of heptanoate is that 
there will be relatively few heptanoate molecules left to enter the cir
culation. Any remnant heptanoate and associated beneficial metabolites 
released by the liver must pass through the heart twice before poten
tially entering the part of the circulatory system that will eventually 
make them available to skeletal muscle tissue. It is therefore possible 
that very few anaplerotic compounds ever reach striated muscle tissues. 

This raises the possibility of supplementing oral triheptanoin with 
odd-numbered, medium-chain fatty acids delivery mechanisms that 
bypass hepatic first-pass metabolism. Another alternative is treatment 
with orally available compounds that increase muscle antioxidant ca
pacity, such as treatment with β-alanine leading to increased levels of 
the highly-muscle specific peptide antioxidant carnosine [62–64]. 
Alternatively, infusion with the previously discussed mitochondrial 
targeted antioxidants such as elamipretide is a possibility in VLCAD- 
deficient patients already metabolically stabilised with triheptanoin 
[14,65]. 

5. Conclusions 

We conclude that medium-chain fatty acids can power the antioxi
dant system and protect cellular viability during metabolic stress in 
VLCAD-deficient patient cells in a dose-dependent manner. As such, the 
milder myopathic symptoms that remain following clinical trials of tri
heptanoin in patients with VLCAD deficiency likely cannot be ascribed 
to an impaired ability of heptanoate to protect against antioxidant 
depletion. Further studies are required to understand the bioenergetic 
consequences of an increased GSH antioxidant recycling in VLCAD 
deficiency and to what extent other pathological features, such as 
accumulation of long-chain fatty acid metabolites, are important drivers 
of the myopathic phenotype. 

CRediT authorship contribution statement 

All authors have read the manuscript and contributed critically. 
M.L.: wrote the draft paper, planned the project, and performed the 

majority of the assays and data analysis. 
R. H & I.H.: supervised spectrophotometric assays and guided data 

analysis. 
N. G. & R. K. J. O planned and supervised the project and applied for 

funding. 

Declaration of competing interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
The study was partially funded by Ultragenyx Pharmaceutical Inc., CA, 
USA without influence on project design and interpretation of data. 

Data availability 

Data will be made available on request. 

Acknowledgments 

Aarhus University, Research Unit for Molecular Medicine wishes to 
thank their colleagues and patient collaborators. Martin Lund wishes to 
express his gratitude to Ultragenyx Pharmaceutical Inc. CA, USA (Grant 
ID UX007-IST093) and Aarhus University, Faculty of Health, Graduate 
School for funding and to Dr. Iain Hargreaves and Robert Heaton for 

their great hospitality while hosting him in Liverpool, England. 

References 

[1] C. Bertrand, C. Largilliere, M.T. Zabot, M. Mathieu, C. Vianeysaban, Very long- 
chain acyl-CoA dehydrogenase-deficiency - identification of a new inborn error of 
mitochondrial fatty-acid oxidation in fibroblasts, Biochim. Biophys. Acta 1180 (3) 
(1993) 327–329. 

[2] S.M. Houten, S. Violante, F.V. Ventura, R.J.A. Wanders, The biochemistry and 
physiology of mitochondrial fatty acid β-oxidation and its genetic disorders, Annu. 
Rev. Physiol. 78 (1) (2016) 23–44. 

[3] D. Marsden, C.L. Bedrosian, J. Vockley, Impact of newborn screening on the 
reported incidence and clinical outcomes associated with medium- and long-chain 
fatty acid oxidation disorders, Genet. Med. 23 (5) (2021) 816–829. 

[4] R.P. McAndrew, Y. Wang, A.-W. Mohsen, M. He, J. Vockley, J.-J.P. Kim, Structural 
basis for substrate fatty acyl chain specificity: crystal structure of human very long- 
chain acyl-CoA dehydrogenase, J. Biol. Chem. 283 (14) (2008) 9435–9443. 

[5] M. Lund, R.K.J. Olsen, N. Gregersen, A short introduction to acyl-CoA 
dehydrogenases; deficiencies and novel treatment strategies, Expert Opin. Orphan 
Drugs (2015) 1–12. 

[6] M. Wajner, Alexandre U. Amaral, Mitochondrial dysfunction in fatty acid oxidation 
disorders: insights from human and animal studies, Biosci. Rep. 36 (1) (2016), 
e00281. 

[7] E.F. Diekman, S. Ferdinandusse, L. van der Pol, H.R. Waterham, J.P. Ruiter, L. Ijlst, 
R.J. Wanders, S.M. Houten, F.A. Wijburg, A.C. Blank, F.W. Asselbergs, R. 
H. Houtkooper, G. Visser, Fatty acid oxidation flux predicts the clinical severity of 
VLCAD deficiency, Genet. Med. 17 (12) (2015) 989–994. 

[8] S. Olpin, S. Clark, J. Dalley, B. Andresen, J. Croft, C. Scott, A. Khan, R. Kirk, 
R. Sparkes, M. Chard, A. Chan, E. Glamuzina, J. Bastin, N. Manning, R. Pollitt, 
Fibroblast fatty-acid oxidation flux assays stratify risk in newborns with 
presumptive-positive results on screening for very-long chain acyl-CoA 
dehydrogenase deficiency, Int. J. Neonatal Screen. 3 (1) (2017). 

[9] K. van Eunen, C.M.L. Volker-Touw, A. Gerding, A. Bleeker, J.C. Wolters, W.J. van 
Rijt, A.-C.M.F. Martines, K.E. Niezen-Koning, R.M. Heiner, H. Permentier, A. 
K. Groen, D.-J. Reijngoud, T.G.J. Derks, B.M. Bakker, Living on the edge: substrate 
competition explains loss of robustness in mitochondrial fatty-acid oxidation 
disorders, BMC Biol. 14 (1) (2016) 107. 

[10] P. Laforet, C. Acquaviva-Bourdain, O. Rigal, M. Brivet, I. Penisson-Besnier, 
B. Chabrol, D. Chaigne, O. Boespflug-Tanguy, C. Laroche, A.L. Bedat-Millet, 
A. Behin, I. Delevaux, A. Lombes, B.S. Andresen, B. Eymard, C. Vianey-Saban, 
Diagnostic assessment and long-term follow-up of 13 patients with very long-chain 
acyl-coenzyme a dehydrogenase (VLCAD) deficiency, Neuromuscul. Disord. 19 (5) 
(2009) 324–329. 

[11] E.F. Diekman, G. Visser, J.P.J. Schmitz, R.A.J. Nievelstein, M. de Sain-van, M. der 
Velden, W.L.Van Wardrop, S.M. der Pol, N.A.W. van Houten, T. Riel, J.A.L. 
Jeneson Takken, Altered energetics of exercise explain risk of rhabdomyolysis in 
very long-chain acyl-CoA dehydrogenase deficiency, PLOS ONE 11 (2) (2016), 
e0147818. 

[12] C. Cecatto, A.U. Amaral, J.C. da Silva, A. Wajner, M.D.O.V. Schimit, L.H.R. da 
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