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Disorders of the carnitine cycle and of the beta oxidation spiral impair the ability to obtain energy from
fats at time of fasting and stress. This can result in hypoketotic hypoglycemia, cardiomyopathy, cardiac
arrhythmia and other chronic medical problems. The in vitro study of fibroblasts from patients with these
conditions is impaired by their limited oxidative capacity. Here we evaluate the capacity of valinomycin,

Keywords: a potassium ionophore that increases mitochondrial respiration, to increase the oxidation of fatty acids in
\F/‘“IFV acid oxidation cells from patients with inherited fatty acid oxidation defects. The addition of valinomycin to fibroblasts
Czrlr?i?ii]eycm decreased the accumulation of the lipophilic cation tetraphenylphosphonium (TPP*) at low concentra-
Very long chain acyl CoA dehydrogenase .tlons due to t+he d1551pat19n of the mltochondrlal membrz.ine potentlal.. At higher doses, valinomycin
deficiency increased TPP" accumulation due to the increased potassium permeability of the plasma membrane

and subsequent cellular hyperpolarization. The incubation of normal fibroblasts with valinomycin
increased [!4C]-palmitate oxidation (measured as ['4C]O, release) in a dose-dependent manner. By con-
trast, valinomycin failed to increase palmitate oxidation in fibroblasts from patients with very long chain
acyl CoA dehydrogenase (VLCAD) deficiency. This was not observed in fibroblasts from patients hetero-
zygous for this condition. These results indicate that valinomycin can increase fatty acid oxidation in nor-
mal fibroblasts and could be useful to differentiate heterozygotes from patients affected with VLCAD
deficiency.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction ing a definitive diagnosis in affected patients is not always

straightforward since biochemical abnormalities might be present

Inherited disorders of the carnitine cycle and mitochondrial
beta oxidation can impair the oxidation of fatty acids and result
in hypoglycemia, liver failure, cardiomyopathy, cardiac arrest and
death [1]. They include a number of conditions related either to
mitochondrial beta oxidation or the transfer of fatty acids inside
mitochondria (disorders of the carnitine cycle) [1,2]. Many fatty
acid oxidation defects are clinically silent until an acute illness or
prolonged fasting require increased amount of energy from fats
and cause acute decompensation. Although many of these condi-
tions can be identified by expanded newborn screening, establish-
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only when the patient is acutely stressed [2]. This is the case of
very long chain acyl CoA dehydrogenase (VLCAD) deficiency [3]
in which biochemical abnormalities may disappear while the pa-
tient is well compensated and clinical practice guidelines are based
more on expert consensus rather than outcome data. DNA
sequencing can identify mutations in affected patients, but some
mutations can be missed by the current methodology. In addition,
the clinical significance of missense variation not previously iden-
tified in other affected patients is sometime difficult to determine.
Functional assays, such as enzyme assays, fatty acid fluxes, and
acylcarnitine profiling can be performed in fibroblasts derived
from affected patients [4-7]. Some of these methods, however,
cannot distinguish among different fatty acid oxidation defects,
and some cannot differentiate carriers from affected patients.
Valinomycin is a potassium ionophore that increases respiration
in isolated mitochondria and in cultured cells [8]. In human fibro-
blasts, valinomycin dissipates the potassium electrochemical
potential across the inner mitochondrial membrane and, at higher
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doses, increases potassium permeability of the plasma membrane
with a consequent increase in membrane potential [9-11]. Here
we evaluate the capacity of valinomycin to stress fibroblasts of
patients affected by defects of fatty acid oxidation in vitro to mimic
the biochemical abnormalities observed in vivo.

2. Materials and methods

2.1. Measurement of the distribution ratio of the lipophilic cation
tetraphenylphosphonium (TPP*)

Fibroblasts from patients with fatty acid oxidation defects were
obtained by skin biopsy for diagnostic purposes. Patients were re-
ferred for diagnostic confirmation either after symptomatic pre-
sentation or after identification by newborn screening programs.
Their characteristics are presented in Table 1. All studies in human
cells were approved by the institutional review board (IRB) of the
University of Utah. Cells were grown in Dulbecco-modified MEM
supplemented with 15% fetal bovine serum. Confluent cells in
24 well plates were washed and incubated for 90 min in Earle’s
balanced salt solution supplemented with bovine serum albumin
(0.5%) to deplete intracellular amino acids. Cells were then incu-
bated for 60 min in the presence of [*H]-tetraphenylphosphonium
(0.2 uM, 0.1 pCi/ml). Cells were then washed 3 times with ice cold
magnesium chloride (0.1 M). Intracellular [*H]-TPP was extracted
in 0.5 ml of absolute ethanol and added to 4 ml of scintillation li-
quid prior to counting in a beta counter [11]. Protein content with-
in each well was determined by a modified Lowry procedure [12].
The accumulation of radioactivity was normalized to proteins and
intracellular water content was determined by the equilibrium dis-
tribution of 3-O-methyl-p-glucose as previously described [12].
Values are reported as means + SE of six independent determina-
tions obtained in two separate experiments.

2.2. Fatty acid oxidation

For fatty acid oxidation studies, confluent fibroblasts in 24 well
plates were washed twice with phosphate buffered saline solution
and incubated in 0.3 ml of Earle’s balanced salt solution (EBSS) buf-
fered by Hepes (30 mM) at pH 7.4 containing 0.5% bovine serum
albumin and [1-'4C]-Palmitic acid (55 mCi/mmol, 0.5 mCi/ml, Mor-
avek MC121) for a final concentration of 4 uM (0.22 pCi/ml). Glu-
cose and amino acids were omitted from the incubation medium.
Each well was capped by 2 caps, of which the bottom one was per-
forated to allow CO, released by the cells to be captured (Fig. 2A).
The perforated cap contained a 13 mm fiber filter (Pall Corporation
600 South Wagner Rd, Ann Arbor MI 48103) previously soaked in
2 N NaOH to capture CO,. At the end of the incubation, the cap
was removed and the filter paper was added to the scintillation
fluid for counting. Cells were then washed with magnesium chlo-
ride (0.1 M) and extracted with ethanol to determine intracellular
palmitic acid concentration. Protein content was determined with-
in each well by a modified Lowry procedure [12]. The release of
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Fig. 1. Distribution ratio of tetraphenylphosphonium (TPP") in the presence of
increasing concentrations of valinomycin (0-100 uM). Confluent cultures of normal
human fibroblasts were washed and incubated for 60 min in Earle balanced salt
solution in the presence of the indicated concentrations of valinomycin and [>H]
TPP* (0.2 uM). Cells were then washed 3 times with ice cold magnesium chloride
(0.1 M) and intracellular content extracted in 0.5 ml of absolute ethanol. Intracel-
lular radioactivity as determined by scintillation counting and values were
normalized to cell proteins. Values are reported as means + SE of six independent
determinations obtained in two separate experiments.

CO, and the accumulation of palmitic acid were normalized to pro-
teins and intracellular water, respectively. Values are reported as
means + SE of six independent determinations obtained in two
separate experiments.

3. Results

In order to determine the concentration of valinomycin neces-
sary to cause cellular stress and increase mitochondrial respiration,
we first evaluated its effects on the equilibrium distribution of the
lipophilic cation tetraphenylphosphonium (TPP*). This cation
crosses biological membranes and its equilibrium distribution de-
pends on the membrane potential [11]. Fig. 1 shows the equilib-
rium distribution of TPP* in normal human fibroblasts incubated
for 60 min in the presence of increasing concentrations of valino-
mycin. A significant reduction in the distribution ratio of TPP*
was observed with 10 nM valinomycin, with half-maximal effect
obtained at 4.2 +1 nM of valinomycin. The distribution ratio of
TPP* remained relatively constant until a concentration of 1 pM
after which it increased significantly. Based on the estimation of
membrane potential by the distribution ratio and influx of arginine
[9,10], the first decline in TPP distribution ratio was due to the ef-
fect of valinomycin on the mitochondrial potential [11]. The subse-
quent increase in the TPP distribution ratio with valinomycin
concentrations >1 uM was due to the increased permeability of
the plasma membrane to potassium that increased membrane

Mutations in patients with fatty acid oxidation defects. Phase of mutations when more than one mutation was present was confirmed by parental
analysis. The genes affected and the reference sequences are indicated. Nucleotide sequencing start from the A (+1) of the ATG start codon. “C”

denoted carrier status.

Patient Mutation 1 Mutation 2 Gene NCBI reference sequence
CACT c. 713A> G, p.Q238R c. 713A> G, p.Q238R SLC25A20 NM_000387.5
VLCAD-01 c.343delG, p.E114Kfs*1 ¢.1146G > C, p.K382N ACADVL NM_000018.2
VLCAD-02 ¢.1066A > G, p.I356V ¢.1504C > G, p.L502V ACADVL NM_000018.2
VLCAD-C-03 c.1322G > A, p.G441D ACADVL NM_000018.2
VLCAD-C-04 c.552delC, p.1184Mfs*32 ACADVL NM_000018.2
VLCAD-C-05 c.1127C > T, p.F376S ACADVL NM_000018.2
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Fig. 2. Schematic of the system for measuring CO, release by cultured cells (A) and time course of palmitate uptake (B) and CO, release (C) by normal human fibroblasts. (A)
Two caps were used for each well in which the bottom one was hollow to sustain a filter soaked in 2 N NaOH (to absorb CO,). At the end of incubation, the caps were removed
and the radioactivity collected in the filter was quantified by scintillation counting. (B) Confluent fibroblasts were incubated in Earle balanced salt solution in the presence of
[1-14C]-palmitic acid (4 uM). At the indicated time, the CO, captured in filter paper soaked in sodium hydroxide was measured by scintillation counting (C). The radioactivity
accumulated inside the cells was also measured to determine the accumulated palmitic acid (B). Values are reported as means * SE of six independent determinations

obtained in two separate experiments.

potential [9-11]. A dose of valinomycin between 0.1 and 1 uM
caused a stable depression in TPP* accumulation and was likely
to cause cellular stress, a result in line with a recent report of a hu-
man fibroblasts study [13].

Palmitic acid (16 carbon atoms) is one of the most abundant
fats in human serum and is the typical substrate used in fatty acid
oxidation studies in fibroblasts [6]. Little is known, however, about
the amount that it is actually oxidized by these cells. Fig. 2 shows
the accumulation of palmitic acid (panel B) and the release of CO,
by normal fibroblasts (panel C). Palmitic acid accumulation was
detected at the shortest time point (5 min) after the beginning of
the incubation and reached an apparent plateau after 12 h (panel
B). Prolonging the incubation beyond 24 h decreased cell survival
as indicated by a significant decline in the amount of protein
remaining inside the well at the end of the incubation (data not
shown). CO, release was negligible up to 40 min of incubation after
which it increased linearly up to about 12 h (panel C). After this
time, there was a lower rate of CO, release that continued until
the longest incubation point (48 h). To further compare cells of
normal controls to those of patients with fatty acid oxidation de-
fects, an incubation time between 6 and 12 h was selected to re-
main within the linear increase of CO, release.

Fig. 3 shows a dose-response curve of the effect of valinomycin
on CO, release from palmitic acid in cells from two controls and
patient VLCAD-01 (see Table 1 for specific mutations) who had a
childhood phenotype presenting with cardiomyopathy and hypo-
glycemia at 7 years of age. The accumulation of palmitic acid was
slightly higher in cells from the patient with VLCAD deficiency,
but did not change in a consistent manner with the addition of
valinomycin (panel A). By contrast, valinomycin stimulated CO, re-
lease from control cells with a consistent effect observed between
10 and 1000 nM valinomycin (panel B) and half-maximal effect ob-
served at 3 nM valinomycin. In different experiments, CO, release
increased between 1.5 and 4 fold in normal fibroblasts at the high-
est valinomycin concentration (data not shown). Baseline CO,
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Fig. 3. Dose-response curve of the effect of valinomycin on palmitate uptake (A)
and CO, release (B) from palmitic acid in cells from two controls and patient
VLCAD-01. Confluent cultures of normal human fibroblasts were washed and
incubated for 12 h in Earle balanced salt solution in the presence [1-'4C]-palmitic
acid (4 pM) and of the indicated concentrations of valinomycin. After 12 h, the CO,
captured in filter paper soaked in sodium hydroxide was measured by scintillation
counting. The radioactivity accumulated inside the cells was also measured to
determine the accumulated palmitic acid. Values are reported as means + SE of six
independent determinations obtained in two separate experiments.
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Fig. 4. Effect of valinomycin on palmitate oxidation by cultured fibroblasts.
Confluent cultures of normal human fibroblasts were washed and incubated for
12 h in Earle balanced salt solution in the presence [1-'4C]-palmitic acid (4 pM)
with and without valinomycin (0.1 uM). After 12 h, the CO, captured in filter paper
soaked in sodium hydroxide was measured by scintillation counting. Values are
reported as means * SE of six independent determinations obtained in two separate
experiments.

release was similar in control cells and cells from the patient with
VLCAD deficiency, although there was variability in the baseline
among different experiments. Valinomycin failed to stimulate
CO, release in cells from the patient with VLCAD deficiency and
a significant decrease in CO, release was seen at higher valinomy-
cin concentrations (Fig. 3).

Fig. 4 shows the effect of valinomycin on palmitate oxidation in
fibroblasts from patients with VLCAD deficiency (VLCAD) and het-
erozygous carriers of VLCAD deficiency (VLCAD-C) (see Table 1 for
specific mutations). Valinomycin stimulated CO, release from pal-
mitate in the four control cells, but failed to do so in cells from two
patients with VLCAD deficiency. A significant stimulation of CO,
release was observed in cells from all three patients who were car-
riers of VLCAD deficiency (heterozygotes). CO, release was
consistently low in cells from one patient with a severe form of
carnitine acylcarnitine translocator (CACT) deficiency and the in-
creased release with valinomycin in this case was not statistically
significant.

4. Discussion

VLCAD deficiency is a defect of fatty acid oxidation that can re-
sult in cardiomyopathy, arrhythmias, hypoglycemia, sudden death
or late-onset intermittent rhabdomyolysis [3]. Affected patients
can be detected by newborn screening using tandem mass spec-
trometry with elevated C14:1 carnitine, but biochemical testing
alone cannot distinguish carriers from affected patients [5]. For
these reasons, molecular and functional testing is necessary to con-
firm or exclude the diagnosis in patients with abnormal newborn
screening [5,14,15]. Most disorders of fatty acid oxidation cause
symptoms and more evident biochemical abnormalities when
the organism is stressed by fasting and there is increased need
for mitochondrial beta oxidation [1,2]. Here we use valinomycin,
a potassium ionophore, to stimulate mitochondrial respiration in
cultured cells and to reproduce the stress that triggers symptoms
in patients with fatty acid oxidation defects [8].

Valinomycin had a dual effect in human fibroblasts [9-11]: at
relatively low concentrations (10 nM-1 puM) it dissipated the
membrane potential across the inner mitochondrial membrane
reducing the TPP* distribution ratio (Fig. 1). At higher

concentrations (above 1 uM), it increased the TPP* distribution ra-
tio by increasing potassium permeability at the cell membrane le-
vel. In this study, valinomycin at relatively low concentrations
(0.1-1 uM) was therefore used to stress mitochondria of fibro-
blasts from normal controls and patients with fatty acid oxidation
defects (Table 1).

The oxidation of palmitate was measured with a simple system
to collect CO, released from the oxidation of ['4C]-palmitate
(Fig. 2A). Palmitate entered human fibroblasts very rapidly, reach-
ing an apparent plateau after 12 h of incubation (Fig. 2B). The re-
lease of [1%C]O, became measurable after 40 min and continued
linearly until 12 h and beyond (Fig. 2C). Valinomycin stimulation
of palmitate oxidation by normal human fibroblasts reached max-
imal effect at doses higher than 10 nM (Fig. 3). The dose of valino-
mycin required to half-maximally stimulate palmitate oxidation
(Fig. 3) was similar to the one required to half-maximally inhibit
TPP* accumulation (Fig. 1), suggesting that this effect was related
to dissipation of the mitochondrial membrane potential and induc-
tion of mitochondrial stress. Cells from a patient with VLCAD defi-
ciency identified because of symptomatic presentation at 7 years of
age maintained residual capacity for palmitate oxidation (Fig. 3).
Complete impairment of VLCAD activity results in a more severe
phenotype, usually associated with infantile death [3]. Due to the
presence of residual enzyme activity, it is not always simple to dif-
ferentiate patients with mild forms of VLCAD deficiency from car-
riers of these conditions (with 50% residual enzyme activity).
Valinomycin at any dose failed to stimulate palmitate oxidation
in cells from a patient with VLCAD deficiency (Fig. 3). By contrast,
valinomycin retained the capacity to stimulate palmitate oxidation
in cells from heterozygotes (carriers) for VLCAD deficiency (Fig. 4),
effectively discriminating between affected and unaffected pa-
tients. Cells from a patient with a severe form of CACT deficiency
[16] had a marked decrease in the baseline rate of palmitate oxida-
tion (Fig. 4). This is likely a result of the defective transfer of acyl-
carnitines inside mitochondria caused by the mutations in this
patient (Table 1).

Several methods based on acylcarnitine profiling or fatty acid
fluxes are available to confirm or exclude the diagnosis in patients
with fatty acid oxidation defects (reviewed in [17]). However, most
cannot differentiate between heterozygotes (who do not need
therapy) from patients with VLCAD deficiency (who requires treat-
ment). The results reported here show that valinomycin can cause
mitochondrial stress, mimicking the stress that triggers metabolic
decompensation in affected patients. The use of valinomycin (or
possibly other stressors) can effectively differentiate between af-
fected and unaffected VLCAD patients. These results suggest that
the lack of metabolic adaptation and failed ability to increase fatty
acid oxidation upon stress, rather than a decreased rate in stable
conditions, is the basis of metabolic decompensation in patients
with fatty acid oxidation defects with residual enzyme activity.
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